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  Molecular Toxicology Protocols, Second Edition  addresses a scientifi c fi eld primed to explode 
upon the clinical and popular horizons. Toxicology, a subdiscipline of pharmacology, is 
actually the interface of chemistry and biology. This fi eld also extends into nonchemical 
“agents” with deleterious biological effects, especially radiation, the purview of the radio-
biologist and health physicist. With the huge increase in computational power now avail-
able over the last two decades, it has become possible to model and predict the potential 
toxicity of yet untested, and even unmade, chemicals. Perhaps, the greatest change in the 
recent practice of toxicology has been in applying the “tools of the trade” directly to the 
human population, in what are known “translational” studies, entering the realm of epide-
miology. These studies expand the traditional public health aspect of toxicology from sim-
ple screening of agents for toxicological potential prior to their introduction into the 
environment to now include attempts to defi ne “normal” or “background” exposures, 
elucidating the mechanistic basis of human disease and designing methods for preclinical 
intervention (“chemoprevention”). 

 Thus, for our purposes, we defi ne “molecular” toxicology as either any study of toxico-
logical mechanism, or any translation or application of such studies into the human popula-
tion. Today, such “molecular” toxicology is mostly genetic toxicology, where the genetic 
material, DNA, is the target molecule. Of course DNA is found throughout the human 
body, such that all of the traditional modulators of toxicological effect, such as uptake, dis-
tribution, and metabolism, must be taken into account. Although genetic damage can have 
many outcomes, the one most clearly linking exposure and disease has been cancer. 

 During the past several years, important progress has been made in the understanding 
of the molecular biology of the cell, the cellular responses to genotoxic agents, and the 
molecular biology of human cancer. This progress has been rapidly achieved thanks to the 
development of new state-of-the-art techniques and continuous improvement of existing 
methods. Such advances permit not only the study changes of in cellular morphology but 
also the detection of changes occurring in the cellular genetic material (DNA), the cellular 
transcript (RNA), and the translated product (proteins). These molecular methods have 
now offered many potential areas of clinical applications. Therefore, following a successful 
publication of the fi rst edition of  Molecular Toxicology Protocols  in 2005, this second volume 
contains several new chapters. Subjects of these new chapters range from preparation of 
fl uid specimens for analysis of cellular infl ammatory responses to genotoxic insults to sensi-
tive methods for proteomic analysis and aberrant DNA methylation patterns. 

 Several books are currently available on the applications of molecular methods to vari-
ous types of biotechnology. To our knowledge, however, there is no book emphasizing the 
application of molecular methods to genetic toxicology. 

 Therefore, the aim of  Molecular Toxicology Protocols  is to bring together a series of 
articles, each describing validated methods to elucidate specifi c molecular aspects of toxi-
cology. With such content, this book addresses the needs of not only molecular biologists 
and toxicologists, but also all individuals interested in applying molecular methods to 
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 clinical applications, including geneticists, pathologists, biochemists, and epidemiologists. 
The volume is divided into ten parts, roughly corresponding to the spectrum of biomarkers 
intermediate between exposure and disease outcomes as proposed in molecular epidemiol-
ogy models. 

 Thus, Part I contains chapters describing methods to analyze global changes in protein 
expression and identify low-abundance proteins in cells and clinical samples, while the 
chapters in Part II describe methods for detecting cellular secretions in response to toxicant- 
induced infl ammation. Part III describes methods for the analysis of an essential epigenetic 
modifi cation, DNA methylation, which modulates gene expression and is frequently altered 
in toxicant-treated cells and clinical samples. Part IV addresses the application of the new 
array technologies to genetic toxicology, including methods for the analysis of individual 
variations in biotransformation and the effects of genetic exposure on gene expression. Part 
V includes chapters describing the sensitive and specifi c detection of pro-mutagenic lesions 
in the genetic material, while Part VI includes chapters assessing gross or macroscopic 
genetic damage. Parts VII and VIII focus on the detection and characterization of viable 
mutations in surrogate markers and cancer-related genes, respectively. The chapters of Part 
IX describe methods for the analyses of various pathways of DNA repair, an important 
modulator of genotoxicology. Finally, Part X describes methods for the analysis of cytotox-
icity caused by the induction of apoptosis since cell death can either protect the organism 
from a transforming cell or cause distinct health effects itself. 

 As time goes by we believe that “molecular” approaches will play an increasingly impor-
tant role in all types of toxicology, not just genetic toxicology. Moreover, genetic damage 
and dysfunction will undoubtedly be found to play a role in many more diseases of aging 
than just cancer and is probably a fundamental mechanism of aging itself. Therefore, the 
focus of this second edition, genetic toxicology, and more specifi cally, the genetic toxicol-
ogy of cancer, represents just the “tip of the iceberg” as far as the fi eld of molecular toxicol-
ogy will eventually be understood.  

         Pittsburgh ,  PA, USA       Phouthone     Keohavong   
     Fort Lauderdale ,  FL, USA       Stephen     G.     Grant      
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    Chapter 1   

 Array-Based Immunoassays with Rolling-Circle 
Amplifi cation Detection 

           Katie     Partyka    ,     Shuangshuang     Wang    ,     Ping     Zhao    ,     Brian     Cao    , 
and     Brian     Haab    

    Abstract 

   This chapter describes methods for the use of antibody microarrays with rolling-circle amplifi cation (RCA). 
The methods are divided into three sections. The fi rst section covers antibody preparation and microarray 
production, the second describes the method for using biological samples on antibody microarrays, and 
the third describes the method for RCA use on antibody microarrays. RCA can be used on antibody 
microarrays to increase the signal from each antibody spot and lower the detection limits of the assays. We 
also describe a practical method for running multiple, low-volume microarrays on a single microscope 
slide. These methods should be useful for researchers interested in rapidly developing and optimizing 
custom immunoassays for the analysis of low-abundance analytes using low sample volumes.  

  Key words     Antibody microarray  ,   Multiplexed immunoassays  ,   Rolling-circle amplifi cation  ,   Slide 
partitioning  

1      Introduction 

 Sandwich immunoassays are highly effective for detecting specifi c 
analytes in complex biological samples. Such assays remain the 
method of choice for the clinical evaluation of samples for the pres-
ence of specifi c protein molecules. Several features of sandwich 
immunoassays account for this broad use, including high specifi c-
ity and sensitivity, fl exibility, and the potential for low cost. A valu-
able enhancement of the classic sandwich immunoassay is the 
ability to run the assays in multiplex (multiple assays in one sample 
solution) and in low sample volumes. The miniaturization and 
multiplexing of the assays can result in greatly reduced cost and 
usage of sample material. The main platforms that have enabled 
this advance are bead-based systems (such as the Luminex plat-
form) and planar microarrays. 
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 Here we detail the use of novel antibody-array methods that 
should be particularly valuable for laboratories interested in devel-
oping and using custom immunoassays for high-sensitivity protein 
analysis. Two features of the approach presented here are particu-
larly valuable. One is a fl exible and practical approach for running 
multiple, low-volume microarrays on a single microscope slide [ 1 ]. 
This ability facilitates the processing of many samples, while lower-
ing slide costs and sample consumption. A second valuable feature 
is the use of rolling-circle amplifi cation (RCA) detection [ 2 – 4 ], 
which enhances assay sensitivity and enables the detection of lower- 
abundance molecules.  

2    Materials 

      1.    Phosphate buffered saline (PBS), pH 7.4: 137 mM sodium 
chloride, 2.7 mM potassium chloride, 4.3 mM sodium phos-
phate dibasic, 1.4 mM potassium phosphate monobasic.   

   2.    Tris buffered saline (TBS), pH 7.6: 50 mM Tris–HCl, 150 mM 
NaCl.   

   3.    PBST0.1: PBS + 0.1 % Tween-20.   
   4.    PBST0.5: PBS + 0.5 % Tween-20.   
   5.    PBST0.5 + 1 % bovine serum albumin (BSA).   
   6.    10× sample buffer: 1× TBS + 1 % Tween-20 + 1 % Brij-35 

(Sigma Aldrich, St. Louis, MO).   
   7.    Sample dilution buffer: 1× sample buffer + 1× IgG cocktail 

(Jackson ImmunoResearch Labs, West Grove, PA) + 1× prote-
ase inhibitor (Complete Tablet, Roche Applied Science, 
Indianapolis, IN) + sample (diluted to fi nal dilution factor).   

   8.    Saline sodium citrate (SSC), pH 7.0: 150 mM sodium chlo-
ride, 15 mM sodium citrate dihydrate.   

   9.    PBST0.1 + 0.1 % casein.   
   10.    2× SSC + 0.1 % Tween-20.   
   11.    RCA detection reagent mixture: 1 μg/mL anti-biotin primer 1 

conjugate ( see  ref.  2 ) + 75 nM Circle 1 ( see  ref.  2 ) + 1 mM eth-
ylenediaminetetraacetic acid (EDTA).   

   12.    RCA amplifi cation solution: 1× Tango buffer (Fermentas, Glen 
Burnie, MD) + 0.1 % Tween-20 + 0.4 mM deoxynucleoside tri-
phosphates (dNTPs) (Applied Biosystems, Carlsbad, 
CA) + 0.075 units/μL Phi29 enzyme (Epicenter Biotechnologies, 
Madison, WI).   

   13.    RCA decoration solution: 2× SSC + 0.1 % Tween- 20 + 0.1 μM 
decorator 1-Cy3 ( see  ref.  2 ) + 500 μg/mL herring sperm DNA 
(HSD) (Invitrogen, Carlsbad, CA).      

2.1  Solutions

Katie Partyka et al.
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      1.    Microscope slide staining chambers with slide racks (Shandon 
Lipshaw, cat. no. 121).   

   2.    Microscope slide boxes (several versions available).   
   3.    Wafer handling tweezers (Techni-Tool, Worcester, PA, cat. no. 

758TW178, style 4WF).   
   4.    SlideImprinter (The GelCompany, San Francisco, CA).   
   5.    Clinical centrifuge with fl at swinging buckets for holding slide 

racks (Beckman Coulter, Fullerton, CA, among others).   
   6.    Microarray scanner (several versions available).   
   7.    37 °C Incubator (several versions available).       

3    Methods 

 The methods section is divided into three parts: the preparation of 
antibody arrays and partitioned slides; the basic sandwich assay 
protocol with non-amplifi ed fl uorescence detection; and detection 
using rolling-circle amplifi cation. 

  The fi rst step is to acquire the necessary antibodies and slide sub-
strates and produce the antibody arrays. Guidelines on choosing 
and handling antibodies and the preparation of antibody arrays 
were given earlier [ 5 ,  6 ] and are repeated here. 

  Purity of Antibodies . Antibodies work best in the microarray assay 
when they are highly purifi ed. A high concentration of other pro-
teins in the antibody solution usually results in a weakened or non-
specifi c signal, since many binding sites on the microarray are 
occupied by the other proteins. Polyclonal antibodies collected 
from antisera should be antigen-affi nity purifi ed. IgG purifi cation 
from antisera (e.g., using Protein A beads) is only good enough if 
the antibody is targeting a high abundance protein. Monoclonal 
antibodies that are provided in ascites fl uid should be further puri-
fi ed. The simplest method is to isolate the IgG fraction of the sam-
ple using a kit such as the Bio-Rad Affi -gel Protein A MAPS kit. 
Some antibodies come in a high concentration (up to 50 %) of 
glycerol to improve stability. While glycerol will not interfere with 
the assay, the added viscosity may negatively affect the printing 
process. Glycerol concentrations above ~20 % should be avoided. 
To change the buffer of an antibody, we recommend the Bio-Rad 
Micro Bio-Spin P30 column ( see   Note 1 ). If the antibody is subse-
quently to be labeled, do not put the antibody in a Tris or amine- 
containing buffer, which will interfere with a primary amine-based 
labeling reaction. 

  Buffer ,  Concentration and Storage . Antibodies are stable refriger-
ated in a standard buffer such as phosphate-buffered-saline (PBS). 

2.2  Hardware 
and Instruments

3.1  Preparation of 
the Antibody Arrays 
and Partitioned Slides

Array-Based Immunoassays with Rolling-Circle Amplifi cation Detection
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The optimal spotting concentration is around 500 μg/mL. Higher 
concentrations could yield higher signal intensities and lower 
detection limits and may be desirable if consumption of antibody is 
not a concern. Most antibodies can be stored refrigerated for up to 
a year. New antibodies should be divided into aliquots, using one 
as a refrigerated working stock and freezing the others at −70 °C, 
to avoid repeated freeze/thaw cycles that can damage proteins. 
When retrieving antibodies from a freezer stock, thaw the solution 
slowly on ice to reduce damage from the thawing process. 

  Control Antibodies . The arrays should include both positive and 
negative control antibodies. Positive controls could be antibodies 
that detect proteins that are present in every sample (such as fi bro-
nectin and serum) and antibodies that are labeled with the tag used 
for detection (such as biotin). Signal should be observed from 
these antibodies in every experiment. Negative control antibodies 
should be similar to the other antibodies in every respect except 
that they do not have specifi city for any protein in the biological 
samples to be used. Possible negative controls include monoclonal 
antibodies against a synthetic tag such as dinitrophenol, or mono-
clonal antibodies against rare microbial peptides. Ideally, these 
antibodies generate no signals in the actual experiments involving 
biological samples. The antibodies can be deposited using a micro-
arrayer onto the surfaces of coated microscope slides according to 
the guidelines presented earlier [ 5 ,  6 ]. 

  Choice of Microarray Substrate . Various substrates for antibody 
microarrays have been demonstrated, such as poly- L -lysine-coated 
glass [ 6 ],    aldehyde-coated glass  [ 7 ], nitrocellulose [ 8 ], and a poly-
acrylamide-based hydrogel [ 9 ,  10 ]. Microscope slides with these 
various coatings can be purchased commercially. Since each appli-
cation is unique in some aspects, the choice of which to use should 
be determined empirically by each user. We recommend simply 
preparing arrays on several different substrates and running them 
in parallel. Several criteria could be used to determine which sur-
face type is best. The signal-to-background ratio at each antibody 
is a good criterion, but one could also look at the reproducibility 
between replicate arrays and the consistency in the background 
level within each array. 

  Printing Microarrays . After the antibodies have been prepared at 
the proper purity and concentration, they are assembled into a 
“print plate”—a microtiter plate used in the robotic printing of the 
microarrays. Polypropylene microtiter plates are preferable to poly-
styrene because of lower protein adsorption. The plate should be 
rigid and precisely machined for optimal functioning with printing 
robots. The amount of antibody solution to load into each well of 
the print plate depends on the requirements of the printing robot 
( see   Note 2 ). If printing is sometimes inconsistent or variable 

Katie Partyka et al.
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between printing pins, it is desirable to fi ll multiple wells with the 
same antibody solution, so that different printing pins spot the 
same antibody. Store the 384-well print plates sealed in the refrig-
erator until ready to use ( see   Note 3 ). Prepare a spreadsheet con-
taining the well identities for use in downstream data processing 
applications. 

 The details of the printing process will depend on the type of 
printing robot used, but we provide some general notes. Minimize 
the time that the print plates are unsealed and exposed in order to 
keep evaporation of the antibody solutions low. Evaporation may 
be minimized by cooling the print plate (if the robot has that fea-
ture) and maintaining a moderately high humidity in the printing 
environment (~45 %). The proper printing of the robot should be 
confi rmed with test prints on dummy slides before starting the 
microarray production. Use 500 μg/mL BSA in 1× PBS for the 
test prints. Make sure that the water in the tip wash bath is changed 
regularly to prevent contamination of the tips. It is desirable to 
confi rm suffi cient washing of the pins between loads. This test can 
be done by loading labeled protein into one of the print plate wells 
in a dummy print, followed by scanning the slide. If fl uorescence is 
seen in spots after the fl uorescently labeled material, the pins need 
to be washed more stringently. Most microarrayers will allow the 
printing of replicate spots on each array, which are useful to obtain 
more precise data through averaging and to ensure the acquisition 
of data if a portion of the array is unusable. Four to six spots per 
array per antibody are usually suffi cient. 

  Post - Print Processing of Microarrays . The handling of the arrays 
after printing depends on the surface used. Arrays printed on 
hydrogels should be incubated overnight in a humidifi ed chamber 
to induce full binding of the antibodies to the hydrogel matrix. 
Microarrays printed on highly absorptive surfaces such as nitrocel-
lulose will not require such a long incubation before blocking. We 
recommend vacuum sealing and refrigerating the arrays for storage 
before use ( see   Note 4 ) to minimize loss of antibody activity. 

  Running Multiple Arrays on Each Slide . The size of each array 
depends on the number of unique elements to be printed. If the 
entire surface of the slide is not needed, multiple, smaller arrays can 
be printed on each slide. This practice reduces the volume of each 
assay and the slide cost per assay. A convenient and fl exible way to 
partition the slides and segregate the arrays from one another is 
printing hydrophobic boundaries on each slide using a stamping 
device (Fig.  1a ). The steps for creating partitioned slides using the 
SlideImprinter are given below. The slide imprinting can occur 
either before or after the antibodies are deposited.

     1.    Load the wax-based hydrophobic material into the bath of the 
SlideImprinter and melt it by turning on the hotplate under 

Array-Based Immunoassays with Rolling-Circle Amplifi cation Detection
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  Fig. 1    High-throughput processing of antibody arrays. ( a ) The SlideImprinter (produced by the GelCompany, 
San Francisco, CA). A hydrophobic, wax-based solution is melted in the bath. Microscope slides are inserted 
upside-down into the slot at the top of the unit, and the lever is pulled forward to elevate a “stamp” out of the 
bath. The stamp contacts the slide to imprint wax onto the slide in the design on the stamp. ( b ) An imprinted 
slide. A wax pattern forming a 2 × 8 grid of “wells” was imprinted onto the slide. ( c ) Samples loaded onto slides 
with two different well designs. Various well designs may be imprinted by changing the stamp. ( d ) A convenient 
strategy for processing multiple samples. Randomized samples may be incubated on the slide, followed by 
incubation with common detection antibodies, which provides highly consistent conditions between samples. 
The spacing of the wells can be compatible with parallel loading using multichannel pipettors       
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the bath. Set the temperature to about 10 °C higher than the 
melting temperature of the wax.   

   2.    When the wax is liquefi ed, load the desired “stamp” into the 
wax bath. This stamp will contact and imprint its pattern onto 
the slide (Fig.  1b ). A variety of stamp patterns are available, 
which can be chosen to suit the desired size of each array and 
number of arrays per slide. Custom stamps can also be pro-
duced by the manufacturer.   

   3.    Insert a coated microscope slide upside-down into the holder 
and pull the lever to elevate the stamp and imprint the slide. 
Do not let the slide sit in the holder to prevent heating ( see  
 Note 5 ).   

   4.    If the antibody arrays with imprinted hydrophobic boundaries 
will not be used immediately, vacuum-seal the slides and store 
in the refrigerator.    

  The hydrophobic boundaries produce “wells” around each 
microarray, in which individual samples may be incubated (Fig.  1c ). 
A typical approach is to run randomized samples on a single micro-
scope slide, followed by detection with a common detection reagent 
(Fig.  1d ), which allows for highly consistent conditions between 
samples. Another advantage of this method is that the boundaries 
stay on the slide throughout the experiment, so that no further 
addition or removal steps are necessary. The boundaries also are 
thin enough to remain on during scanning, which often requires a 
microscope objective to come very close to the slide surface.  

   This protocol involves the incubation of samples on a slide, fol-
lowed by primary antibody incubation, followed by dye-labeled 
secondary antibody incubation (Fig.  2a ). The protocol is per-
formed over 2 days, with the fi rst day including the preparation of 
the samples and slides and the overnight incubation of the samples, 
and the second day including application of the detection reagents 
and scanning of the slides. These steps are written in reference to 
serum as the sample type, but other samples, such as cell lysates, 
also can be analyzed.

    Day 1

    1.    If the slides are vacuum-sealed and stored at 4 °C, allow the 
slides to equilibrate to room temperature before opening vac-
uum-sealed bag (~30 min). The equilibration is to prevent 
condensation on the slide after opening.   

   2.    Briefl y rinse the slides in PBST0.5 once and wash the slides in 
PBST0.5 for 10–15 min with gentle shaking. (This step is for 
the purpose of removing unbound antibodies from the sur-
face.) Dry the slides by centrifuging in a swinging- bucket clini-
cal centrifuge for 2 min at 200 ×  g  ( see   Note 6 ).   

3.2  Sandwich Assay

Array-Based Immunoassays with Rolling-Circle Amplifi cation Detection
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  Fig. 2    Standard and RCA-enhanced sandwich immunoassays. ( a ) The standard fl uorescence immunoassay on 
a planar substrate. A sample is incubated on the antibody array, resulting in the capture of specifi c proteins by 
immobilized antibodies. The level of captured protein is probed using a biotinylated detection antibody, which 
is detected using streptavidin–phycoerythrin and fl uorescence scanning. Non-biotinylated detection antibod-
ies could be detected using anti- species antibodies (e.g., anti-mouse IgG), and other dyes also can work well. 
( b ) RCA detection. The biotinylated detection antibody is detected by an anti-biotin antibody that is conjugated 
with a single-stranded DNA primer. The primer is hybridized with circular, single-stranded DNA that has a 
portion complementary to the primer. Phi29 polymerase is used to extend the primer based on the circular DNA 
template. The Phi29 continues many times around the circular template, resulting in the creation of a long, 
repeating strand of single-stranded DNA. The repeating units are then hybridized with complementary, dye-
labeled oligonucleotides. ( c ) Signal and sensitivity enhancement using RCA. The protein PEBP1 (phosphatidyl-
ethanolamine binding protein 1) was incubated on the slides at the indicated concentrations and detected with 
either normal or RCA detection. The fl uorescence images show brighter signal with similar background for RCA 
detection. In addition, the plot of fl uorescence with respect to concentration shows that the antigen is detect-
able at lower concentrations using RCA       
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   3.    Block the slides. Pipet 1 % BSA in PBST0.5 % onto each array 
for 1 h at room temperature with gentle shaking. The volume 
depends on the size of the array. For 4.5 mm square arrays, 
7 μL easily covers each array. The subsequent descriptions will 
refer to the 4.5-mm size array.   

   4.    Rinse the slides in PBST0.5 twice and then wash three times in 
PBST0.5 for 3 min each. Change to new buffer for each wash. 
Centrifuge at 900 rpm for 2 min to dry the slides.   

   5.    While the slides are blocking, prepare the samples. Each sam-
ple is diluted into a sample buffer with other additives. 
The fi nal dilution factor of the biological sample depends 
on the starting concentration of the analyte and the linear 
range of the assay. The determination of these factors has been 
covered previously [ 6 ] ( see   Note 7 ).   

   6.    First prepare the non-sample components together at the 
proper concentrations, and then add the proper volume of 
sample to each sample buffer mixture. Mix thoroughly and 
place on ice until all samples are ready.   

   7.    Pipet 6 μL of each sample onto an array. Repeat until all arrays 
from each microscope slide are loaded.   

   8.    Load the slides into a humidifi ed slide box ( see   Note 8 ) and 
place at 4 °C overnight.      

  Day 2

    1.    Rinse the slides in PBST0.1 twice and then wash three times in 
PBST0.1 for 3 min each. Change to new buffer for each wash. 
Centrifuge at 200 ×  g  for 2 min to dry the slides.   

   2.    Prepare the primary detection antibodies. The primary detec-
tion antibodies should be diluted into PBST0.1 with 0.1 % 
BSA at a fi nal concentration determined from previous optimi-
zation ( see     Subheading 3.1). Optimal concentrations usually 
are around 1 μg/mL. Multiple detection antibodies could be 
mixed together into one cocktail, depending on the consider-
ations discussed below.   

   3.    Pipet 6 μL of each detection solution onto each array and place 
the slides in a humidifi ed box for 1 h at room temperature with 
gentle shaking.   

   4.    Wash and dry the slides (repeat  step 1 ).   
   5.    Prepare the fl uorescence-labeled secondary detection reagents. 

If the primary antibodies are biotinylated, use streptavidin–
phycoerythrin as the detection reagent, and if not, use dye-
labeled secondary antibodies (such as  anti- mouse IgG). Prepare 
in PBST0.1 at a fi nal concentration of 1 μg/mL.   

   6.    Pipet 6 μL of the detection solution onto each array and incu-
bate in a humidifi ed box for 1 h at room temperature with 
gentle shaking.   

Array-Based Immunoassays with Rolling-Circle Amplifi cation Detection
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   7.    Wash and dry the slides (repeat  step 1 ).   
   8.    Scan the slides. If planning to scan the slides at a later time, 

vacuum-seal the slides with desiccant and store in 4 °C for up 
to 3 months. Image and data analysis depends on the systems 
used and are described elsewhere [ 11 ,  12 ].         

  RCA provides signifi cant fl uorescence enhancement through the 
extension of a single-stranded DNA polymer followed by the 
hybridization of multiple, dye-labeled oligonucleotides (Fig.  2b ). 
The RCA protocol is identical to the protocol of Subheading  3.2  
through the incubation of the biotinylated primary antibody. After 
that step, the arrays are incubated with an anti-biotin antibody that 
is conjugated with a single-stranded DNA primer. Next, the primer 
is hybridized with circular, single-stranded DNA, and the primer is 
extended by the template provided by the circle in a repeating fash-
ion. These extended, repeating DNA units provide a ladder to 
which multiple, dye-labeled “decorator” probes may be hybrid-
ized, resulting in enhanced signal (Fig.  2c ). Dilution series of puri-
fi ed antigens detected with either normal fl uorescence detection or 
RCA detection have demonstrated the potential for lower detec-
tion limits using RCA (Fig.  2c ). 

 The advantages of this method for antibody microarrays are 
that (1) detection sensitivity is enhanced; (2) the method is com-
patible with standard equipment; (3) the protocols are reliable; (4) 
the amplifi cation is linear with respect to time, which reduces vari-
ability potentially introduced through variation in amplifi cation 
time; and (5) the amplifi ed product is covalently attached to the 
captured protein, allowing stringent washes to selectively remove 
background proteins. Some special reagents are required for RCA. 
These are the primer-conjugated antibody, the circular DNA, and 
the dye-labeled decorators. The dye-labeled decorators can be cus-
tom ordered from companies that synthesize DNA, but the other 
two reagents can be synthesized by the user. Optimal DNA 
sequences and the steps for synthesizing these reagents are pro-
vided elsewhere [ 2 ,  4 ,  7 ]. The protocol begins on the second day 
of the assay, after the primary antibody incubation.

    1.    Rinse slides in PBST0.1 twice and then wash three times in 
PBST0.1 for 3 min. Change to new buffer for each wash. 
Centrifuge at 200 ×  g  for 2 min to dry the slides.   

   2.    Prepare the detection reagent mixture. The volume needed 
depends on the number of arrays and volume per array. Add 1× 
PBS + 0.1 % Tween-20 + 0.1 % Casein to achieve the fi nal 
volume.   

   3.    Incubate the mixture at 37 °C for 30 min prior to incubation 
on slide.   

3.3  RCA Detection

Katie Partyka et al.
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   4.    Add 6 μL of the mixture to each array and incubate at room 
temperature for 1 h in a humidifi ed slide box with gentle shaking.   

   5.    Rinse the slides in PBST0.1 twice and then wash three times in 
PBST0.1 for 3 min. Change to new buffer for each wash. 
Centrifuge at 200 ×  g  for 2 min to dry the slides.   

   6.    Prepare the amplifi cation solution. Add distilled water to 
achieve the fi nal volume.   

   7.    Add 6 μL of amplifi cation mix per array and incubate at 37 °C 
for 30 min in a humidifi ed slide box.   

   8.    Rinse the slides in 2× SSC + 0.1 % Tween-20 twice, and then 
wash three times in 2× SSC + 0.1 % Tween-20 for 3 min. 
Change to new buffer for each wash. Centrifuge at 200 ×  g  for 
2 min to dry the slides.   

   9.    Prepare the decorator solution. Add distilled water to achieve 
the fi nal volume.   

   10.    Add 6 μL of decorator mixture per array and incubate at 37 °C 
for 1 h in a humidifi ed slide box.   

   11.    Rinse the slides in 2× SSC + 0.1 % Tween-20 twice and then 
wash three times in 2× SSC + 0.1 % Tween-20 for 3 min. 
Change to new buffer for each wash. Centrifuge at 200 ×  g  for 
2 min to dry the slides.   

   12.    Scan the slides. If scanning is not available, seal the slides and 
store in 4 °C for up to 3 months.    

4       Notes 

     1.    The Biospin columns come prepacked with two types of buf-
fer: sodium saline citrate (SSC) and Tris. The packing buffer 
comes out of the column with the sample that was applied to 
it. That is, after a sample is run through the column, it will be 
in the buffer with which the column was packed. The packing 
buffer can be changed by running a different buffer through 
the column three times. The P30 column removes solution 
components smaller than 30 kDa, and the P6 column removes 
components smaller than 6 kDa. Thus the P30 column is bet-
ter for purifi cation of antibodies, and the P6 column is better 
for the purifi cation of complex mixtures in which low molecu-
lar weight species should be preserved.   

   2.    The volume may depend on the shape of the well and how far 
the print tips descend into the well. Too much volume can lead 
to droplets of antibody solution sticking to the outside of the 
print tip. The volume may also need to be optimized for par-
ticular applications, such as multiple draws from each well, 
which would require a greater volume.   

Array-Based Immunoassays with Rolling-Circle Amplifi cation Detection
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   3.    Long term storage of the print plates is not recommended due 
to potential for evaporative loss of the small volumes. For 
short- term storage (less than 2 weeks), the plates can be tightly 
sealed using microtiter sealing tape (for example Mylar Plate 
Sealer from Thermo Scientifi c). To further prevent evapora-
tion of fl uid from the print plate, insert a moist piece of paper 
towel into the bag with the print plate before sealing, which 
that will keep the humidity in the bag high.   

   4.    Food storage sealers work well for this purpose. Some models have 
the option of applying vacuum, or simply sealing without vacuum.   

   5.    The quality of the imprinting can be tested using plain glass 
slides. The temperature of the bath can be adjusted to change 
consistency. Higher temperatures usually lead to thinner bor-
ders but less evenness in deposition.   

   6.    A convenient method to wash and dry the slides is to load the 
slides into a slide rack, load the entire slide rack into a staining 
chamber for washing, and then transfer the slide rack to a 
swinging-bucket centrifuge for spin-drying. Place a folded 
paper towel under the slide rack to capture the liquid when 
spin-drying. Make sure that the transfer to the centrifuge and 
spinning takes place as rapidly as possible to prevent evaporative- 
drying on the slide. The slides must be completely dry before 
moving to the next step. Spin until arrays are completely dry. 
To decrease background, alternate the direction of the slides in 
the slide carrier for subsequent spins.   

   7.    The IgG cocktail is included to prevent nonspecifi c binding to 
the capture antibodies. Certain individuals have blood anti-
bodies that are reactive with IgG from species such as mouse 
and rabbit, and the binding of these antibodies to the capture 
antibodies on the arrays (since the capture antibodies usually 
are derived from mouse and rabbit, among others) can pro-
duce undesirable effects on the assay. The addition of IgG 
from mouse and other species into the human serum sample 
will block the binding of the human antibodies to the immobi-
lized capture antibodies. Prepare the IgG cocktail to include 
antibodies from non-immunized animals representative of the 
capture antibodies on the arrays. For example, if the capture 
antibodies include mouse and rabbit antibodies, the IgG cock-
tail mouse, sheep, goat, and rabbit IgG. The IgG cocktail is 
made at a 4× concentration and is diluted in the sample buffer 
to reach fi nal concentrations of 100 μg/mL for mouse, sheep, 
and goat IgG, and 200 μg/mL for rabbit IgG.   

   8.    Slides should be incubated in a humidifi ed box to prevent 
evaporation. A standard slide box provides a good holder, and 
humidity can be achieved by placing a damp paper towel in the 
bottom of the box. The use of a paper towel also prevents 
splashing if the box is jarred.         

Katie Partyka et al.
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    Chapter 2   

 Analysis of Protein Changes Using Two-Dimensional 
Difference Gel Electrophoresis 

           Weimin     Gao    

    Abstract 

   A protocol for protein analysis using two-dimensional difference gel electrophoresis (2D-DIGE) is 
described. 2D-DIGE is one of the most popular and versatile methods of protein separation among rapidly 
increasing proteomics technologies. Similar to traditional two-dimensional polyacrylamide gel electropho-
resis (2D-PAGE), the proteins are separated based on their charges and molecular weight by 2D-DIGE. 
Different from 2D-PAGE, proteins are pre-labeled with different fl uorescent and different protein samples 
are run in one gel by this method. Therefore, 2D-DIGE not only carries the advantages of 2D-PAGE but 
also eliminates gel-to-gel variation and achieves high resolution, sensitivity, and reproducibility.  

  Key words     Two-dimensional difference gel electrophoresis  ,   Two-dimensional polyacrylamide gel 
electrophoresis  ,   Protein separation  ,   Proteomics  

1       Introduction 

 Proteomics, a word coined from protein and genomics, has many 
defi nitions in the literature. The most encompassing defi nition was 
provided by the National Academy of Science working group, 
“proteomics represents the effort to establish the identities, quan-
tities, structures, and biochemical and cellular functions of all pro-
teins in an organism, organ or organelle, and how these properties 
vary in space, time or physiological state” [ 1 ]. Therefore, pro-
teomics is the study of global protein changes and the pattern of 
protein change. Proteomic technologies allow the simultaneous 
analysis of a large number of proteins and can be used to character-
ize different pathophysiological conditions [ 2 ]. 

 Traditional proteomic approaches have centered on profi ling 
strategies. Profi ling approaches include two-dimensional (2D) 
gel electrophoresis combined with mass spectrometry (MS), 
 liquid chromatography separation combines with mass spectrom-
etry (LC-MS), protein affi nity microarrays, and matrix-assisted 
laser desorption ionization (MALDI)-based imaging [ 3 – 15 ]. 
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Two- dimensional polyacrylamide gel electrophoresis (2D-PAGE) 
was fi rst described in 1975 by O’Farrell [ 16 ]. It is the oldest 
approach and remains the most common tool to examine changes 
in protein expression [ 3 – 5 ]. Together with mass spectrometry 
(MS) techniques, 2D-PAGE allows a comprehensive and effi cient 
analysis of the proteome [ 17 ,  18 ]. The major steps of 2D-PAGE 
are sample preparation and protein solubilization, protein separa-
tion by fi rst dimension based on their isoelectric point and sec-
ond dimension based on their molecular weight by standard 
polyacrylamide sodium dodecyl sulfate (SDS) gel electrophoresis, 
and protein visualization following staining with various dyes 
[ 19 ,  20 ]. This technique, in combination with advances in pep-
tide sequencing technology, has provided signifi cant advances in 
analysis of the proteome of specifi c matrix or organelle subtypes, 
including plasma or serum proteomes [ 21 ,  22 ], bacterial pro-
teomes [ 23 ], and cellular subregions [ 24 ,  25 ]. This technique 
allows resolution of more than 1,000 (up to 5,000) proteins, and 
detection and quantifi cation of less than 1 ng of proteins [ 16 , 
 19 ]. The advantages of 2D-PAGE included (1) separation of pro-
teins by isoelectric focusing and a SDS gel system based on inde-
pendent parameters, (2) parallel detection and quantitation of 
large sets of complex protein mixture, (3) separation of very 
acidic/basic proteins, (4) indirect study of protein function, and 
(5) refl ection of protein isoforms or posttranslational modifi ca-
tions (PTMs) [ 19 ,  26 ,  27 ]. However, due to complex cellular 
extracts with several thousand proteins for prokaryote and more 
than 10,000 for eukaryote and the variability of 2D gels, analysis 
and comparison of proteins among gels are challenging and time-
consuming [ 19 ,  27 ]. To solve this problem, a technique called 
2D-difference gel electrophoresis (2D-DIGE), which enables 
detection of different samples in one gel, was fi rst reported by 
Unlu et al. in 1997 [ 20 ]. 

 In 2D-DIGE, samples are pre-labeled with different fl uores-
cent dyes. The advantages of fl uorescent cyanine dyes (Cy2, Cy3, 
and Cy5) used in DIGE include having similar molecular weight 
and distinct fl uorescent characteristics (such as excitation and emis-
sion wavelengths), reacting with the same amino acid residues, and 
preserving the charge of target amino acids [ 28 ]. The cyanine dyes 
specifi cally and covalently label the ε-amine groups of lysine resi-
dues without altering isoelectric points of proteins but increasing 
molecular mass by 434–464 Da per labeled residue [ 19 ,  29 ]. Given 
approximately 30 lysine residues in a typical 50 kDa protein, the 
increased molecular mass leads to labeled proteins migration in 
vertical axis of 2D gels [ 28 ]. To minimize the perturbation, two 
acceptable labeling methods are used including minimal labeling 
(each protein carrying one dye molecule, practically 3–5 % of pro-
tein labeled), and saturation labeling (all reactive residues coupled 
by dye molecules). For minimal labeling, the shift on molecular 

Weimin Gao
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mass is negligible, and the sensitivity is 1 ng protein similar with 
SYPRO-RUBY stain [ 28 ,  30 ]. In comparison with minimal label-
ing, saturation labeling is more sensitive (approximately 0.1 ng) to 
detect low-abundance protein, but has the risk of alteration of 2D 
pattern, multiple spots in the vertical dimension for one protein, 
side-reactions and precipitation of proteins (up to 25 %) during 
labeling, and requires optimal dye ratio for different samples [ 29 , 
 31 ]. The two labeling methods may be chosen based on the study 
objectives. Therefore, the apparent advantages of 2D-DIGE are 
elimination of gel-to-gel variation by comparing different samples 
in one gel; high resolution, linearity, and sensitivity; semiquantita-
tive nature; reducing protein loss by avoiding the procedure of 
fi xing and destaining [ 29 ,  32 ,  33 ]. 2D-DIGE has become a popu-
lar method of protein separation. Gel-based proteomics with 
2D-DIGE integrated with mass spectrometry (MS)-based detec-
tion is a powerful discovery and analytical tool allowing an effi cient 
profi ling of the proteome. In this chapter, a protocol for 2D-DIGE 
using minimal labeling for protein analysis has been described. 
The workfl ow of 2D-DIGE is diagrammed in Fig.  1 .

Protein quantitation

Sample labeling

Experimental
design

Sample preparation

Equilibration

Rehydration

2nd dimension

1st dimension

Imaging

Data analysis

Spot pick

Protein 
identification

  Fig. 1    The workfl ow of 2D-DIGE       
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2        Materials 

      1.    Lysis buffer: 30 mM Tris–HCl, pH 8.5 (titrated with dilute 
HCl on ice), 8 M urea, and 4 % 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS). Adjust to 
pH 8.5 with the dilute HCl. Aliquots can be stored at −20 °C 
( see   Note 1 ).   

   2.    pH indicator strips.      

      1.    Stock solution: 10 mg/mL bovine serum albumin (BSA).   
   2.    Protein assay kit: Bradford assay (Bio-Rad).   
   3.    Spectrophotometer set to 595 nm.   
   4.    Cuvettes with 1 cm path length matched to laboratory 

spectrophotometer.      

      1.    Stock solutions: 99.8 % anhydrous dimethylformamide (DMF), 
1 mM CyDye, and 1 M  L -lysine (Sigma).   

   2.    Microcentrifuge and 0.5 mL microcentrifuge tubes.      

      1.    Stock solutions: 1 M dithiothreitol (DTT) and 10 mg/mL 
bromophenol blue.   

   2.    2× Sample buffer: 8 M urea, 4 % (w/v) CHAPS, 100 mM 
DTT, and 0.4 % (v/v) Bio-Lyte ampholyte. Aliquots can be 
stored at −20 °C.   

   3.    Rehydration buffer: 8 M urea, 2 % (w/v) CHAPS, 50 mM 
DTT, 0.2 % (v/v) Bio-Lyte ampholyte, and 0.1 mg/mL bro-
mophenol blue.   

   4.    Disposable rehydration trays with lid (same size as IPG strips).      

      1.    PROTEAN IEF cell (Bio-Rad) ( see   Note 2 ).   
   2.    ReadyStrip IPG strips ( see   Note 3 ).   
   3.    Electrode wicks.   
   4.    Mineral oil.   
   5.    Forceps.      

      1.    Equilibration buffer I: 6 M urea, 2 % SDS, 0.375 M Tris–HCl 
(pH 8.8), 20 % glycerol, and 2 % (w/v) DTT.   

   2.    Equilibration buffer II: 6 M urea, 2 % SDS, 0.375 M Tris–HCl 
(pH 8.8), 20 % glycerol, and 135 mM iodoacetamide.   

   3.    Disposable equilibration trays with lid (same size as IPG strips).      

      1.    1× Tris/glycine/SDS (TGS) running buffer: 25 mM Tris, 
192 mM glycine, 0.1 % SDS, pH 8.3.   

2.1  Sample 
Preparation

2.2  Protein 
Quantitation

2.3   Labeling

2.4   Rehydration

2.5   First Dimension

2.6   Equilibration

2.7  Second 
Dimension
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   2.    Overlay agarose: 0.5 % low melting point agarose in 1XTGS 
and a trace of bromophenol blue.   

   3.    Acrylamide gel: 30 % acrylamide/bis (29:1), 1.5 M Tris 
(pH 8.8), 10 % (v/v) SDS, 10 % (w/v) ammonium persulfate, 
and TEMED.      

      1.     Imaging : Typhoon™ Trio (GE Healthcare).   
   2.     Data analysis : DeCyder (GE Healthcare).   
   3.     Protein identifi cation : Mass spectrometry.       

3     Methods 

  The examples given here are cultured adherent cells, fresh tissues, 
and human body fl uids (e.g., serum or cerebrospinal fl uid). 

      1.    Take the cells with 80 % confl uence at the dishes.   
   2.    Suck out the medium using vacuum system.   
   3.    Wash cells with 1× PBS (pH 7.4) twice.   
   4.    Wash cells with 0.1× PBS (pH 7.4) once and suck out the PBS 

( see   Note 4 ).   
   5.    Add appropriate amount of lysis buffer ( see   Note 5 ).   
   6.    Rapidly scrap cells and pipette the cell lysate into a 1.5 mL 

microcentrifuge tube on ice.   
   7.    Sonicate the cell lysate on ice intermittently until the solution 

appears signifi cantly less cloudy than the starting solution 
( see   Note 6 ).   

   8.    Centrifuge the cell lysate at 4 °C for 10 min at 12,000 ×  g  in a 
microcentrifuge.   

   9.    Transfer supernatant to a new labeled microcentrifuge tube. 
Discard the pellet.   

   10.    Check the pH of the cell lysate to be 8.5 by spotting 1 μL on 
a pH indicator strip ( see   Note 7 ).   

   11.    Store cell lysate in aliquots at −80 °C until protein concentra-
tion is determined.      

      1.    Freeze tissues immediately in liquid nitrogen after harvest. 
Store the samples at −80 °C until further use.   

   2.    Resuspend tissues with appropriate amount of lysis buffer in 
the 1.5 mL microcentrifuge tube.   

   3.    Homogenize the tissue lysate by sonication on ice intermit-
tently with a sonic dismembrator.   

   4.    Centrifuge the cell lysate at 4 °C for 10 min at 12,000 ×  g  in a 
microcentrifuge.   

2.8  Post-gel 
Analyses

3.1  Sample 
Preparation

3.1.1   Cultured Cells

3.1.2   Tissues
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   5.    Transfer supernatant to a new labeled microcentrifuge tube. 
Discard the pellet.   

   6.    Check the pH of the tissue lysate.   
   7.    Store cell lysate in aliquots at −80 °C until protein concentra-

tion is determined.      

  Preparation of samples from the cell-free fl uids such as serum and 
cerebrospinal fl uid are straightforward. After protein assay, lysis 
buffer is added to adjust the protein concentration to 5 mg/mL 
before labeling.   

  Bradford protein assay is used to measure protein concentration.

    1.    Prepare the standard 1 mg/mL BSA.   
   2.    Prepare fi ve concentrations of BSA standard by adding 0, 5, 

10, 15, and 20 μL of 1 mg/mL BSA in diH 2 O to make a fi nal 
volume of 800 μL.   

   3.    Pipet 2 μL of sample solution and 798 μL diH 2 O into a clean, 
dry test tube.   

   4.    Add 200 μL of dye reagent concentrate to each tube and 
vortex.   

   5.    Incubate at room temperature for at least 5 min ( see   Note 8 ).   
   6.    Measure absorbance at 595 nm.   
   7.    Calculate the concentration of the samples.      

  The protocol from GE healthcare CyDye DIGE Fluors (minimal 
dyes) is followed with modifi cation. 

      1.    Remove the CyDye from the −20 °C freezer and leave to warm 
for 5 min at room temperature.   

   2.    Take a small volume of DMF from its original container and 
dispense into a fresh microfuge tube.   

   3.    Add the specifi ed volume of DMF to each new vial of CyDye 
to make the stock solution of 1 mM.   

   4.    Replace the cap on the microfuge tube and vortex vigorously 
for 30 s.   

   5.    Centrifuge the microfuge tube for 30 s at 12,000 ×  g  in a 
benchtop microcentrifuge.   

   6.    The fl uor solution can now be used ( see   Note 9 ).      

      1.    Briefl y spin down CyDye stock solution in a microcentrifuge.   
   2.    Add 1 volume of CyDye stock solution to 1.5 volumes of DMF 

to make 400 μM CyDye working solution ( see   Note 10 ).      

3.1.3   Body Fluids

3.2  Protein 
Quantitation

3.3   Labeling

3.3.1  Reconstitution 
of CyDye in DMF

3.3.2  Preparation 
of CyDye Working Solution
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      1.    Add a volume of protein sample equivalent to 50 μg to a 
0.5 mL microcentrifuge tube ( see   Note 11 ).   

   2.    Add 1 μL of CyDye working solution to the microcentrifuge 
tube.   

   3.    Mix and centrifuge the tube briefl y. Leave on ice for 30 min in 
the dark.   

   4.    Make 10 mM lysine buffer using the 1 M stock solution.   
   5.    Add 1 μL of 10 mM lysine to stop the reaction.   
   6.    Mix and spin briefl y. Leave the tube for 10 min on ice in the 

dark ( see   Note 12 ).       

  The instruction manual from Bio-Rad ReadyStrip IPG Strip is 
followed with modifi cation.

    1.    After the samples have been CyDye labeled, add an equal vol-
ume of 2× sample buffer into the microcentrifuge tube. Leave 
on ice of 10 min.   

   2.    Pool the protein samples that are going to be separated on the 
same First and Second dimension gel ( see   Note 14 ).   

   3.    Pipet the appropriate volume of rehydration buffer to make up 
the volume required for each IPG strip ( see   Note 15 ).   

   4.    Remove the desired number of ReadyStrip IPG strips from the 
−20 °C freezer and set aside.   

   5.    Place one disposable rehydration try of the same size as the 
IPG strips to be run.   

   6.    Pipet the sample as a line along the back edge of a channel of 
the tray ( see   Note 16 ).   

   7.    When all the protein samples have been loaded into the tray, 
peel the coversheet from one of the IPG strips using forceps.   

   8.    Gently place the strip gel side down onto the sample. The “+” 
and the pH range marked on the strip should be legible 
( see   Note 17 ).   

   9.    Cover the tray with wet paper and plastic lid after loading sam-
ples for 30 – 60 min during which strips will be held at one end 
with the forceps and slid back and forth several times along the 
length of the channel every 15 min to make well absorbed.   

   10.    Overlay each of the strips with 3 mL of mineral oil to prevent 
evaporation during the rehydration process.   

   11.    Cover the rehydration tray with the plastic lid and leave the 
tray sitting on a level bench overnight (11–16 h) to rehydrate 
the IPG strips.      

3.3.3  Minimal Labeling 
a Protein Sample

3.4  Rehydration 
( See   Note 13 )

Analysis of Protein Changes Using Two-Dimensional…
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  The instruction manual from Bio-Rad ReadyStrip IPG Strip is 
followed with modifi cation.

    1.    Place a clean, dry PROTEAN IEF focusing tray (the same size 
as the rehydrating IPG strips) onto the lab bench.   

   2.    Using forceps, place a paper wick at both ends of the channels 
covering the wire electrodes.   

   3.    Pipet 8 μL of Nanopure water onto each wick to wet them.   
   4.    Remove the cover from the rehydration tray containing the 

IPG strips. Using forceps, carefully hold the strip vertically for 
about 7–8 s to allow the mineral oil to drain, then transfer the 
IPG strip to the corresponding channel in the focusing tray 
(maintain the gel side down). The “+” marked on the strip 
should be positioned at the end of the tray marked “+”.   

   5.    Cover each IPG strip with 2–3 mL of fresh mineral oil and 
remove, any trapped air bubbles beneath the strips. Place the 
lid onto the tray.   

   6.    Place the focusing tray into the PROTEAN IEF cell and close 
the cover.   

   7.    Program the PROTEAN IEF cell using the appropriate three- 
step protocol. As shown in the following table, for all strip 
lengths, use the default cell temperature of 20 °C, with a maxi-
mum current of 50 μA/strip. An example of the detailed pro-
gram for 17 cm IPG strips is listed as follows. 

 Start 
voltage  End voltage  Volt-hours  Ramp  Temperature 

 7 cm  0 V  8,000 V  8–10,000 V h  Rapid  20 °C 

 11 cm  0 V  8,000 V  20–35,000 V h  Rapid  20 °C 

 17 cm  0 V  10,000 V  40–60,000 V h  Rapid  20 °C 

 17 cm  Set voltage  Volt-hours  Ramp 

 Step 1  250 V  20 min  Linear 

 Step 2  10,000 V  2.5 h  Linear 

 Step 3  10,000 V  40,000 V h  Rapid 

 Step 4  500 V Hold  24 h 

       8.    Press START to initiate the electrophoresis run ( see   Note 18 ).   
   9.    When the electrophoresis run has been completed, remove the 

IPG strips from the focusing tray, hold the strips vertically with 

3.5  First Dimension- 
Isoelectric Focusing
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the forceps and let the mineral oil drain from the strip for 5 s, 
and transfer them gel side up into a new or clean, dry dispos-
able equilibration try which matches the length of the IPG 
( see   Note 19 ).      

  The instruction manual from Bio-Rad ReadyStrip IPG Strip is 
followed with modifi cation.

    1.    Prepare the equilibration buffers about 15 min before use.   
   2.    Remove the mineral oil from the ReadyStrip IPG strips by dip-

ping on a piece of dry fi lter paper. If the IPG strips were stored 
at −80 °C, they should be removed from the freezer and placed 
onto the lab bench to thaw at this time. The IPG strips require 
10–15 min to thaw ( see   Note 20 ).   

   3.    Add the appropriate volume of equilibration buffer I to each 
channel of an equilibration tray containing an IPG strip (gel 
side up) ( see   Note 21 ).   

   4.    Place the tray on an orbital shaker and gently shake for 10 min.   
   5.    At the end of incubation, discard the used equilibration buffer 

I by carefully decanting the liquid from the tray. When most of 
the liquid has been decanted, fl ick the tray a couple of times to 
remove the last few drops of equilibration buffer.   

   6.    Add the appropriate volume of equilibration buffer II with 
iodoacetamide to each strip ( see   Note 21 ).   

   7.    Return the tray to the orbital shaker for 10 min.   
   8.    During the incubation, melt the overlay agarose solution in a 

microwave oven.   
   9.    Discard the equilibration buffer II by decanting at the end of 

the incubation.      

  The instruction manual from Bio-Rad ReadyStrip IPG Strip is 
followed with modifi cation. 

      1.    Prepare appropriate spacers, plates, clamps, combs, cushion, 
stand and accessories for application. Clean glass plates and 
spacers with 100 % ethanol.   

   2.    Prepare gel sandwich, make gel solutions, and cast gel 
( see   Note 23 ).   

   3.    Cover the top of acrylamide gel with 100 % ethanol. The gel is 
ready for use when it polymerizes.      

      1.    Fill a 100 mL graduated cylinder that is the same length as or 
longer than the IPG strip length with 1× TGS running buffer.   

   2.    Remove an IPG strip from the disposable equilibration tray 
and dip briefl y into the graduated cylinder containing 1× TGS 
running buffer.   

3.6   Equilibration

3.7  Second 
Dimension-SDS- PAGE

3.7.1  Preparation of 
SDS-PAGE ( See   Note 22 )

3.7.2   SDS-PAGE
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   3.    Lay the strip, with the gel side facing towards you, onto the 
back plate of the SDS-PAGE gel above the IPG well.   

   4.    Use a Pasteur pipette or a disposable plastic transfer pipet to 
place overlay agarose solution into the IPG well of the gel.   

   5.    Using the forceps, or a spatula, carefully push the strip into the 
well, taking care not to trap any air bubbles beneath the strip 
( see   Note 24 ).   

   6.    Allow the agarose to solidify for 5 min, mount the gel into the 
electrophoresis cell and stand the gel(s) vertically by placing 
them in the electrophoresis cell.   

   7.    Prepare 1× TGS running buffer. Fill the reservoirs with 
1× TGS running buffer and begin the electrophoresis ( see   Note 25 ).       

      1.     Imaging : After separated by SDS-PAGE gels, proteins are then 
visualized by Typhoon Trio Imager (GE Healthcare) with 
three excitation wavelengths of 488 nm, 532 nm, and 633 nm 
for Cy2, Cy3, and Cy5, respectively ( see  Fig.  2 ) [ 34 ].

       2.     Data analysis : Images are manipulated and analyzed by 
DeCyder (GE Healthcare), and protein differences in intensity 
are calculated for each spot on the gel.   

3.8  Post-gel 
Analyses

  Fig. 2    A representative composite of 2D-DIGE of rat liver samples. Cy5: liver 
proteins from ovariectomized-only rats; Cy3: liver proteins from ovariectomized 
rats receiving 0.5 % green tea polyphenols (w/v) in drinking water; and Cy2: 
internal control, the mixture of liver proteins from both ovariectomized-only rats 
(50 %) and ovariectomized rats receiving 0.5 % green tea polyphenols (50 %)       
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   3.     Gel fi xation : To pick spots of interest, the gels are further fi xed 
with 50 % methanol and 5 % acetic acid.   

   4.     In - gel digestion : The protein spots are digested by trypsin.   
   5.     Protein identifi cation : Trypsinized peptides are analyzed by 

mass spectrometry.       

4     Notes 

     1.    Lysis buffer containing 30 mM Tris–HCl, 2 M thiourea, 7 M 
urea, and 4 % (w/v) CHAPS, adjust to pH 8.5 with dilute 
HCl, could also be used.   

   2.    Ettan™ IPGphor™ 3 IEF System (GE Healthcare) is an 
alternate.   

   3.    The size (7, 11, or 17 cm) and pH range of the strip could be 
selected based on research need.   

   4.    The use of 0.1× PBS is to keep the lowest concentration of salt 
in the samples.   

   5.    The volume of lysis buffer is controlled to get appropriate pro-
tein concentration (usually 5 mg/mL). If the protein concen-
tration is less than 5 mg/mL after protein quantitation, smaller 
volume of lysis buffer should be added in subsequent experi-
ments. From our experience, 300 μL lysis buffer could be 
added to cells with 80 % confl uence in a 100 mm 2  dish.   

   6.    It is recommended to use the pulse facility at a <5 s/time for 
three times to avoid too much heat. Ensure that sonicator 
microtip is suspended with its tip well below the surface of the 
liquid in the sample tube but not touching the sides.   

   7.    If the pH of the cell lysate has fallen below pH 8.0, then the pH 
of the cell lysate need to be adjusted by an identical lysis solution 
at pH 9.5 or carefully with 50 mM sodium hydroxide.   

   8.    Absorbance will increase over time. Samples should incubate at 
room temperature for no more than 1 h.   

   9.    On reconstitution in DMF the CyDye will give a deep color: 
Cy2-yellow, Cy3-red, and Cy5-blue. After use, the fl uor should 
be stored in a light excluding container, and be returned to the 
−20 °C freezer as soon as possible. Once reconstituted stock 
CyDye solution is stable for 2 months or until the expiry date 
on the container, whichever is sooner.   

   10.    CyDye working solution is better to be used freshly and is only 
stable for 1 week at −20 °C.   

   11.    The recommended concentration of the protein lysate is 
5–10 μg/μL.   
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   12.    The labeled samples can be stored for at least 3 months at 
−80 °C in the dark.   

   13.    Always wear laboratory gloves when handling IPG strips and 
all apparatus or solutions used in their preparation to prevent 
protein contamination, primarily from skin keratin.   

   14.    When using DeCyder™ software, three samples labeled with 
three different CyDyes are usually used: Cy2—standard sample 
(25 μg of the control sample + 25 μg of the test sample); Cy3—
50 μg of the control or test sample; and Cy5—50 μg of the test 
or control sample. It is recommended to run duplicate gels by 
reversely labeling the control and test sample using Cy3 and 
Cy5.   

   15.    The recommended sample volumes for Bio-Rad IPG strips are: 
   7 cm, 125 μL; 11 cm, 185 μL; and 17 cm, 300 μL.   

   16.    Take care not to introduce any bubbles which may interfere 
with the even distribution of sample in the strip.   

   17.    Take care not to trap air bubbles beneath the strip. If this hap-
pens, carefully use the forceps to lift the strip up and down 
from one end until the air bubbles move to the end and out 
from under the strip.   

   18.    It is recommended to watch the running for fi rst couple min-
utes of  steps 1 – 3  to make sure that mA and voltage go up 
appropriately. In the middle of running (usually when the blue 
dye of bromophenol blue runs over the strips), the wet wick 
between the strip and the electrodes could be replaced by care-
fully lifting the ends of each strip with forceps.   

   19.    If you are not proceeding directly to the equilibration step, 
cover the tray containing the IPG strips and place in a −80 °C 
freezer for storage until further use.   

   20.    It is best not to leave the thawed IPG strips for longer than 
15–20 min as diffusion of the proteins can result in reduced 
sharpness of the protein spots.   

   21.    The volume of equilibration buffer used is based on the size of 
the strip as follows:    7 cm, 2.5 mL; 11 cm, 4 mL; and 17 cm, 
6 mL.   

   22.    Due to time considerations, it is practical to proceed to cast the 
SDS-PAGE gels or 1× TGS running buffer during First dimen-
sion or equilibration steps.   

   23.    The volume of solution depends on number and thickness of 
gels. The following list is the recipe to make 10 mL 12 % gel: 
4 mL 30 % acrylamide/bis, 2.5 mL 1.5 M Tris (pH 8.8), 
100 μL 10 % (v/v) SDS, 3.35 mL diH 2 O, 50 μL 10 % (w/v) 
ammonium persulfate, and 5 μL TEMED. An IPG well (about 
0.5 cm) is needed at the top of the gel for loading the overlay 
agarose solution and an IPG strip.   

Weimin Gao



29

   24.    When pushing the IPG strips with the forceps, be sure that the 
forceps are pushing on the plastic backing of the strip and not 
the gel matrix.   

   25.    The migration of the bromophenol blue, present in the overlay 
agarose solution, is used to monitor the progress of the elec-
trophoresis. The voltage/current is selected based on the run-
ning time; for instance, the constant 25 V is used to run two 
16 × 16 gels overnight.         
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    Chapter 3   

 Assessment of Pathological and Physiological Changes 
in Mouse Lung Through Bronchoalveolar Lavage 

           Yuanpu     Peter     Di    

    Abstract 

   In animals, environmental exposure such as toxic chemicals and microorganisms or pathophysiological 
conditions in respiratory system could result in infl ammatory response in their lungs. Bronchoalveolar 
lavage (BAL) is a procedure that can be used to collect samples from animal lungs to effi ciently evaluate 
the immune response by examining both the compositions of cells and fl uid from lavage. The profi le of 
infl ammatory cells in BAL provides a qualitative description of infl ammatory response and the secretion in 
BAL fl uid contains proteins of infl ammatory mediators and albumin as a quantitative measurement of 
infl ammation and tissue injury in the lungs. A consistent experimental approach on how to lavage mouse 
lungs and collect samples is important for a reproducible evaluation of pathological and physiological 
changes in mouse lung especially for the analysis of infl ammation.  

1      Introduction 

 Bronchoalveolar lavage (BAL) is a procedure of washing a sample 
of cells and secretions from the bronchial and alveolar airspaces 
[ 1 – 3 ]. In human or large animals, BAL is typically performed to 
diagnose lung disease by instilling sterile saline solution into the 
lung through the bronchoscope. Two major components of BAL 
are insoluble particles and soluble constituents. Insoluble particle 
constituents retrieved from BAL include inhaled pollutants and 
pollens, bacteria and fungi (if infected) and various resident and 
recruited cells such as epithelial cells, interstitial cells, white and red 
blood cells, and endothelial cells. Soluble constituents include albu-
min, immunoglobulins, and various secretions from cells inside the 
lung, such as infl ammatory mediators, enzymes, antimicrobial pep-
tides/proteins, and surfactant proteins. An examination of different 
types of cells inside bronchoalveolar space provide a less sensitive 
but indicative evaluation of the pathophysiological condition of the 
lung. A screening and profi ling of soluble cytokines may provide a 
semiquantitative measurement of infl ammatory response [ 4 ,  5 ]. 
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 BAL is often used in immunological research as a means of 
sampling cells or pathogen levels in the lung. In a clinical setting, 
BAL is frequently used to diagnose infections in people with 
immune system problems [ 6 – 8 ], pneumonia in people on ventila-
tors [ 9 ,  10 ], some types of lung cancer [ 11 – 15 ], and scarring or 
fi brosis of the lung [ 16 – 19 ]. In animal experiments, BAL usually 
serves as an indicator of infl ammatory response for various lung 
disease models including acute and chronic lung infection [ 20 –
 22 ], asthma [ 23 ,  24 ], lung injury and acute respiratory distress 
syndrome (ARDS)[ 25 – 27 ], chronic obstructive pulmonary disease 
(COPD)[ 28 ,  29 ], pulmonary fi brosis [ 30 ,  31 ], and lung cancer 
[ 32 – 35 ]. BAL provides one of the most direct means to evaluate 
the secretions from infl ammatory cells, the components of the epi-
thelial lining fl uid (ELF), and the protein composition of the 
 pulmonary airways.  

2    Materials 

      1.    Phosphate-buffered saline (PBS).   
   2.    Ketamine (5 mg/mL).   
   3.    Xylazine (1 mg/mL).   
   4.    4 % paraformaldehyde (PFA).      

      5.    1 mL Tuberculin Syringes, Gauge 25 (BD, Bedford, MA; Cat. 
No. 309626; Fig.  1 ).

       6.    15 mL sterile Polypropylene conical tubes (BD, Bedford, MA; 
Cat. No. 352097).   

   7.    1.5 mL Microcentrifuge tubes.   
   8.    1 mL syringe without needle (BD, Bedford, MA; Cat. No. 

309602).   
   9.    Surgery tool (autoclaved; Fig.  1 ).   
   10.    I.V. Catheters 20 GA × 1 in. (Exel International, St Petersburg, 

FL; Cat. No. 26741; Fig.  1 ).   
   11.    Liquid nitrogen container.   
   12.    Superfrost microscope slides (Fisher Scientifi c, Pittsburgh, PA; 

Cat. No. 22178277).       

3    Methods 

          1.    Label the tubes corresponding to each mouse that is used in 
the experiment.   

   2.    Cut medical silk surgical suture into pieces of 15 cm.   

2.1  Reagents for 
Lavage, Anesthesia, 
and Fixation

2.2  Dissection Tools, 
Materials, and 
Instruments

3.1  Bronchoalveolar 
Lavage (BAL)
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   3.    Clean the surgical table initially with a soap solution and 
subsequently sterilize with an alcohol spray.   

   4.    Measure and record mouse weight.   
   5.    Anesthetize mouse with desired anesthesia drugs in working 

solution. Choices include the following ( see   Note 1 ):
   (a)    Isofl urane (3 % in oxygen) using a precision vaporizer.   
  (b)    Ketamine–xylazine (16 μL/g) by intraperitoneal (i.p.) 

injection.; Ketamine (5 mg/mL) and Xylazine (1 mg/
mL).    

      6.    Wait for 3–5 min for the anesthesia on mouse to take effect.   
   7.    Check the anesthesia effect and surgical tolerance by pinching 

the foot of the mouse with tweezers and touching the eyeballs 
to ensure successful anesthetization.   

   8.    Lay the mouse on its back and place it in front of you on a 
clean dissecting board.   

   9.    Secure the mouse on its backside with an autoclave tape on the 
paws.   

   10.    Spray and disinfect the fur coat of the mouse with 70 % 
ethanol.   

   11.    Pull up the coat in the upper part of the cervix with the twee-
zers and make a small cut opening that does not puncture the 
abdominal cavity with the anatomical scissors, until a coat-free 
circle of skin can be seen.   

   12.    Through the cut opening, use a pair of sharp scissors to make 
a transverse incision from side to side.   

  Fig. 1    Dissecting tools       
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   13.    Make a vertical incision of the skin above the thymus along the 
center of the body from the abdomen to the neck (Fig.  2 ).

       14.    Carefully pull the skin apart using two tweezers until the 
esophagus and the trachea are visible.   

   15.    Pull up the abdominal wall; make a midline up to the ribs as 
well as a transverse incision to expose the diaphragm and 
intestines.   

   16.    Cut the abdominal aorta beneath intestines to drain blood 
(Fig.  3 ;  see   Note 2 ).

       17.    Wait until blood is pumped out and then slit the diaphragm 
enough to cause the lungs to retract after the diaphragm is cut.   

   18.    Cut ribs along the right side and continue cutting all the way 
up to the chin to reveal the trachea.   

   19.    Cut ribs along the left side and pull the entire rib cage to open 
up thoracic area.   

   20.    Pass a piece of suture under the trachea and tie a loose 
overhand.   

   21.    Make a small incision (less than half of the circumference) on 
trachea just below the larynx ( see   Note 3 ).   

   22.    Insert the catheter cannula through the tracheal incision for 
about 3–4 cm.   

  Fig. 2    Mouse dissection Subheading  3.1 ,  step 13        
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   23.    Pull the suture tight around the cannula.   
   24.    Pin down the cannula to hold its position (Fig.  4 ).
       25.    Fill the syringe with 1 mL of PBS and attach to the cannula.   
   26.    Instill PBS into the mouse lung and gently draw back fl uid 

after all lobes of lung are infl ated (Fig.  5 ;  see   Note 4 ).
       27.    Re-instill the returned fl uid into the mouse lung and collect 

the fi rst 1 mL return as pool 1 and put on ice.   
   28.    Repeat the 1 mL PBS lavage for an additional fi ve times with-

out re-instillation.   
   29.    Collect returned fl uid from the 5× instillations in a 15 mL con-

ical centrifuge tube and keep on ice (pool 2) ( see   Note 5 ).   
   30.    If needed, remove the trachea–heart–lung trio at this time and 

separate as needed into 1.5 mL tissue collection tubes.   
   31.    Immediately put collected tissues into a container that is pre-

fi lled with liquid nitrogen.      

       1.    Follow  steps 1 – 24  for BAL collection.   
   2.    Attach the tube of fi xative (4 % paraformaldehyde) to the can-

nula at 10 cm water pressure, remove hemostat clamps, and 
allow fl uid to fl ow into lungs (Fig.  6 ).

3.2  Infl ated Fixation 
of Lung Tissues

  Fig. 3    Mouse dissection Subheading  3.1 ,  step 16        
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  Fig. 5    Mouse dissection Subheading  3.1 ,  step 26        

 Fig. 4    Mouse dissection Subheading  3.1 ,  step 24   
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       3.    Once all lobes are completely fi lled ( see   Note 6 ), fi x the mouse 
lung for 10 min.   

   4.    Apply hemostats to the fl ow tube to stop the fi xative fl ow.   
   5.    Remove the tube, and then carefully remove the cannula while 

tying the trachea shut at the same time.   
   6.    Gently slice away tissue holding the lungs–heart–trachea and 

remove entire trio.   
   7.    Place in a 15 mL conical tube with additional 6 mL fi xative 

(enough to cover the tissue) for additional 20 min.   
   8.    Discard fi xative and replace with PBS.   
   9.    Take the tissue samples to be set in paraffi n embed or store at 

4 °C.      

      1.    Centrifuge 1 mL BAL return in a microcentrifuge at 1,000 rpm 
for 5 min.   

   2.    Aspirate BAL fl uid (supernatant) from tubes and distribute 
into smaller volume aliquots if needed ( see   Note 7 ).   

   3.    Resuspend remaining BAL cells from the fi rst 1 mL collection 
and combine them with BAL from pool 2.   

3.3  Cell 
Differential Counts

  Fig. 6    Mouse dissection Subheading  3.2 ,  step 2        
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   4.    Recover cells from the two pools through centrifugation at 300 ×  g .   
   5.    Count total white blood cells and determine cell viability (by 

0.4 % trypan blue exclusion test) in the combined pools by 
hemocytometer or an automatic cell counter.   

   6.    Resuspend cells in an appropriate volume to reach a density of 
100,000 cells/mL.   

   7.    Put infl ammatory cells onto glass microscope slides by cytospin 
of 0.2 mL resuspension.   

   8.    Slides can then be stained following “Diff-Quick” protocol.       

4    Notes 

     1.    Inhaled anesthetics such as isofl urane usually provide a rapid 
induction and recovery of animal with the ability to precisely 
titrate the level of anesthesia.   

   2.    The purpose of draining blood is to eliminate red blood cell 
accumulation in the alveolar region to have fewer RBCs in BAL 
fl uid and interstitial lung tissues.   

   3.    It is important to be very careful when carrying out this opera-
tion because one can easily damage the trachea and also the 
surrounding tissues, especially the blood vessels.   

   4.    It is important to avoid trapping air bubbles into the cannula. 
The yield of fl uid volume from the fi rst 1 mL of PBS is usually 
between 0.7 and 0.8 mL.   

   5.    The fl uid volume yield from the second pool of 5 mL lavage is 
usually around 4–4.5 mL.   

   6.    The bottom lobe on the mouse’s right lung is usually the last to 
fi ll, make sure that pressure is correct and do not over-infl ate 
mouse lungs.   

   7.    The fi rst 1 mL of BAL fl uid contains cytokines that can be fur-
ther analyzed for the concentrations of various pro- and anti- 
infl ammatory mediators in the lung by either ELISA or 
Luminex. To avoid repeated freezing and thawing that may 
degrade the proteins in the BAL fl uid, smaller aliquots are 
recommended.         
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    Chapter 4   

 Analysis of Clinical and Biological Samples Using 
Microsphere-Based Multiplexing Luminex System 

           Yingze     Zhang    ,     Rahel     Birru    , and     Yuanpu     Peter     Di    

    Abstract 

   Immunoassays are one of the most commonly used biomedical techniques to detect the expression of an 
antibody or an antigen in a test sample. Enzyme-linked immunosorbent assay (ELISA) has been used for 
various applications including diagnostic tools and quality controls. However, one of the main limitations 
of ELISA is its lack of multiplexing ability, so ELISA may not be an effi cient diagnostic tool when a mea-
surement of multiple determinants is needed for samples with limited quantity such as blood or biological 
samples from newborns or babies. Although similar to ELISA in assay measurement, Luminex is an xMAP- 
based technology that combines several different technologies to provide an effi cient and accurate mea-
surement of multiple analytes from a single sample. The multiplexing can be achieved because up to 100 
distinct Luminex color-coded microsphere bead sets can be coated with a reagent specifi c to a particular 
bioassay, allowing the capture and detection of specifi c analytes from a sample. Various biological samples 
can be analyzed by a Luminex system include serum, plasma, tissue and cell lysate, saliva, sputum, and 
bronchoalveolar lavage (BAL). The most common Luminex-based assays are used to detect a combined 
set of cytokines to provide a measurement of cytokine expression profi ling for a diagnostic purpose.  

  Key words     Luminex  ,   xMAP  ,   Microsphere  ,   Cytokine  ,   Chemokine  ,   Multiplex  

1      Introduction 

 ELISA has been the gold standard in biomedical assays to provide 
a quantitative measurement of an antibody or an antigen in a 
sample that can be used as a reference to help physician’s diagno-
sis [ 1 – 8 ]. The ELISA was the fi rst screening test widely used for 
HIV because of its relatively high sensitivity [ 9 – 11 ]. However, 
ELISA can only detect one analyte at a time and it became clear 
a different kind of assay with a capability of multiplex analysis is 
needed when multiple analytes measurement is required. Luminex 
xMAP-based technology is built on several existing technologies 
including fl ow cytometry, microspheres, lasers, digital signal pro-
cessing, and traditional chemistry to allow multiplexed sample 
detection [ 12 – 15 ]. 
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 Luminex color-coded tiny beads, called microspheres, can 
be included in a given assay for a maximum of 100 distinct sets 
of measurements within a single sample [ 15 – 17 ]. Each bead set 
can be coated with a reagent specifi c to a particular bioassay, 
allowing the capture and detection of specifi c analytes from the 
samples [ 14 ,  18 ]. The samples are then detected by the Luminex 
analyzer that contains lasers to excite the internal dyes to iden-
tify each microsphere particle, and also any reporter dye cap-
tured during the assay. The ability of multiplexing allows for 
each sample to be measured rapidly and precisely, which signifi -
cantly reduces cost and labor when multiple analyte measure-
ments are needed. 

 The liquid reaction kinetics of mixing samples with micro-
spheres give faster and more reproducible results than with solid 
and traditional planar arrays. The fl exible multiplexing in the range 
of 1–100 analytes meets the needs for a wide variety of applications 
such as protein expression profi ling, focused gene expression pro-
fi ling, autoimmune disease, and molecular infectious disease. One 
of the major drawbacks to utilize Luminex-based multiplex detec-
tion is the relatively expensive hardware analyzer and higher mate-
rial cost associated with using Luminex assays. Therefore, Luminex 
technology may not be an ideal assay of choice if little or no multi-
plex analysis is required. However, the actual cost per analyte is 
usually cheaper and less time consuming when performed in 
Luminex-based bioassays than traditional ELISA if multiplexed 
analyte measurements are desired. 

 Currently, Luminex-based bioassays are being performed in a 
wide range of applications throughout the drug-discovery and 
diagnostics fi elds, as well as basic research. These applications 
include protein expression profi ling (cancer and metabolic mark-
ers [ 18 ,  19 ], cytokines [ 15 ,  20 – 22 ], growth factors [ 23 ], endo-
crine [ 24 ], matrix metalloproteinases [ 25 ], transcription factors/
nuclear receptors [ 26 ]); genomic research (gene expression pro-
fi ling, genotyping, and microRNA array) [ 27 ,  28 ]; genetic dis-
ease (cystic fi brosis and cytochrome p450) [ 29 ,  30 ]; and 
immunodiagnostics (allergy and vaccine testing, autoimmune 
disease, HLA testing, infectious disease, and newborn screening) 
[ 8 ,  31 – 33 ].  

2    Materials 

      1.    Plasma and serum collection. 
 Peripheral blood is collected using standard venipuncture 
technique and BD Vacutainer tubes. The commonly used 
Vacutainer tubes are listed in Table  1 .

2.1  Samples 
and Reagents

Yingze Zhang et al.
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            1.    Tissue lysis buffer: Bio-Plex Cell Lysis Kit (Bio-Rad cat. no. 
171-304011).   

   2.    PBS-based tissue lysis buffer: Prepared immediately prior to the 
experiment. Dissolve a Complete Mini protease inhibitor tablet 
(Roche, cat. no. 11 697 498 001) in 7 mL of PBS. Keep on ice.   

   3.    Phosphate buffered saline without calcium chloride and mag-
nesium chloride (Invitrogen cat. no. 10010).   

   4.    BSA solution (10 %): Dissolve 5 g of ultra pure BSA (Sigma-
Aldrich, cat. no. A3059) in 50 mL PBS to obtain 10 % BSA 
solution (store at 4 °C).       

      1.    Luminex analyzer. The Luminex machine is available from 
multiple companies and each of the companies has developed 
specifi c software for the analysis of the Luminex assay.   

   2.    Orbital microtiter plate shaker. The most commonly used one 
is from IKA (MTS 2/4 digital microtiter shaker, cat #3208001). 
This shaker allows the shaking of four plates simultaneously.   

   3.    Microtiter plate fi lter unit. This is required for the fi ltrations associ-
ated with the Luminex assay. The most common one used in differ-
ent labs is the vacuum manifold from Millipore (MultiScreen HTS  
Vacuum Manifold Millipore cat. no. MSVMHTS00).   

2.1.1  Tissue Lysate

2.2  Instrument

   Table 1  
  Blood collection Vacutainer tubes for Luminex analysis   

 Purpose  Type  Additive  BD Cat a  
 Collection 
volume 

 Serum  Red top  none  366430  8 mL 

 Heparin plasma b   Green top  Sodium heparin  366480  8 mL 

 Citrated plasma a   Blue top  Sodium citrate 

 Citrated plasma 
from ACD 

 Yellow top  Acid citrate dextrose 
(solution A) 

 364606  8 mL 

 EDTA plasma  Purple top  Potassium EDTA  366450  7 mL 

 Heparin plasma 
from CPT b  

 Green and Red top  Sodium heparin  362753  8 mL 

 Citrated plasma 
from CPT a  

 Blue and Black top  Sodium citrate  362761  8 mL 

   a These two types of citrated plasma can be used together in a single experiment 
  b These two types of heparin plasma can be used together in a single experiment  

Analysis of Clinical and Biological Samples Using Microsphere-Based…



46

   4.    Plate washer. Instead of manually performing the washing and 
fi ltration, a plate washer that suitable for vacuum fi ltration 
(polystyrene microspheres-based assay kit) or magnetic plate 
washer (magnetic beads-based assay kits) can be used.       

3    Methods 

 With the advantage of analyzing multiple target biomarkers in a 
single aliquot, Luminex-based analysis has gained much more pop-
ularity in the last decades in translational research. With availability 
of clinical samples banked from a well-characterized patient popu-
lation, the ability of using minute amount of patient samples when 
evaluating multiple biomarkers is critical. Biomarkers can be classi-
fi ed as peripheral blood and tissue specifi c biomarkers. We have 
reported peripheral biomarkers for IPF and COPD [ 34 ,  35 ]. 
Peripheral blood is readily available and can be obtained by a sim-
ple routine venipuncture [ 36 ]. Lung tissue specifi c biomarkers can 
be obtained using BAL and lung biopsy, explanted lung. Warm 
autopsy is another way that provides tissue for medical research. 

 For peripheral blood, serum and plasma are commonly used. 
The advantage of serum is that no anti-coagulates are needed for 
the serum collection. However, if the biomarkers of interests poten-
tially are affected by the coagulation cascade, serum samples will not 
be the best choice for the analysis. The plasma in biomarker analysis 
provide an opportunity for collecting WBC or PBMC for gene 
expression, cell specifi c proteomic analysis, and isolating DNA from 
a single blood sample. This is particularly important as the demand 
for clinical samples in translational research has dramatically 
increased in recent years. Therefore, by using plasma, the amount of 
blood collected can be reduced from each subject. 

 Multiple anticoagulants are used for blood collection. The 
most commonly used plasmas are heparin and citrated plasma [ 37 ]. 
Although EDTA can be used for some Luminex analysis, it inter-
feres with other assays, such as matrix metalloproteases (MMP) 
analysis. For commercial kits, the company often tests serum and 
different types of plasma based on the recovery rate of spiked cyto-
kine markers. However, in most cases, very limited kinds of sam-
ples are tested. For each particular study, investigators should limit 
their samples to either serum or same type of plasma to minimize 
perforation variation among different type of samples. One cannot 
mix two or more kinds of plasmas in a single study as the recovery 
rates may not be the same for each of these plasma samples. In 
addition, different anticoagulants may interfere with particular 
assay differently. Similarly, one should not mix serum and plasma in 
a single experiment, as they may not be comparable for the assays. 

Yingze Zhang et al.
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 Cellular proteins can also be extracted from either tissues or 
cells to examine protein expression or phosphorylation. In addi-
tion, biological fl uid samples such as saliva, sputum, nasal drain-
age, and particularly fl uid from bronchoalveolar lavage can also 
be used for analysis of relative expressions of multiple secreted 
proteins. 

 As most of the clinical samples are archived for future study, 
the integrity of the samples for a long period of time is important. 
The most common strategy for maintaining sample integrity in 
protein research is adding protease inhibitors at the time of sample 
collection or at the time of sample processing. However, addition 
of protease inhibitors may not be suitable for all experiments. 
Therefore, most researchers will prefer not to add protease to 
plasma and serum samples so the banked samples can be universally 
available for a variety of analyses. 

 The other common way to increase sample stability is to add 
a carrier protein in clinical samples, most commonly bovine serum 
albumin (BSA). Since there are abundance of proteins in the 
plasma and serum samples, addition of a carrier protein is not 
necessary. However, it is extremely important to add BSA at a 
0.5–1 % fi nal concentration in BAL collections and tissue culture 
supernatant collected from cell cultured with growth media with 
little or no added serum. The stability of different cytokine/che-
mokines is not uniform. We performed an experiment with cell 
culture supernatant to determine the degradation rate after long 
term frozen storage. The serum-free cell culture supernatant was 
divided into two parts, one was analyzed using a mouse 23plex 
immediately and the other one was frozen immediately at −80 °C 
for 3 months and reanalyzed again using the same kits. Carrier 
proteins were not added to these samples at the time of harvest 
and during storage. Degradation rates were calculated for cyto-
kines with detectable values at both time points. Some of the mea-
sured cytokines were observed with a degradation rate as high as 
90 % (data not shown). Therefore, it is extremely important to 
include carrier protein to samples, such as BAL, and serum-free 
cell culture media. 

       1.    Collection of peripheral blood in a serum tube (red top, with 
no additive).   

   2.    Incubate at RT for 30 min to allow the blood coagulation.   
   3.    Centrifuge at 500 ×  g  for 15 min at 4 °C (if no refrigerated 

tabletop centrifuge, the blood can be processed at RT).   
   4.    Carefully remove the blood tube from the centrifuge with care 

to avoid disturbance of the serum layer.   

3.1  Sample 
Collection

3.1.1  Serum Collection

Analysis of Clinical and Biological Samples Using Microsphere-Based…
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   5.    Transfer and aliquot the serum into multiple 2 mL screw cap 
tubes.   

   6.    Freeze the serum samples at −80 °C immediately for future 
Luminex analysis.      

      1.    Collect peripheral blood in Vacutainer tubes with choice of 
anticoagulants and mix well immediately following the blood 
collection.   

   2.    Transport and process the samples within 1 h to maintain cyto-
kine/chemokine profi les of the plasma.   

   3.    Centrifuge at 500 ×  g  for 15 min at 4 °C (if no refrigerated 
tabletop centrifuge, the blood can be processed at RT).   

   4.    Carefully remove the blood tube from the centrifuge with care 
to avoid disturbance of the plasma layer.   

   5.    Transfer and aliquot the plasma into multiple 2 mL screw cap 
tubes.   

   6.    Freeze the serum samples at −80 °C immediately for future 
Luminex analysis.      

      1.    Collect BAL samples during routine clinical bronchoscope 
procedure.   

   2.    Immediately centrifuge the BAL at 500 ×  g  for 15 min at 4 °C 
(if no refrigerated tabletop centrifuge, the blood can be pro-
cessed at RT).   

   3.    Transfer supernatant into a fresh 50 mL tubes and add 10 % 
BSA (in PBS) to obtain 1 % of fi nal concentration.   

   4.    Mix well and aliquot into multiple 2 mL screw cap tubes.   
   5.    Immediately freeze the BAL samples at −80 °C for future 

Luminex analysis.      

      1.    Collect BAL samples following a lavage procedure.   
   2.    Immediately centrifuge the BAL at 500 ×  g  for 10 min at 4 °C 

in a microcentrifuge.   
   3.    Transfer the supernatant into a fresh 1.5 mL eppendorf tube and 

add 10 % BSA (in PBS) to obtain 1 % of fi nal concentration.   
   4.    Mix well and aliquot into multiple 1.5 mL tubes.   
   5.    Immediately freeze the BAL samples at −80 °C for future 

Luminex analysis.      

      1.    Collect human lung tissues during routine lung surgical biopsy, 
explanted lung, and warm autopsy.   

   2.    Immediately process or freeze it at −80 °C for future usage.   

3.1.2  Plasma Collection

3.1.3  Human BAL Fluid

3.1.4  Mouse BAL Fluid

3.1.5  Human Lung 
Tissue Lysate

Yingze Zhang et al.
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   3.    Add tissue lysate buffer (PBS and protease inhibitor cocktail) 
to a small piece of human lung tissue and homogenize the tis-
sues using a tissue homogenizer.   

   4.    Centrifuge the lysed tissues at 14,000 ×  g  for 5 min at 4 °C.   
   5.    Transfer supernatant carefully into fresh tubes.   
   6.    Aliquot the lysate and freeze at −80 °C immediately for future 

use or used immediately for marker analysis.      

      1.    Mouse lung tissue is collected immediately after the mouse is 
sacrifi ced.   

   2.    Dissolve a Complete Mini protease inhibitor tablets from 
Roche in 7 mL of PBS.   

   3.    Homogenize the left lung in 1 mL of this solution [(a) the 
volume and lung tissue amount can be adjusted based on tissue 
size, treatments, the testing markers and the minimum volume 
for homogenize. (b) Only approx 120 μL is needed for each 
testing (in duplicates)].   

   4.    Centrifuging at 14,000 ×  g  for 5 min at 4 °C.   
   5.    Save the supernatant in small aliquots.   
   6.    For the sample that you will use for Luminex, add BSA to 1 % 

to help preserve the proteins. This is particularly important if 
you have to batch the samples for Luminex analysis.       

       1.    Prior to perform the experiment, it is important to prepare a 
setup sheet with detailed sample layout in a 96-well format.   

   2.    All assay reagents should be equilibrated to room temperature 
prior to use.   

   3.    Turn on the Luminex system no earlier than 2 h prior to the 
plate reading.   

   4.    Bring calibration and validation kits to room temperature.   
   5.    Reconstitute standards immediately and allow 30 min incuba-

tion for the solubilization of the standards.      

      1.    Reconstitute lyophilized multiplex cytokine standard to a stock 
concentration according to the instruction using appropriate 
solution.   

   2.    Vortex gently for 5 s and incubate on ice for 30 min.   
   3.    Label a set of 1.5 mL tubes with S1 to S8 for serial dilution.   
   4.    Prepare a serial dilution (normally 1:4 or 1:3) of the reconsti-

tuted stock solution according to the instruction of the manu-
facturer. The following example illustrates a 1:4 fold dilution for 
a standard stock with initial concentration of 15,000 pg/mL 

3.1.6  Mouse Lung 
Tissue Lysate

3.2  Luminex 
Multiplex Analysis

3.2.1  Preparation 
for the Luminex Assay

3.2.2  Preparation 
of Standards

Analysis of Clinical and Biological Samples Using Microsphere-Based…
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Multiplex
standard stock
(80,000 pg/ml)

Stock (µl) 50 50 50 50 50 50 50 50

Medium (µl) 150 150 150 150 150 150 150 150

pg/ml 20,000 5,000 1,250 312.5 78.13 19.53 4.88 1.22    
    Adapted from Bio-Rad Bioplex Cytokine Assay Instruction Manual.   

   5.    To obtain accurate calculated concentration, the standards 
should be diluted in the matrix as the test samples. For tissue 
culture supernatant, the same tissue culture media used for 
growing cells should be used. For serum and plasma samples, 
specifi c diluents from each kit should be used. For some manu-
facturers, a serum matrix is added to the wells containing the 
standard and blank to obtain the same matrix in each well as the 
testing samples. For Lung tissue and BAL samples, 1 % BSA in 
PBS should be used for diluting the standards ( see   Note 1 ).      

      1.    Tissue Culture Supernatants: As many cytokines may be 
induced in the supernatant of treated cells, dilution of cell cul-
ture supernatant may be required. Unless that you know the 
concentration range of biomarkers in your samples, we com-
monly simultaneously analyze the samples in undiluted and 
1:10 diluted forms to capture low abundance biomarkers and 
overexpressed biomarkers, respectively. Once the system is 
tested, the sample dilution can be adjusted accordingly.   

   2.    Serum/Plasma: Typically, a dilution is required for the serum/
plasma samples. Based on specifi c instructions of different kits, 
the dilution is prepared at 1:2–1:4 using serum or plasma 
SAMPLE DILUENT, as provided with each kit. For markers 
that require  extensive dilutions, a serial dilution should be 

3.2.3  Preparation 
of Assay Samples

Yingze Zhang et al.
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 performed according to the instruction of the manufacturer. 
It is common for serum and plasma samples banked a long 
time to contain a signifi cant amount of aggregated material. It 
is crucial to centrifuge the samples at 1,000 ×  g  in a refrigerated 
microcentrifuge to spin down the precipitates prior to the sam-
ple dilution. For lipid containing samples, one can carefully 
transfer the clear plasma/serum using a micro pipet tip to a 
fresh tube, as the lipid will adhere to the outside surface of the 
tips. Multiple centrifuging and sample transfers may be needed 
to obtain lipid free samples. Alternatively, samples can be fi l-
tered to remove aggregates and lipids.   

   3.    Prior to the start of the Luminex assay, it is extremely impor-
tant that the samples are placed in a 96-well plate to facilitate 
the direct transfer of samples to the assay fi lter plate.      

      1.    Determine the total number of wells that will be required. In 
general, two extra wells for every eight wells actually required 
should be added to provide extra volume for sample pipetting.   

   2.    Calculate the required amount of stock beads and diluents and 
document the calculation ( see   Note 2 ).   

   3.    Vortex the antibody coated bead stock solution at medium 
speed for 20 s. A brief sonication may be required for some 
commercial kits.   

   4.    Prepare a working solution of the antibody coated bead by 
perform a dilution using appropriate buffer solution according 
to the manufacturer’s instruction.   

   5.    Protect the bead solution from light (cover the tube or ice-
bucket with aluminum foil).   

   6.    Keep all working beads solution on ice.      

      1.    Based on the plate setup, cover all unneeded wells with plastic 
adhesive plate sealer.   

   2.    Pre-wet the fi lter plate with appropriate solutions according to 
the manufacturer’s instruction ( see   Note 3 ).   

   3.    Vacuum fi lter (an incubation may be required prior to fi ltration 
for some kits). Blot the bottom of the fi lter plate after each 
vacuum fi ltration.   

   4.    Vortex the working bead solution at medium speed for 20 s 
and add appropriate amount of the beads to each well.   

   5.    Vacuum fi lter.   
   6.    Wash two times with appropriate buffers.   
   7.    Vortex each standard for 5 s at medium speed and immediately 

add required amount into appropriate wells.   
   8.    Add blanks into appropriate wells. This is normally the same 

solution that is used for the serial dilution of the standard.   

3.2.4  Preparation of 
Antibody Coated Beads

3.2.5  Incubation of Test 
Samples with Antibody- 
Coated Beads
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   9.    Mix the samples by pipetting up and down at least fi ve times in 
the pre-prepared 96-well plate and immediately add required 
amount into appropriate wells. To ensure the accuracy of the 
sample addition, a new set of tips should be used for each 
transfer of samples to the fi lter assay plate.   

   10.    Cover the wells with a fresh plastic adhesive plate sealer and 
blot the bottom of the plate ( see   Note 4 ).   

   11.    Cover with foil and incubate for at room temperature (or 4 °C 
as required by some protocols) with shaking for the time speci-
fi ed in the protocol.   

   12.    To ensure the beads are fully suspended in the fi lter plate, it is 
essential to shake the plate at    1,100 RPM for 30 min by slowly 
ramping up the speed to avoid spill of the beads and cross-
contamination between samples.   

   13.    Reduce the speed to appropriate RPM for the remaining time 
of incubation.      

      1.    Prepare detection antibody 10 min prior to the completion of 
the incubation of the beads.   

   2.    Calculate the required amount of stock antibody solution and 
diluents and document the calculation. As the same as above, 
add solutions for two extra wells for every eight wells actually 
needed ( see   Note 5 ).   

   3.    Make the detection antibody working solution with appropri-
ate diluents according to the manufacturer’s instruction.   

   4.    Gently vortex the multiplex detection antibody stock 
solution.
   (a)    Protect the detection antibody solution from light (cover 

the tube or ice bucket with aluminum foil).       
   5.    Remove the samples from the fi lter assay plate by fi ltration and 

wash the plates according to the specifi c instructions of the kit.   
   6.    Vortex the detection antibody working solution gently and 

add the required amount into each wells. Cover the wells with 
fresh plastic adhesive plate sealer and blot the bottom of the 
plate.   

   7.    Cover with foil and incubate on microplate shaker for time 
period designated by manufacturer.      

      1.    Prepare Streptavidin–PE solution 10 min prior to the comple-
tion of the detection antibody incubation.   

   2.    As the same, add solutions for two extra wells for every eight 
wells actually needed.   

   3.    Calculate the required amount of stock antibody solution and 
diluents and document the calculation ( see   Note 6 ).   

3.2.6  Incubation 
of Detection Antibody

3.2.7  Incubation of 
Streptavidin–PE Solution
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   4.    Protect the Streptavidin–PE working solution from light and 
keep it on ice (cover with aluminum foil).   

   5.    Remove detection antibody from the fi lter plate by fi ltration 
and wash it according to the manufacturer’s instruction. Some 
of the assays may require the direct addition of Streptavidin–
PE solution into the fi lter assay plate without the removal of 
the detection antibody.   

   6.    Vortex the Streptavidin–PE working solution and add appro-
priate amount into each well.   

   7.    Cover the wells with fresh plastic adhesive plate sealer and blot 
the bottom of the plate.   

   8.    Cover with foil and incubate at room temperature for the time 
specifi ed by each kit with shaking.   

   9.    Remove the plate sealer and fi lter wash according to the manu-
facturer’s instruction.   

   10.    Resuspend the beads in each well with appropriate amount of 
solutions specifi ed by the instruction.   

   11.    Cover the wells with fresh plastic adhesive plate sealer and 
thoroughly blot the bottom of the plate with fresh paper 
towers.   

   12.    Shake the plate at 1,100 RPM for 30 s with slowly ramping up 
to the high speed ( see   Note 7 ).   

   13.    Remove the plate sealer and read the plate.      

      1.    Check that there is enough sheath fl uid before running plate.   
   2.    Check that waste container is not full before running plate.   
   3.    Perform a calibration of the Luminex machine everyday that 

plates will be read.   
   4.    Perform a validation of the Luminex machine monthly as 

required by the manufacturers ( see   Note 8 ).   
   5.    Save the fi les for data analysis.      

      1.    Set up program to run plate.   
   2.    Run plate:

   (a)    “Description”: Write name of experiment and any other 
details needed.   

  (b)    “Select Analytes”: Choose program and choose cytokines 
being used for the assay.   

  (c)    “Format Plate”: Choose what wells are standards (S), 
blanks (B), and Samples (X).   

3.2.8  Detection of 
Florescent Intensity of the 
Assayed Samples with the 
Luminex Machine

3.2.9  Data Acquisition
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  (d)    “Enter Standard Information”: Click off check mark for 
“same concentration value for analytes”

 ●    Enter concentration for each standard (provided with kit).  
 ●   Enter dilution factor of standards ( see   Note 9 ).  
 ●   Click “calculate” in between each cytokine.      

  (e)    The name of each sample and control can be entered, 
which is recommended for easier data analysis when exper-
iment is complete.   

  (f)    “Run protocol” ( see   Note 10 ):
 ●    While the program is running, several tables and graphs 

will display real-time data.  
 ●   Occasionally check the graph displaying the increasing 

cytokine signal, represented by increase of different 
shades (corresponding to each cytokine) within black 
highlighted circles.
   If the colors of the cytokines appear outside of black 

circles, there may be a problem with the alignment 
of the lasers.     

 ●   Occasionally check the aggregate percentage of beads 
during the run ( see   Note 11 ).
   Aggregation should be less than 10 %, but up to 30 % 

is acceptable.                

      1.    Press check mark box to see raw data.   
   2.    Correct Standard curve graphs. Anything over 70 % and under 

130 % can be accepted.
   (a)    Click to uncheck values out of range. Two out of the eight 

standard values can be removed.   
  (b)    Remove asterisk-labeled values fi rst, as this may change 

other standards to the correct error range.   
  (c)    Remove one out of range standard at a time to see effect 

on other standard error ranges.       
   3.    Export data to single-analyte and multi-analyte excel sheet and 

(under File tab).      

      1.    Run the “Start Up” Procedure before running any plates. This 
includes before running calibration and validation plates.   

   2.    Always wash in between plates to prevent buildup of beads in 
needle. This includes after running calibration and validation 
plates.   

   3.    Run “Shut Down” procedure before shutting down machine.        

3.2.10  Data Analysis

3.2.11  Bioplex 
Maintenance
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4    Notes 

     1.    Excess standard may be stored in  − 20  °C  for additional 
2–3 months depends on the standard proteins. Nonetheless, it 
is best to use freshly constituted standards (within 12 h) for 
each experiment.   

   2.    100 % bead amount may not always be necessary. The bead 
amount may be reduced to 75 %, but total volume need to be 
kept the same. This will allow for greater use of the kit and 
reduce costs. However, same amount of beads must be used 
for a single study in order for direct comparison of data from 
multiple Luminex runs.   

   3.    Never place fi lter plate on work bench, otherwise it will leak. 
Always place plate on top of holder provided, so that the fi lter 
is not in contact with any surface.   

   4.    Cover carefully without pressing down on plate too hard, or 
plate will leak. Conversely, a plastic lid can be used, which can 
cover and be removed with less pressure to the plate.   

   5.    Use same % of antibody as the beads.   
   6.    Use 100 % of amount, even if using smaller percentage of 

beads and antibody.   
   7.    This is a possible stopping point. The plate can be stored at 

4 °C overnight. Before running the plate the next day, allow it 
to reach room temperature and shake for 30 s.   

   8.    Calibration and validation kits must reach room temperature 
before use. Vortex each bead solution for at least 20 s before 
adding to plate.   

   9.    Dilution factor for Bio-Rad assays: 4.   
   10.    Read the plate by counting either 50 beads/region or 

100 beads/region as specifi ed by each kit.   
   11.    If a lot of aggregation appears at the beginning of the run, 

shaking the plate once more for 30 s and clearing the needle 
with the “unclog” function may be needed.         
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 Detection of DNA Methylation by MeDIP 
and MBDCap Assays: An Overview of Techniques 
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    Abstract 

   DNA methylation has been characterized as the representative example of epigenetic modifi cations and 
implicated in numerous biological processes, such as genomic imprinting and X chromosome inactivation. 
It primarily occurs at CpG dinucleotides in mammals and plays a critical role in transcriptional regulations. 
Examination of DNA methylation patterns in gene(s) or across a genome is vital to understand the role of 
epigenetic modulation in the progress of development and tumorigenesis. Currently, lots of approaches 
have been developed to investigate DNA methylation patterns for either limited regions or for genome- 
scale studies, but some of them rely on using restriction enzymes. In this chapter, we describe two com-
monly used protocols to detect enrichment of methylated DNA regions, namely, methylated DNA 
immunoprecipitation (MeDIP) and capture of methylated DNA by methyl-CpG binding domain-based 
(MBD) proteins (MBDCap). They are the most economical and effective methods to study DNA methyla-
tion either at a single locus or in genome-wide scale.  

  Key words     DNA methylation  ,   MeDIP  ,   MBDCap  ,   5-Methylcytosine  ,   CpG island  

1      Introduction 

 In 1942, the word “epigenetics” was defi ned as the branch of 
biology which studies the development of phenotypes from geno-
types by Conrad Waddington [ 1 ]. Since then, this term represents 
a specifi c molecular meaning that initiates and maintains heritable 
patterns of gene expression/function without changing the DNA 
sequence. Epigenetic modifi cation involves DNA methylation, 
covalent modifi cation of histones and small inhibitory RNA mol-
ecules, and nucleosome remodeling [ 2 ,  3 ]. 

 DNA methylation is an enzyme-induced modifi cation at the 
5-position of cytosine present abundantly within the CpG dinucle-
otides sequence context. This modifi cation is inheritable and 
reversible without primary DNA base sequence changes result-
ing epigenetic modulation of phenotype and gene expression. 
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The de novo formation and maintenance of 5-methylcytosine 
(5-mC) is catalyzed by DNA methyltransferases (DNMT1, 
DNMT3A and DNMT3B) [ 3 ,  4 ]. In mammalian cells, 5-mC 
accounts for ~1 % of total DNA bases and possibly affects 70–80 % 
of all CpG dinucleotides in the genome. Most of the CpG dinucle-
otides are unevenly distributed within the genome and the densely 
clustered regions of these dinucleotides are known as CpG islands 
(CGIs). The CGIs are typically in the range of 0.5–2 kb in size and 
frequently locate within 1 kb of transcription start sites [ 5 ,  6 ]. 
Methylation of CGIs affects the transcriptional activation of genes. 
It is generally accepted that a high level of promoter CGIs 
methylation results in gene silencing [ 6 ]. In the normal genome, 
DNA methylation is essential for proper development, chromo-
somal integrity, maintenance of gene expression states, and X chro-
mosome inactivation [ 7 ,  8 ]. In primary human tumors, methylation 
patterns are severely altered, including hypermethylation of CGIs 
and genome-wide hypomethylation [ 9 ,  10 ]. Since DNA methyla-
tion has signifi cant effects on gene function and expression, detection 
of DNA methylation becomes an active area of research for the 
understanding of normal biological processes and tumorigenesis. 

 Many methods have been developed available to monitor DNA 
methylation patterns or quantitatively to examine methylation lev-
els for either limited regions or for genome-scale studies. Most 
methods of characterizing methylation are based on one of three 
techniques: chemical conversion with sodium bisulfi te, digestion 
by methylation-sensitive/insensitive enzymes, or enrichment of 
methylated DNA by affi nity [ 11 ,  12 ]. Methylation-specifi c poly-
merase chain reaction (MSP) and MethyLight [ 13 ,  14 ] are utilized 
to examine the combined methylation status of several CpG sites in 
a single gene. The methods for detecting methylation of individual 
CpG site present in a gene are combined bisulfi te restriction analy-
sis (COBRA) and methylation-specifi c single-nucleotide primer 
extension (MS-SNuPE) [ 15 ,  16 ]. Methylation-specifi c oligonucle-
otide microarray (MSO; [ 17 ]) is used to monitor methylation 
patterns of multiple CpG sites in many genes. In addition, 
approaches for interrogating genome-scale methylation include 
differential methylation hybridization (DMH), methyl-DNA 
immunoprecipitation (MeDIP) combined with high-throughput 
sequencing (MeDIP-seq), affi nity captured by methyl-CpG bind-
ing domain (MBD) proteins coupled with next-generation 
sequencing (MBDCap-seq), MethylC-seq, and reduced represen-
tation bisulfi te sequencing (RRBS) [ 18 – 22 ]. 

 In this chapter, we describe two approaches, MeDIP and 
MBDCap (Fig.  1 ), used to enrich methylated DNA regions, instead 
of examining methylated CGs by restriction enzymes digestion. 
MeDIP is based on the immunoprecipitation of single stranded 
molecules containing methylated CpG sites by using a monoclonal 
antibody specifi cally against 5-mC. In contrast, MBDCap captures 
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double stranded methylated DNA fragments by MBD-based 
proteins and uses different salt concentrations to analyze different 
methylation densities, which lower salt fractions contain fragments 
with lower methyl groups, while higher salt fractions contain more 
highly methylated DNA.

2       Materials 

      1.    Bioruptor model 200 (Diagenode, Sparta, NJ).   
   2.    Microcentrifuge (Thermo Scientifi c, Waltham, MA).   
   3.    Water bath at 37, 50 and 95 °C (Thermo Scientifi c).   
   4.    Phase-lock Gel (Heavy 2 mL, 5 Prime, Gaithersburg, MD).   
   5.    Magnetic rack for 1.5 mL tubes (Invitrogen, Carlsbad, CA).   
   6.    Rotating/rocking platform (Fisher Scientifi c, Pittsburgh, PA).   
   7.    NanoDrop ND-3300 Fluorospectrometer (Thermo Scientifi c).   
   8.    Thermocycler (Applied Biosystems, Foster City, CA).   
   9.    Vortex mixer (Denville Scientifi c, Metuchen, NJ).      

2.1  Instruments

  Fig. 1    Flowchart of MeDIP ( a ) and MBDCap ( b ) assays       
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       1.    QIAamp DNA Mini kit (Qiagen, Valencia, CA).   
   2.    Mouse monoclonal 5-methylcytosine antibody (Diagenode).   
   3.    Dynabeads Protein G (Invitrogen).   
   4.    Proteinase K solution (20 mg/mL, Invitrogen).   
   5.    10× immunoprecipitation (IP) buffer: 100 mM Na-Phosphate, 

pH 7.0; 1.4 M NaCl; 0.5 % Triton X-100.   
   6.    TE buffer: 10 mM Tris–HCl, pH 7.5; 1 mM EDTA.   
   7.    Digestion buffer: 50 mM    Tris–HCl, pH 8.0; 10 mM EDTA; 

0.5 % SDS.   
   8.    Glycogen (20 mg/mL, Roche, Indianapolis, IN).   
   9.    Phenol:chloroform:isoamyl alcohol (25:24:1, Sigma-Aldrich, 

St. Louis, MO).   
   10.    5 M NaCl (Sigma-Aldrich).   
   11.    Universal methylated DNA standard (Zymo Research, Orange, 

CA) or prepare methylated positive control using  Sss I methyl-
transferase (New England Biolabs, Ipswich, MA).   

   12.    EZ DNA Methylation Kit (Zymo Research).   
   13.    PCR primers refl ecting the bisulfi te-converted genome 

sequence of region of interest.   
   14.    AmpliTaq Gold DNA Polymerase (Applied Biosystems).   
   15.    Methylation sensitive restriction enzyme such as  BstU I (New 

England Biolabs).   
   16.    Agarose (Fisher Scientifi c).      

      1.    MethylMiner Methylated DNA Enrichment Kit (Invitrogen).   
   2.    3 M Sodium Acetate, pH 5.2 (Sigma-Aldrich).   
   3.    100 % ethanol (Sigma-Aldrich).        

3    Methods 

       1.    Extract genomic DNA using Qiagen QIAamp DNA Mini kit 
following the manufacturer’s protocol ( see   Note 1 ).   

   2.    The quantity and quality of genomic DNA (preferably eluted 
in water) needs to be carefully determined ( see   Note 2 ).      

        1.    Shear genomic DNA by Diagenode Bioruptor 200, as follows: 
dilute 20 μg genomic DNA in 300–450 μL IP buffer (use 10× IP 
buffer to adjust the buffer concentration to 1× strength) in a 
1.5 mL tube ( see   Note 3 ).   

   2.    Prior to the beginning of the sonication process, remove all the 
ice particles using a strainer and add a predetermined amount 
of fresh ice. Bring the water level to a preset mark.   

2.2  Reagents

2.2.1   MeDIP

2.2.2  MBDCap

3.1   MeDIP

3.1.1  Preparation 
of Genomic DNA

3.1.2  Sonication 
of Genomic DNA
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   3.    Set sonicator on for 30 s and then off for 30 s in a total of 20 
times. We replenish ice after the fi rst two cycles and replace 
both fresh ice and ice-cold water after fourth cycle.   

   4.    Load 4 μL on a 2 % agarose gel to verify fragment size of DNA 
(mean size should be 200–800 bp; average 400 bp) ( see   Note 4 ).   

   5.    Aliquot 100–150 μL sheared DNA to three 1.5 mL tubes; 
each tube contains 6–7 μg DNA.      

      1.    Heat-denature the samples (DNA) for 10 min in boiling water, 
and immediately cool on ice for 10 min.   

   2.    Keep one tube of the heat-denatured DNA as input control, 
and store at −20 °C.   

   3.    Add 10 μg of antibody (monoclonal, mouse anti-5- 
methylcytosine) ( see   Notes 5  and  6 ).   

   4.    Incubate the mixture overnight on a rotating platform at 4 °C.   
   5.    Add 50 μL of Dynabeads Protein G to the DNA-antibody 

mixture.   
   6.    Incubate 2 h on a rotating platform at 4 °C.   
   7.    Washing steps are simplifi ed by using a magnetic rack. Once 

the magnetized Dynabeads are tightly held by the magnet in 
the rack, remove unbound DNA and antibody. Remove tubes 
from the rack. Add 1 mL of 1× IP buffer and fl ick gently to 
wash. Replace the tubes to the rack and repeat this washing 
step two more times.   

   8.    Resuspend the beads in 250 μL digestion buffer.   
   9.    Add 5 μL Proteinase K.   
   10.    Incubate overnight on a rotating platform at 50 °C.      

      1.    For 200 μL volume, add 400 μL phenol:chloroform:isoamyl 
alcohol and vortex for 30 s. For a clean separation of the two 
phases, employ a 2 mL heavy phase-lock tube whereby the 
organic phase is located above the gel and can be cleanly 
removed.   

   2.    Transfer the aqueous supernatant to a new tube.   
   3.    Add 1.5 μL glycogen; 16 μL 5 M NaCl and 800 μL 100 % 

ethanol and mix well.   
   4.    Precipitate DNA in −80 °C freezer for 30 min or overnight.   
   5.    Centrifuge at 20,000 ×  g  for 10 min at 4 °C. Carefully remove 

the supernatant.   
   6.    Wash pellets by adding 500 μL of 80 % ethanol. Vortex to 

resuspend pellets and spin again at 20,000 ×  g  for 5 min at 
4 °C.   

   7.    Carefully remove ethanol. Resuspend the DNA pellets in 
70 μL TE buffer.   

3.1.3  Immuno-
precipitation 
of Methylated 
DNA (MeDIP)

3.1.4  Purifi cation 
of Methylated DNA
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   8.    Measure DNA concentration ( see   Note 7 ).   
   9.    Save 5 μL of immunoprecipitated DNA to examine the 

enrichments in immunoprecipitated samples using gene-
specifi c qPCR ( see   Note 8 ).       

       1.    Resuspend the stock of Dynabeads M-280 Streptavidin by 
gently pipetting up and down to obtain a homogenous 
suspension. Never mix the beads by vortexing.   

   2.    To enrich methylated DNA from 1 μg genomic DNA, 10 μL 
of beads are added to tubes and bring to 100 μL with 1× Bind/
Wash buffer. Mix by gently pipetting.   

   3.    Place the tubes on a magnetic rack for 1 min, and then remove 
and discard the liquid with a pipette.   

   4.    Remove the tubes from the magnetic rack. Add 250 μL of 
1× Bind/Wash buffer and resuspend the beads by pipetting 
gently up and down.   

   5.    Repeat  steps 3 – 4  once to wash the beads.      

      1.    For 1 μg of genomic DNA, add 7 μL (3.5 μg) of MBD-biotin 
protein to each tube.   

   2.    Add 1× Bind/Wash buffer to a fi nal volume of 100 μL.   
   3.    Mix the bead-protein mixtures on a rotating mixer at room 

temperature for 1 h.      

      1.    Place the tubes containing the MBD-beads on a magnetic rack 
for 1 min.   

   2.    Remove and discard the liquid with a pipette without touching 
the beads.   

   3.    Resuspend the beads with 250 μL of 1× Bind/Wash buffer.   
   4.    Mix the beads on a rotating mixer at room temperature for 

5 min.   
   5.    Repeat  steps 1 – 4  two more times.      

      1.    Shear purifi ed genomic DNA using Diagenode Bioruptor 200, 
as follows: take 1 μg genomic DNA, adjust the volume to 
80 μL with DNase-free water (or Tris–HCl buffer), and then add 
20 μL of 5× Bind/Wash buffer in a 1.5 mL tube ( see   Note 3 ).   

   2.    Sonication process as stated in Subheading  3.1.2 ,  step 2 .   
   3.    Turn sonicator on for 30 s and then off for 30 s in a total of 25 

times. Replenish ice and water as described in Subheading  3.1.2 , 
 step 3 .   

   4.    Load 5 μL on a 2 % agarose gel to verify the size of fragmented 
DNA (mean size should be 200–500 bp; average 250–300 bp).      

3.2  MBDCap Assay 
by MethylMiner Kit

3.2.1  Initial Bead Wash

3.2.2  Coupling 
the MBD-Biotin Protein 
to the Beads

3.2.3  Wash the 
MBD-beads

3.2.4  Fragmented 
DNA by Sonicating 
Genomic DNA

Hang-Kai Hsu et al.
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      1.    Mix the MBD-beads with the fragmented DNA on a rotating 
mixer for 1 h at room temperature (alternatively, overnight at 
4 °C).      

      1.    After mixing the DNA and MBD-beads, place the tubes on the 
magnetic rack for 1 min to collect all of the beads on the inner 
wall of the tubes.   

   2.    Remove the supernatant liquid with a pipette and save it in a 
clean DNase-free 1.5 mL tube as non-methylated DNA. Store 
this sample on ice.   

   3.    Add 200 μL of 1× Bind/Wash buffer to wash the beads. Mix 
them on a rotating mixer for 3 min.   

   4.    Place the tube on a magnetic rack for 1 min. Remove the liquid 
with a pipette and save it in a 1.5 mL tube.   

   5.    Repeat  steps 3 – 4  two more times. Save and store washed 
fractions on ice.      

      1.    Use 200 μL of the elution buffer to resuspend the beads (pre-
paring 1 M salt solution by mixing 1:1 of low- and high-salt 
buffers) ( see   Note 9 ).   

   2.    Incubate the beads on a rotating mixer for 3 min. Then place 
the tubes on a magnetic rack for 1 min.   

   3.    Remove the liquid with a pipette and doesn’t touch the beads 
with pipette tips. Save eluted fraction in a clean DNase-free 
1.5 mL tube and store this sample on ice.   

   4.    Repeat  steps 1 – 3  once to collect the second elution in the 
same tube (total volume will be 400 μL). Store samples on ice.      

      1.    To each non-captured, wash and elution fractions from 
 previous steps, add 1 μL glycogen (20 mg/mL, included in 
kit), 1/10th sample volume of 3 M sodium acetate, pH 5.2 
(e.g., 40 μL per 400 μL of sample) and 2 sample volumes of 
100 % ethanol (e.g., 800 μL per 400 μL of sample).   

   2.    Mix well and incubate at −80 °C for at least 2 h, then centrifuge 
the tubes for 15 min, ≥12,000 ×  g  at 4 °C. Following carefully 
discard the supernatants without disturbing the pellets.   

   3.    Add cold 70 % ethanol, 500 μL and mix.   
   4.    Centrifuge the tubes for 5 min, ≥12,000 ×  g  at 4 °C and then 

carefully discard the supernatants without disturbing the pellets.   
   5.    Repeat  steps 3 – 4  once and remove any remaining residual 

supernatants.   
   6.    Air-dry the pellets for ~5 min, but not over dry.   
   7.    Use 60 μL of DNase-free water or other appropriate volume of 

buffer to resuspend the DNA pellets. Place the DNA on ice or 
store at −20 °C.       

3.2.5  Capture Reaction

3.2.6  Removing 
Non-captured DNA 
from the Beads

3.2.7  Single Fraction 
Elution

3.2.8  Ethanol 
Precipitation 
(DNA Cleanup)
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   Quantitative PCR analysis can be conducted to validate locus- 
specifi c methylation patterns.  

  Hybridization with microarray or sequencing with next-generation 
devises can be used to investigate genome-wide methylation 
patterns.    

4    Notes 

     1.    Several genomic DNA isolation kits are commercially available 
now. The Purity of DNA is determined by calculating the ratio 
of absorbance among 230, 260 and 280 nm. Pure DNA has an 
 A  260 / A  280  ratio of 1.8–2.0 indicating the absence of protein 
and an  A  260 / A  230  ratio of >2.0 indicating the absence of other 
organic compounds such as ethanol. Impure DNA will lead to 
nonspecifi c binding and affect MeDIP pull down.   

   2.    After genomic DNA was isolated, samples can be ran a 1 % 
agarose gel to examine the quality of the DNA as well as con-
tamination of the RNA, since the antibody also recognizes 
5-methylcytosine in RNA. If there is a contamination with 
RNA, a smear RNA located in the front of the gel should be 
able to identify.   

   3.    As we have observed inconsistencies in DNA fragmentation 
patterns among experiments, we resort to careful control on 
sonication conditions. If the optimal sonication condition has 
been setup, the following section of confi rm the smear size of 
sheared DNA can be skipped.   

   4.    Wide range of genomic DNA can be successfully fragmented by 
sonication (from breast progenitor cells to breast cancer cell 
lines); however, the effi ciency of sonication varies with DNA 
concentration, and with machine itself. For example, probe- type 
sonicator produces different outcomes in comparison to 
Bioruptor. Therefore, it is very important to systematically check 
the size of the fragmented DNA. Other factors will also alter the 
fragment size such as water temperature, ice/water ratio in the 
sonication vessel, DNA dissolved in water or IP buffer, duration 
of reset between each energy pulse, DNA concentration and 
volume of DNA per tube, and batches of the 1.5 mL tubes, etc. 
In addition, to determine the optimal size of sheared DNA is 
also depending on the further applications. For example, the 
fragment size for next-generation sequencing is 250 bp, but for 
microarray platform it is ~400 bp in average.   

3.3  Experimental 
Analyses

3.3.1  Locus-Specifi c 
Validation

3.3.2  Genome-Wide 
Profi ling
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   5.    MeDIP method relies on the binding specifi city and affi nity of 
the monoclonal anti-5-methylcytosine antibody, which has 
better binding effi ciency onto high-density (>4) of nearby 
methylated CG sites. Therefore, it is hard to survey low-
density methylated CGIs by MeDIP. To improve the methyla-
tion coverage by MeDIP, MBDCap assay is one of the 
alternative methods.   

   6.    There are several different 5-methylcytosine antibodies available 
now, such as Active Motif, Eurogentec, Zymo Research, and 
Diagenode.   

   7.    We found using NanoDrop ND-3300 Fluorospectrometer 
with PicoGreen dye to quantify the concentration of double-
stranded DNA is a better choice. Compared to the NanoDrop 
ND-1000, this assay provides higher sensitivity (1–1,000 pg/μL 
of dsDNA) with minimal consumption of samples, especially 
for the immunoprecipitated DNA samples.   

   8.    In order to evaluate the enrichment of methylated DNA after 
MeDIP, we use quantitative PCR to measure the change of Ct 
values between immunoprecipitated DNA and input. We usually 
can have 40- to 200-fold increases after MeDIP, depending on 
different target genes.   

   9.    Based on Clark’s group [ 19 ] and our unpublished observation, 
1 M is the optimal concentration of salt solution to elute the 
majority of methylated DNA fragments.         
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    Chapter 6   

 Screening of DNA Methylation Changes by Methylation- 
Sensitive Random Amplifi ed Polymorphic DNA-Polymerase 
Chain Reaction (MS-RAPD-PCR) 

           Kamaleshwar     P.     Singh    

    Abstract 

   While the role of genetic events of DNA mutations in gene expression changes is well established, increasing 
evidence suggests that epigenetic changes of DNA methylation and histone modifi cations play important 
role in the regulation of gene expression. DNA methylation is the most frequent epigenetic alteration 
observed in mammalian genomes, and it frequently mediates transcriptional repression. Various methods 
are available for detection of DNA methylation changes. Methylation Sensitive-Random Amplifi ed 
Polymorphic DNA-Polymerase Chain Reaction (MS-RAPD-PCR) is a restriction enzyme digestion and 
PCR-based method for analysis of DNA methylation changes. This method is cost-effective, requires 
simple and basic instrumentation, and therefore can easily be performed in any laboratory with basic setup 
with a regular DNA thermal cycler and DNA gel electrophoresis system. Other advantages of this method 
over other methods for DNA methylation analysis are that it requires very less DNA amount and can 
screen DNA methylation changes globally at genome wide level with high sensitivity. This method has 
been successfully used to detect DNA methylation changes associated with various human diseases includ-
ing cancer. This chapter describes the detailed experimental protocol for MS-RAPD-PCR.  

  Key words     MS-RAPD-PCR  ,   Epigenetics  ,   DNA methylation  ,    MspI   ,    HpaII   

1      Introduction 

 The covalent addition of a methyl group to the 5-position of cyto-
sine ring in CpG dinucleotides [ 1 ,  2 ] is known as DNA methyla-
tion and is an epigenetic modifi cation in the mammalian genome. 
In normal cells, DNA methylation occurs predominantly in CpG 
residues located in the repetitive genomic regions. Genomic 
regions at the 5′—ends of genes with high G–C content and rich 
in CpG dinucleotides are called CpG islands [ 1 ]. CpG islands are 
generally unmethylated in normal cells. DNA methylation plays an 
important role in normal development [ 3 ], X-chromosome inacti-
vation [ 4 ], imprinting [ 5 ], and the suppression of parasitic repetitive 
DNA sequences expression [ 6 ]. DNA methylation analyses have 
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shown that it inhibits the gene expression by inhibiting the promoter 
activity [ 7 ]. Aberrations in DNA methylation have been found to 
be associated with many human diseases including cancer [ 8 ]. 

 Various methods are available for detection of DNA methyla-
tion in either specifi c target genomic region or genome wide global 
detection of DNA methylation. There are three main principles on 
which these various methods for the analysis of methylation are 
based. These three principles are (a) methylation sensitive enzyme 
digestion, (b) sodium bisulfi te conversion, and (c) affi nity enrich-
ment. Based on these three principles, several methods, such as 
bisulfi te sequencing [ 9 ]; combined bisulfi te restriction analysis 
(COBRA) [ 10 ]; methylated DNA immunoprecipitation (MeDIP)-
PCR and MeDIP-microarray [ 11 ], methylated CpG island recov-
ery assay (MIRA) [ 12 ] and methylation-sensitive AP-PCR [ 13 ], 
and methylation sensitive-random amplifi ed polymorphic DNA- 
PCR (MS-RAPD-PCR) [ 14 ,  15 ] have been developed. The 
MS-AP-PCR and MS-RAPD-PCR are essentially the similar tech-
niques except the last step of the PCR amplifi ed products separa-
tion by using urea-sequencing gel in MS-AP-PCR, whereas in 
MS-RAPD-PCR the PCR products are resolved on agarose gel. 
The MS-RAPD-PCR is methylation sensitive restriction enzyme 
digestion based method. In this method the DNA is fi rst digested 
with methylation sensitive restriction enzymes  Msp I and  Hap II and 
then DNA fi ngerprint is generated by random sequence primer 
usually 10 bases long. The schematic representation of the princi-
ple of MS-RAPD-PCR is given below in the Fig.  1 .

2       Materials 

      1.    Stock buffer solutions: 2 M Tris–HCl, pH 8.0, 2 M Tris–HCl, 
pH 7.5, 0.5 M EDTA, pH 8.0, 5 M NaCl, 10 % (w/v) sodium 
dodecyl sulfate (SDS).   

   2.    Proteinase K: 20 mg/mL.   
   3.    Tissue homogenization/Cell lysis solution (Final concentra-

tions in solution: 10 mM Tris–HCl pH 8.0, 10 mM EDTA 
pH 8.0, 0.5 % SDS, 0.1 mg/mL proteinase K).   

   4.    Buffer saturated phenol, pH 8.0 (saturated with 10 mM Tris–
HCl, 1 mM EDTA, pH 8.0).   

   5.    RNase A solution (10 mg/mL) ( see   Note 1 ).   
   6.    Chloroform.   
   7.    Isoamyl alcohol.   
   8.    Isopropyl alcohol.   
   9.    Ethanol (100 %).   
   10.    Ethanol (70 %).   
   11.    TE buffer (10 mM Tris–HCl, 1 mM EDTA pH 7.5).   

2.1  Isolation of DNA 
from Mammalian 
Cells/Tissue

Kamaleshwar P. Singh
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   12.    Water bath, microcentrifuge.   
   13.    14 mL capacity sterile polypropylene round bottom tube (phe-

nol resistant) (Becton Dickinson), 1.5 mL microcentrifuge 
tubes, and pipet tips.      

      1.    Genomic DNA (2 μg).   
   2.    Restriction enzymes  Msp I and  Hpa II.   
   3.    Water bath (37 °C).   
   4.    Thermal Cycler.      

      1.    Diluted DNA samples (20 ng/μL).   
   2.    Random 10-mers primers diluted stock solution (5 μM) 

(Eurofi ns MWG/Operon) ( see   Note 2 ).   
   3.    Taq DNA Polymerase, Stoffel fragment (5 U/μL) (Applied 

Biosystems, CA) ( see   Note 2 ).   
   4.    10× enzyme assay buffer (supplied with Taq polymerase enzyme).   
   5.    25 mM MgCl 2  (often supplied by manufacturer with Taq poly-

merase enzyme).   
   6.    2 mM diluted stock of dNTPs mix (2 mM each of dATP, 

dCTP, dGTP, and dTTP) ( see   Note 2 ).   
   7.    DNA Thermal Cycler.      

2.2  Restriction 
Enzyme Digestion 
of DNA

2.3  MS-RAPD-PCR 
Amplifi cation

DNA from Control (C) Sample DNA from Test (T) Sample

1&2

3&4

C T

CH3 CH3

CH31

2

111

222

3 333

4 444

CH3 CH3

Msp I Msp IHpa II Hpa II

MS-RAPD-PCR MS-RAPD-PCR

Gel Electrophoresis

Msp I Msp IHpa II Hpa II

CH3

  Fig. 1    Schematic diagram of MS-RAPD-PCR method for DNA methylation analysis. CH3 indicates methylated 
sites in DNA. Numbers 1, 2, 3, and 4 indicate primer binding sites on DNA         
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      1.    Agarose, electrophoresis grade.   
   2.    Gel electrophoresis buffer TAE (50× stock solution, pH 8.0: 

242 g Tris base, 57.1 mL glacial acetic acid, 37.2 g Na 2 -EDTA, 
add deionized water to make 1 L) or TBE (10× stock solution: 
108 g Tris base, 55 g boric acid, 40 mL of 0.5 M EDTA 
pH 8.0, add deionized water to make 1 L).   

   3.    Ethidium bromide solution (gel electrophoresis buffer con-
taining 0.5 μg/mL ethidium bromide).   

   4.    DNA sample loading buffer, 10× (20 % w/v Ficoll 400, 0.1 M 
Na 2 -EDTA pH 8.0, 1.0 % SDS, 0.25 % bromophenol blue, 
0.25 % xylene cyanol).   

   5.    DNA molecular weight markers.   
   6.    DNA gel electrophoresis apparatus.   
   7.    DC power supply.   
   8.    UV transilluminator/gel documentation system.       

3    Methods 

      1.    For whole tissues: Add 3 mL of lysis buffer and 200 mg to 1 g 
tissue sample in a 14 mL polypropylene tube and homogenize 
it with tissue homogenizer. For tissue culture cells: Collect 
cells (detach cells by 1× trypsin treatment fi rst if cells are adher-
ent) by centrifugation for 5 min at 500 ×  g  and discard super-
natant. Resuspend cells in 5 mL ice- cold PBS and collect it 
again by centrifugation at 500 ×  g  for 5 min. Resuspend cells in 
lysis buffer (use 1 mL lysis buffer/10 8  cells) ( see   Note 3 ).   

   2.    Tightly cap the tubes and incubate the samples at 50 °C for 3 h 
in water bath. Periodically after every hr mix the samples by 
shaking.   

   3.    Add equal volume of Phenol–Chloroform–Isoamyl alcohol 
(25:24:1) and vortex at low speed for 1 min. Centrifuge at 
12,000 ×  g  for 10 min at 4 °C ( see   Note 4 ).   

   4.    Transfer aqueous layer (top) to clean 14 mL polypropylene tube. 
To transfer use clean sterile glass Pasteur pipette ( see   Note 5 ).   

   5.    Repeat  steps 3  and  4  (1×). (2× if aqueous layer is extremely 
dark or if protein layer between aqueous and organic layer is 
extremely thick).   

   6.    Repeat  steps 3  and  4  (1×) omitting phenol. Use Chloroform–
Isoamyl alcohol (24:1).   

   7.    Add the required volume of 4 M NaCl to reach the fi nal 
concentration of 1.3 M and mix by shaking/pipeting.   

2.4  Agarose Gel 
Electrophoresis

3.1  DNA Isolation 
from Mammalian 
Cells/Tissue

Kamaleshwar P. Singh
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   8.    To the same tube add 0.6 volumes (of the aqueous phase + NaCl) 
of ice-cold isopropyl alcohol. DNA will precipitate out as white 
fi bers.   

   9.    Tighten the cap of the tube and mix slowly by inversion. 
Incubate at room temperature for 30 min or overnight at 4 °C.   

   10.    To pellet the DNA, centrifuge at 2,100 ×  g  for 20 min at 10 °C.   
   11.    Decant the supernatant and wash DNA pellet in 5 mL of 70 % 

ice-cold ethanol by gentle vortex. Decant ethanol and air-dry 
DNA pellet for a minute. Do not dry for a long time, as com-
pletely dry DNA is diffi cult to resuspend ( see   Note 6 ).   

   12.    Resuspend DNA in 1 mL of sterile 10 mM Tris, 1 mM EDTA, 
pH 7.5. Add 60 μL of RNase A (10 mg/mL) and incubate for 
30 min at 37 °C.   

   13.    Gently extract sample once with equal volume of phenol–chlo-
roform–isoamyl alcohol (15:24:1). Follow centrifugation steps 
as given in  step 3 .   

   14.    Gently extract with equal volume of chloroform–isoamyl alco-
hol (24:1).   

   15.    For DNA precipitation, add required volume of 4 M NaCl to 
reach 1.2 M fi nal concentration of NaCl and mix.   

   16.    Add 2.5 volumes of ice-cold ethanol and mix and incubate at 
room temperature for 30 min to precipitate DNA.   

   17.    Centrifuge at 2,100 ×  g  at 4 °C to pellet DNA.   
   18.    Wash DNA pellet with cold 70 % ethanol, air-dry briefl y, and 

dissolve DNA in 20–200 μL (depending on the size of DNA 
pellet) of TE buffer.   

   19.    Quantify DNA by spectrophotometry at OD 260 and check 
quality of DNA on 0.8 % agarose gel. Store DNA samples at 
4 °C (for short-term) or −20 °C (for long-term).      

      1.    For each sample to be tested for methylation changes, add a 
constant amount of DNA to separate 0.5 mL PCR tubes. 
To prevent cross-contamination of DNA, change pipet tip for 
each DNA sample.   

   2.    Each DNA sample needs to be digested individually with  Msp I 
and  Hpa II in separate PCR tubes.   

   3.    Pipet the following into a clean 0.5 mL PCR tube:
   X μL of DNA (1–4 μg DNA in sterile water or TE buffer).  
  2.5 μL of 10× restriction enzyme buffer for corresponding 

enzyme.  
  X μL of H 2 O to make the reaction volume to 23 μL.  
  X μL of restriction enzyme (5 U of enzyme/μg of DNA).  
  (The order of addition of these reaction components is as 

follows: Water–DNA–enzyme buffer–enzyme)      

3.2  Digestion of 
Genomic DNA with 
Methylation Sensitive 
Restriction Enzymes 
( Msp I and  Hpa II)
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   4.    Mix the reaction mixture, centrifuge briefl y for 10–30 s, and 
then incubate the reaction mixture at 37 °C overnight for 
complete digestion.   

   5.    Heat-denature the restriction enzyme by incubating the PCR 
tubes containing digested samples at 70 °C for 15 min.   

   6.    Proceed further to MS-RAPD-PCR or store the digested DNA 
at −20 °C for future use.      

      1.    Dilute the DNA samples (undigested,  Msp I digested, and 
 Hpa II digested DNA from each DNA sample) to 20 ng/μL. 
The total volume required of diluted DNA will depend on the 
number of primers to be analyzed in MS-RAPD analysis. 40 ng 
of template DNA will be needed for one MS-RAPD-PCR reac-
tion with one primer. Therefore DNA should be diluted in 
suffi cient volume depending on the number of primers to be 
used in MS-RAPD-PCR analysis.   

   2.    Prepare a master reaction mixture for each primer suffi cient for 
all samples plus one negative control (without template DNA). 
Always prepare master mixture for one additional sample to 
avoid shortage of master mixture for last sample due to pipet-
ing error. For example, if you need reaction mixture for 11 
reactions (10 samples and 1 negative control), then make reac-
tion mixture for 12 reactions.   

   3.    To prepare master reaction mixture, add the following compo-
nents in a 1.5 mL sterile centrifuge tube on ice as follows:

 Components from stock 
 Volume/25 μL 
Rxn (μL) 

 X #of 
reactions    

 dNTPs (2 mM)  1.25 

 Primer (5 μM)  2.0 

 MgCl 2  (25 mM)  1.5 

 Taq Pol enzyme (5 U/μL)  0.2 

 10× enzyme buffer  2.5 

 Sterile deionized H 2 O  15.05 

   (To make fi nal volume of 22.5 μL) 
 Mix these components by inverting and/or fl icking tube 

and spin to collect solution. 
 The stock and fi nal concentrations per 25 μL reaction 

mixture are as follows:

3.3  MS-RAPD-PCR 
Amplifi cation

Kamaleshwar P. Singh
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 Components 
 Stock 
concentration 

 Final 
concentration 

 Volume/
25 μL Rxn 

 dNTPs  2 mM  100 μM  1.25 μL 

 Primer  5 μM  400 nM  2.0 μL 

 MgCl 2   25 mM  1.5 mM  1.5 μL 

 Taq Pol enzyme  5 U/μL  1 U  0.2 μL 

 Enzyme buffer  10×  1×  2.5 μL 

       4.    Divide the master reaction mixture into labeled PCR tubes 
(22.50 μL/tube). Add 2.5 μL of template DNA in the respec-
tive PCR tubes. PCR tubes can be labeled as follows:

 Sample  DNA  Tube # 

 Control  Undigested  1 

 Treatment 1  Undigested  2 

 Treatment 2  Undigested  3 

 Treatment 3  Undigested  4 

 Treatment 4  Undigested  5 

 Control   Msp  I digested  6 

 Treatment 1   Msp  I digested  7 

 Treatment 2   Msp  I digested  8 

 Treatment 3   Msp  I digested  9 

 Treatment 4   Msp  I digested  10 

 Control   Hpa  II digested  11 

 Treatment 1   Hpa  II digested  12 

 Treatment 2   Hpa  II digested  13 

 Treatment 3   Hpa  II digested  14 

 Treatment 4   Hpa  II digested  15 

       5.    Mix the contents and centrifuge the PCR tubes briefl y. (Note: 
Add 1–2 drops of mineral oil to prevent evaporation, if the 
PCR thermal cycler does not have the heated lid).   

   6.    Set the PCR tubes into the thermocycler and start the desired 
thermal cycling program.   

Screening of DNA Methylation Changes by Methylation-Sensitive Random…
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   7.    Following temperature profi le program should be used for 
MS-RAPD-PCR amplifi cation:

 Temperature (°C)  Time  Number of cycles 

 94  4 min  1 

 94  30 s    

       45 

 34  1 min 
 72  2 min 

 72  5 min  1 

 followed by hold temperature (cooling).   
   8.    After amplifi cation remove the PCR tubes from thermal cycler 

and proceed to agarose gel electrophoresis. Alternatively, the 
PCR tubes can be stored at 4 °C for couple of days or at −20 °C 
if needed.      

      1.    Prepare 1.5 % agarose gel by suspending 1.5 g agarose in 
100 mL of 0.5× TBE buffer in a 250 fl ask (The agarose gel 
suspension can be adjusted based on the size of the gel tray).   

   2.    Heat the suspension in a microwave oven for 2–4 min. Swirl 
the bottle and again heat it for 2–4 min till the agarose dis-
solves in buffer. Keep an eye on the gel solution while heating 
and do not let it spill out while heating. Complete disappear-
ance of agarose particles is a good indicator of complete dis-
solution ( see   Note 7 ).   

   3.    Let the molten agarose gel solution cool to about 60 °C. 
Stirring the fl ask once or twice at some interval while cooling 
helps to prevent uneven cooling.   

   4.    In the meantime, take a clean the agarose gel mold (gel casting 
tray) and comb. Seal both edges of the gel mold with tape. 
Place the tray in a level platform and insert the comb. Check 
that the comb teeth are not too close to the bottom of the gel 
mold.   

   5.    Carefully pour the agarose (temperature about 60 °C) into the 
gel mold, remove small air bubbles with a pipette tip, and let 
the agarose solidify (takes about 1 h at room temperature).   

   6.    Fill the electrophoresis tank with 0.5× TBE buffer. Make sure 
that the agarose has solidifi ed, carefully remove the tape from 
both ends of the gel mold and then insert the gel mold into the 
electrophoresis tank fi lled with buffer. Make sure that no bub-
bles get trapped beneath the mold. For best electrophoresis 

3.4  Agarose Gel 
Electrophoresis of 
MS-RAPD-PCR 
Amplifi cation Products
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running and resolution of bands, the buffer on the top of the 
gel should not be more than 5 mm.   

   7.    Gently remove the comb without deforming the well. Flush 
out the bubbles, if any, from the slots by pipeting buffer in it.   

   8.    Add 2.5 μL of 10× loading buffer to the PCR products in PCR 
tubes. Mix by fl icking the bottom of the tubes and centrifuge 
for few seconds in a microfuge in order to collect the samples 
at the bottom of the tubes. The loading buffer gives samples 
more density that helps in loading of samples into the gel slots. 
Additionally, loading buffer also adds color to the samples that 
moves towards anode during electrophoresis and therefore 
helps in tracking the migration of the samples during 
electrophoresis.   

   9.    Load DNA marker (100 bp ladder) into the fi rst well and 
10 μL of the each PCR samples in the succeeding wells ( see  
 Note 8 ).   

   10.    Connect the power supply with the electrophoresis tank using 
electrode wires, turn on the power supply, and start the elec-
trophoresis. Run for about 2–3 h at 150 V.    

   Staining and documentation of gel data:  

   11.    After the run is complete, switch off the power supply and 
remove the gel from electrophoresis apparatus.   

   12.    Remove the gel from the molder and transfer in a tray with 
ethidium bromide staining solution (electrophoresis buffer 
containing 0.5 μg/mL ethidium bromide) and let the gel stain 
for 30 min. After staining rinse the gel briefl y in dH2O ( see  
 Note 9 ).   

   13.    Place the gel on a UV transilluminator, and take photograph 
under UV light (302 nM). For gel documentation and calcula-
tion of migration of bands, place a fl uorescent ruler alongside 
the gel to align marker sizes with PCR products sizes in the gel.    

   Scoring and Analysis:  

   14.    Score and compare the MS-RAPD bands in the test samples 
with that of control sample.   

   15.    Comparison of the banding pattern. Absence of a particular 
band in test sample  Msp I digest but present in control  Msp I 
digest would indicate that test sample has hypermethylation in 
this site. Similarly, presence of a band in test sample  Msp I digest 
and its absence in control  Msp I digest would indicate the 
 hypomethylation of this genomic sequence in test sample 
DNA.   

   16.    To further characterize this sequence, it can be eluted from the 
gel, cloned and sequenced.    

Screening of DNA Methylation Changes by Methylation-Sensitive Random…
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4       Notes 

     1.    Prepare RNase A solution (10 mg/mL) in 0.01 M sodium 
acetate (pH 5.2). Heat at 100 °C for 15 min to inactivate con-
taminant DNases, and then let it cool down slowly to room 
temperature. Add 0.1 volume of 1 M Tris–Cl (pH 7.4) to 
adjust the pH. Make several aliquots of the solution and store 
at −20 °C. Do not heat concentrated solution of RNase A at 
neutral pH, it will precipitate out and will not be effective in 
RNase treatment.   

   2.    Repeated freeze and thaw may cause degradation of Taq DNA 
polymerase enzyme and diluted primers as well as the dNTPs. 
To avoid degradation of enzyme, diluted primers and dNTPs, 
make several aliquots and store at −20 °C.   

   3.    Take precautions and follow the guidelines for handling human 
tissue or any other tissues to avoid the potential risk of expo-
sure to infectious diseases.   

   4.    Phenol can cause severe burns to skin. Take all precautions and 
follow standard operating procedure (SOP) to avoid exposure 
to phenol–chloroform. Wear gloves, safety glasses, and lab coat 
and use fume hood to work with phenol–chloroform.   

   5.    Transfer aqueous layer (top) very carefully to make sure that 
no interphase (containing proteins) gets carried over while 
pipeting top clear layer.   

   6.    The DNA pellet, if loose, may come out while decanting or 
pipeting out the supernatant. Keep an eye on the DNA pellet 
while removing the supernatant, so that it does not get lost 
with supernatant.   

   7.    Caution, agarose solution is extremely hot, hold the bottle 
with cotton gloves on.   

   8.    Before loading the sample, make sure that the orientation of 
the gel in the tray is correct (wells towards negative electrode 
and other end of the gel towards positive electrode).   

   9.    Ethidium bromide is a potential carcinogen. Wear gloves, 
safety glasses, and lab coat while handling the ethidium bro-
mide containing buffer or gel.         
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    Chapter 7   

 Strategies for Measurement of Biotransformation 
Enzyme Gene Expression 

           Marjorie     Romkes      and     Shama     C.     Buch   

    Abstract 

   The analysis of gene expression is an integral part of any gene function research. A wide variety of  techniques 
have been developed for this purpose, each with its own advantages and limitations. The following chapter 
seeks to provide an overview of some of the most recent as well as conventional methods to study gene 
expression. These approaches include Northern blot analysis, ribonuclease protection assay, reverse tran-
scription polymerase chain reaction, expressed tag sequencing, differential display, cDNA arrays, serial 
analysis of gene expression, and transcriptome sequencing. The current applications of the information 
derived from gene expression studies require most of the assays to be adaptable for the quantitative analysis 
of a large number of samples and endpoints within a short period of time coupled with cost-effectiveness. 
A comparison of some of these features of each analytical approach as well as their advantages and disad-
vantages has also been provided.  

  Key words     mRNA expression  ,   RT-PCR  ,   TaqMan  ,   Serial analysis of gene expression  ,   cDNA microar-
rays  ,   Northern blot  ,   Ribonuclease protection assay  ,   Expressed tag sequencing  ,   Differential display  , 
  Pharmacogenomics  ,   Biotransformation enzymes  

1       Introduction 

 Gene expression analyses have long been used to provide insights into 
gene function. Many environmental pollutants, toxicants, and heavy 
metals affect cellular function by causing drastic changes in gene 
expression patterns. For both toxicological screening and chemical-
specifi c mechanism of action studies, there is a wide range of 
approaches available to evaluate changes in gene expression at the 
molecular level that may occur during a toxic response. These 
approaches are not unique to the analysis of endpoints of interest in 
molecular toxicology, for example, the expression of biotransforma-
tion enzymes, but are extremely valuable tools for all genomic studies. 
The recent rapid technological advances in this fi eld were prompted 
by the ability to identify genes at the nucleic acid level rather than 
proceeding from a known protein to its chromosomal counterpart. 
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Expression studies have previously relied on  techniques such as 
Northern blot analyses or the ribonuclease protection assay, each of 
which measures the expression of only a small set of genes at a given 
time. More recent technologies, including serial analysis of gene 
expression (SAGE), quantitative reverse transcription polymerase 
chain reaction (RT-PCR), cDNA microarrays, and high-resolution 
two-dimensional gel electrophoresis, allow for the expression levels of 
tens to thousands of genes to be screened at once. The recent advances 
in next-generation and third-generation sequencing technologies 
have further facilitated the ability to perform deep transcriptome 
sequencing and genome-wide transcript quantifi cation. As summa-
rized in Fig.  1  and Table  1 , depending on both the number of samples 
and number of genetic endpoints to be analyzed and taking into 
account both cost and throughput capability, one analytical approach 
for RNA expression analysis may be more appropriate for a particular 
application or research study.

    Prior to any expression analyses, it is essential to verify the 
integrity of the RNA and to obtain accurate measurement of RNA 
concentration levels. The feasibility of obtaining meaningful quan-
titative gene expression data is dependent on the utilization of a 
validated approach with multiple quality control measures in place. 
These include the inclusion of either endogenous or exogenous 
standards or positive controls to assess reproducibility of all steps of 
the assay; verifi cation of the absence of genomic DNA contamina-
tion by DNase treatment and/or in the case of PCR-based meth-
ods, the use of primers which span intron/exon junctions for 
amplifi cation of cDNA only; quantitation analysis of samples 

  Fig. 1    Comparison of mRNA expression analytical approaches        
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 collected during the exponential phase of PCR and negative  controls 
to verify the absence of contamination and specifi city of the probe 
used for detection of target mRNAs. Reviewed below are several 
techniques used for the quantitation of gene expression. 

  Northern blotting was developed as the RNA counterpart of 
Southern blotting [ 1 ]. This technique mainly involves separation 
of RNA species on the basis of size by denaturing gel electrophoresis 
followed by transfer of the RNA onto a membrane by capillary, 
vacuum, or pressure blotting. The RNA is then permanently bound 
to the membrane either by heating at 80 °C or by UV cross-linking. 
These membranes are then probed with partial or complete cDNA 
oligonucleotides that are labeled by radionucleotides or 
chemiluminescent moieties. Nonspecifi c hybridization is removed 
by washing, and then the blots are audioradiographed. The 
resulting visible band(s) indicates (indicate) the size of the RNA, 
and the intensity corresponds to the relative amounts of the RNA. 
The band intensities are quantitated by densitometry using the 
appropriate image analysis software. Northern blotting is perhaps 
one of the few techniques that permits mRNA size determination 
and therefore is useful for the detection of alternatively spliced 
transcripts or mutations that result in modifi ed mRNA sizes. One 
of the primary drawbacks of Northern blotting however is that the 
technique yields semiquantitative results. The other limitations 
involve the requirement of very-high-quality intact RNA 
concentrations, variability in transfer effi ciencies, and high 
background levels on the audioradiograms [ 2 ]. Typically, the 
expressions of various housekeeping genes with similar copy 
numbers are used as external controls for sample loading variability 
and blot-to- blot comparisons. However, the expression of these 
housekeeping genes may vary with different stages in the cell cycle 
or among different cell, tissue, or disease types. Variations of the 
Northern blot such as dot, slot, and fast blots have been developed 
in an attempt to increase quantitation and simplify the assay [ 3 ]. 
However, before any of these alternate procedures can be used, it 
is imperative to demonstrate via the Northern blot that the probe 
used in the application is specifi c to the target RNA, as there is no 
scope for size fractionation in a dot blot.  

  The ribonuclease protection assay (RPA) is a variation of the 
Northern blot approach, except that it is performed in a solution 
containing a labeled antisense target RNA probe and the target 
mRNA without prior gel fractionation or blotting [ 4 ]. The 
unhybridized probe and the sample RNA are degraded enzymatically 
following incubation for several hours. The remaining hybrids are 
electrophoresed on a denaturing polyacrylamide gel and visualized 
by autoradiography. Alternatively the RNase-resistant hybrids are 
precipitated and bound to fi lters for direct quantitation by 

1.1  Northern Blot 
Analysis

1.2  Ribonuclease 
Protection Assay
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scintillation counting [ 5 ]. RPA is considered to be tenfold more 
sensitive as compared to Northern blot analysis. There are several 
issues to be taken into account when designing RPA probes. If the 
RPA products are to be analyzed using gel electrophoresis, the 
RPA probe should contain some terminal sequences that will not 
hybridize with the target mRNA so that undigested probe can be 
distinguished from probe-RNA hybrids on the basis of size. As is 
the case with Northern analysis, quantitation requires the 
concurrent hybridization of an invariant control mRNA. Probes 
may be multiplexed together in a single hybridization reaction if 
the sizes of the products do not overlap. This holds true if the 
products are analyzed by electrophoresis. However, if RPA 
products are going to be analyzed by a scintillation counter, then 
the use of two different radionucleotides solves this problem. The 
two main advantages to RPA are sensitivity and the ability to 
determine absolute RNA levels. The disadvantages are diffi culties 
encountered in designing adequately sensitive internal controls 
and the high quantity/quality of RNA required for the assay.  

  The concept of expressed sequence tag (EST) sequencing was fi rst 
described in 1991 [ 6 ]. The underlying goal was to create cDNA 
libraries, pick random clones, and then carry out a single sequencing 
reaction with a large number of clones. Each reaction generates 
approximately 300 base pairs of sequences that represent a unique 
sequence tag for a particular transcript. EST sequencing can be 
carried out using both normalized (one in which each transcript is 
represented in more or less equal numbers) and non-normalized 
cDNA libraries [ 7 ]. The advantage of using normalized libraries is 
that redundant sequencing of highly expressed genes is minimized 
[ 8 ]. The advantage of non-normalized libraries is that the 
abundance of the transcript in the original cell is accurately refl ected 
in the frequency of clones in the library [ 9 ]. Hence these libraries 
can be used to identify highly expressed but unknown genes as well 
as to compare the expression of highly expressed genes in different 
cells or tissues. 

 There are currently over 1.5 million human ESTs in the pub-
licly available database of ESTs (dbEST) provided by the National 
Center for Biotechnology Information (NCBI; release 082799). 
These ESTs are derived from approximately 1,200 human cDNA 
libraries. In addition to public databases, several companies have 
generated larger collections of ESTs. These include Human 
Genome Sciences, Incyte Pharmaceuticals, and Celera Genomics 
Group.  

  Subtractive cloning methods have been in use for many years and 
offer an inexpensive and fl exible alternative to EST sequencing and 
cDNA array hybridization. The PCR-based method commonly used 
is known as representational difference analysis (RDA) [ 10 ,  11 ]. 

1.3  Expressed 
Sequence Tag 
Sequencing

1.4  Subtractive 
Cloning
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In this analysis, double-stranded cDNA is created from the two cell 
or tissue populations of interest, for example tumor and normal 
tissue; linkers are ligated to the end of the cDNA fragments; and 
then the cDNA pools are amplifi ed by PCR. The cDNA pool from 
which unique clones are desired is designated as the “tester,” and the 
cDNA pool that is used to subtract shared sequences is designated as 
the “driver.” Following PCR amplifi cation the linkers are removed 
from both cDNA pools, and unique linkers are ligated to the tester 
sample. The tester is then hybridized to an excess of driver DNA, 
and sequences that are unique to the tester cDNA pool are amplifi ed 
by PCR. The primary  limitation of this method is that subtle 
quantitative differences are missed due to the fact that the cDNAs 
identifi ed are usually those that differ signifi cantly in expression level 
between the cell populations. In addition, since each experiment is a 
pairwise comparison and the subtractions are based on a series of 
sensitive biochemical reactions it then becomes diffi cult to directly 
compare a series of RNA samples.  

  RT-PCR is an in vitro method for amplifying defi ned target 
sequences of RNA [ 12 ]. It is an extremely sensitive method and 
can be used to compare levels of mRNA in different sample 
populations and to characterize patterns of mRNA expression. 
RT-PCR analyses have been modifi ed to increase its sensitivity and 
accuracy; some of the modifi cations include semi-nested [ 13 ], 
nested [ 14 ], and even three-step nested [ 15 ] RT-PCR techniques. 
There are also a number of detection methods, which may be 
applied, yielding either semiquantitative or quantitative results. All 
the components of an RT-PCR reaction and detection are 
interdependent and require careful optimization to ensure 
specifi city, sensitivity, and reproducibility of the assay. Typically, all 
measurements are standardized to a calibrator sample so that data 
collected at different time points can be directly compared. 

 The fi rst step in RT-PCR is the reverse transcription of the 
RNA template into cDNA, followed by its exponential amplifi ca-
tion in a PCR reaction. Separation of the RT and the PCR steps is 
advantageous for long-term storage of the cDNA or the analysis of 
multiple targets. The RT step is primed using specifi c primers, ran-
dom hexamers, or oligo-dT primers. Primers can sometimes cause 
marked variation in estimates of mRNA copy numbers; alterna-
tively random hexamers can overestimate mRNA copy numbers by 
about 19-fold. Numerous reverse transcriptase enzyme prepara-
tions are commercially available and vary in terms of effi ciency and 
in range of primers that can be used for fi rst-strand synthesis. In all 
RT-PCR applications, it is critical to include a no-RT template 
control to avoid the quantitation of false positives. 

 Like other methods for RNA quantitation, RT-PCR can be 
used for relative or absolute quantitation. Absolute quantitation, 
using competitive RT-PCR, measures the absolute amount or 
number of copies of a specifi c target mRNA sequence in a sample [ 16 ]. 

1.5  Reverse 
Transcription 
Polymerase Chain 
Reaction

Marjorie Romkes and Shama C. Buch



91

In competitive RT-PCR, increasing amounts of DNA highly 
homologous to the target, but distinguishable by either size or 
restriction sites, are added to the PCR, and both target and 
 competitive template are quantifi ed. It is assumed that the amplifi -
cation effi ciency of both templates is identical; however, this may 
not be the case. Most gene expression analysis studies utilize a rela-
tive expression calculation similar to standard assays such as the 
Northern blot. Expression of the gene of interest is reported rela-
tive to expression of an endogenous control gene, which is assumed 
to have equal expression in all tissues in the study. In this way, 
expression levels can be compared from tissue to tissue. The endog-
enous internal control in relative RT-PCR may be analyzed in a 
multiplexed reaction or in two separate reactions. Common inter-
nal controls include 18S rRNA, ß-actin, ß-glucuronidase, and 
GAPDH mRNAs [ 17 ]. 

 Critical to either absolute or relative RT-PCR is quantitation 
of the product during the exponential phase of PCR. This repre-
sents a challenge because internal control RNAs are typically con-
stitutively expressed housekeeping genes of high abundance, and 
their amplifi cation reaches the plateau phase with very few PCR 
cycles. It is therefore diffi cult to identify comparable exponential 
phase conditions where the PCR product from a rare target mRNA 
is detectable. Detection methods with low sensitivity, like ethidium 
bromide staining of agarose gels, are therefore not recommended. 
Detecting a rare message while staying in exponential phase with 
an abundant message can be achieved in several ways: (1) by 
improving the sensitivity of product detection, (2) by decreasing 
the amount of input template in the RT or the PCR reactions, 
and/or (3) by decreasing the number of PCR cycles. 

 Modifi cations involving the application of fl uorescence probes 
and instrumentation have led to the development of kinetic 
RT-PCR methodologies that facilitate the quantitation of nucleic 
acids with improved sensitivity and throughput and overcome 
many of the problems described above. There are currently at least 
three manufacturers of fl uorescence resonance energy transfer 
(FRET) detection-based instrumentation systems. 

 The ABI PRISM 7700 (Perkin-Elmer-Applied Biosystems, 
Foster City, USA) contains a built-in thermal cycler with 96 wells 
and a fl uorescence reader that can read wavelengths between 500 
and 660 nm. The fl uorescent light source in this case is a laser, and 
the emission is directed to a spectrograph with a charge-coupled 
device (CCD). The most recent commercially available model, 
ABI PRISM 7000, uses a tungsten-halogen lamp, and the fl uores-
cence emission is directed through four optical fi lters to a CCD 
camera. The rest of the features are similar to the 7700. On the 
other hand, the ABI PRISM 7900HT has a 384-well capacity and 
allows the use of multiple fl uorophores in a single reaction due to 
the feature of continuous wavelength detection [ 18 ]. 

Biotransformation Enzyme Gene Expression  
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 The LightCycler (Roche Molecular Biochemicals, Mannheim, 
Germany) uses small-volume glass capillary tubes that are heated 
and cooled by an airstream. A blue light-emitting diode is the light 
source, and the fl uorescence is read by three photodetection diodes 
with different fi lters. It can analyze up to 32 samples per run [ 19 ]. 

 BioRad Instruments have recently launched an optical module 
that fi ts into their conventional thermal cycler. This device can scan 
up to 96 samples simultaneously and at present can monitor four 
different fl uorescent reporters. 

 To date there are four different competing techniques available 
to detect the amplifi ed product with the same sensitivity. The sim-
plest method employs fl uorescent dyes that bind specifi cally to 
double-stranded DNA. The other three utilize the hybridization of 
fl uorescently labeled probes to specifi c amplicons. These four 
methods are molecular beacons, DNA-binding dyes, hybridization 
probes, and hydrolysis probes. 

  Molecular beacons are probes that have a loop structure 
complementary to the target nucleic acid molecule and a stem 
structure that is formed by the annealing of complementary 
sequences on the ends of the probe sequence [ 20 ]. A fl uorescent 
marker is attached to one arm, and a quencher is attached to 
another. In solution, the free molecular beacons have a hairpin 
structure, with the stem keeping the arms in close proximity, 
thereby resulting in the effi cient quenching of the probe. On 
encountering a complementary target, they undergo a 
conformational change that results in the formation of a probe 
target hybrid. This hybrid forces the stem apart leading to the 
separation of the fl uorophore and the quencher and consequently 
the restoration of fl uorescence, while the free molecular beacons 
remain non-fl uorescent. The main drawback of the molecular 
beacons is their ability to form alternate conformations that fail to 
place the fl uorophore next to the quencher, resulting in large 
background signals.  

  DNA-binding dyes such as SYBR green, which exhibit no 
fl uorescence alone in solution, can be incorporated into double-
stranded DNA during the PCR elongation step [ 21 ]. Detection of 
the fl uorescence of the DNA-binding dyes therefore increases 
during the elongation step and decreases during denaturation. The 
specifi city of target detection largely depends on the specifi city of 
the PCR primers, and a separate probe is not added. An important 
failing of this method is that the number of dye molecules which 
are incorporated into the PCR product may vary with each PCR 
cycle and from sample to sample, and therefore the analysis is 
semiquantitative at best.  

1.5.1   Molecular Beacons

1.5.2   DNA-Binding Dyes
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  The LightCycler™ uses hybridization probes; one probe has at its 
3′ end a fl uorescein donor, whose emission spectrum overlaps the 
excitation spectrum of an acceptor fl uorophore, which is attached 
to the 5′ end of the second probe [ 19 ]. This acceptor-labeled 
probe is blocked at its 3′ end to prevent its extension during PCR. 
Fluorescent light is produced due to the FRET following excitation 
of the donor. The two dyes are apart when in solution; however, 
following hybridization of the probes to the target sequence, they 
are brought into close proximity and FRET occurs. Therefore the 
increasing intensity of wavelength of the second dye is directly 
proportional to the amount of DNA synthesized. Furthermore, a 
melting curve analysis can also be performed for multiplex analysis, 
as the probes are not hydrolyzed.  

  Hydrolysis probes are usually used in TaqMan™ assays, wherein 
they use the 5′ nuclease activity of the DNA polymerase to 
hydrolyze a hybridization probe after it has bound to its target 
[ 22 ]. The PCR step, which follows the RT step, increases the 
specifi city of the reaction by the use of three oligonucleotides 
complementary to the DNA. Two primers amplify up a specifi c 
amplicon, followed by the use of a probe that hybridizes to the 
product during annealing/extension. The probe has a fl uorescent 
dye at the 5′ end and a quencher at the 3′ end. If there is no 
complementary amplicon generated, the probe remains intact. 
Conversely, if the probe binds to the complementary sequence as 
it is being amplifi ed, it is eventually cleaved, thus separating the 
reporter and quencher dyes, causing emission of fl uorescence. Due 
to the high Tms of the probe, the TaqMan system PCR annealing 
and extension steps can be combined and most reactions are carried 
out at 60–62 °C. This also ensures maximum 5′–3′ exonuclease 
activity of the Taq polymerase. The increase in the length of the 
annealing/extension step coupled with increased Mg 2+  or Mn 2+  for 
longer amplicons makes this system less effi cient and fl exible than 
others. Real-time RT-PCR assays are conclusively more reliable 
than conventional ones and can be easily adapted to a high-
throughput setup.   

  Another widely used PCR-based method that is extremely popular 
is differential display or RNA fi ngerprinting [ 23 ,  24 ]. Differential 
display involves reverse transcription primed with either an 
oligo- dT or an arbitrary primer, in conjunction with the reverse 
transcription primer to amplify cDNA fragments that are then 
separated on a polyacrylamide gel. The presence or the absence of 
bands on the gel visualizes differences in gene expression. 
Differential display has also been adapted for use in fl uorescent 
DNA sequencing machines. It is effi cient for analyzing as little as 
5–10 ng of total RNA. A limitation of this method is the generation 
of false positives during either PCR or cloning of differentially 
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expressed PCR products. Large amounts of RNA are required to 
discriminate true positives from false positives. A modifi cation of 
the technique based on the analysis of 3′ end restriction fragments 
claims to result in fewer false-positive signals [ 25 ]. In this method, 
double-stranded cDNA is prepared and digested with a restriction 
enzyme with a four-base recognition site. Linkers are then ligated 
to the restriction fragments, and the entire pool of transcripts is 
amplifi ed by PCR. Gel electrophoresis of the 3′ end fragments 
reveals the differences in gene expression. The distinct advantage 
this modifi cation offers is that every gene in the cell can be identifi ed 
by the use of a series of restriction enzymes; furthermore, since the 
migration of the bands in the gel is determined by the restriction 
site at the 3′ end, known genes can simply be identifi ed by 
measuring the size of the restriction fragment.  

  In a cDNA array, many gene-specifi c polynucleotides derived from 
the 3′ end of RNA transcripts are individually arrayed on a single 
matrix [ 26 ]. This matrix is then simultaneously probed with 
fl uorescently tagged cDNA representations of total RNA pools 
from test and reference samples, allowing one to determine the 
relative amount of transcript present in the pool by the type of 
fl uorescent signal generated. An internal control is provided for 
each measurement. The adaptable nature of the fabrication of the 
array and hybridization methods allow the technique to be widely 
applied—the limitations being cost, the availability of clones for 
the solid phase, and the quality of the RNA extracted from cell 
lines or tissues. The targets for the arrays are labeled representations 
of cellular mRNA pools. A labeled product from the 3′ end of the 
gene is produced by reverse transcription with an oligo-dT primer. 
The purity of the RNA is critical, particularly when using 
fl uorescence, as cellular proteins, lipids, and carbohydrates can 
mediate signifi cant nonspecifi c binding of fl uorescently labeled 
cDNAs to slide surfaces. For adequate fl uorescence, the total RNA 
required per target, per array, is 50–200 ng. For mRNA present as 
a single transcript per cell, application of target derived from 
100 ng of total RNA over an 800 mm 2  hybridization area 
containing 200-μm diameter probes will result in approximately 
300 transcripts being suffi ciently close to the target to have a 
chance to hybridize. Therefore if the fl uorescently tagged 
transcripts are 600 bp and have an average of 2 fl uor tags per 
100 bp and hybridize to their probe, approximately 12 fl uors will 
be present in a 100-μm 2  scanned pixel. Such low levels of signal 
are at the lower limit of fl uorescence detection and can be easily 
rendered undetectable by assay noise. A variety of means by which 
to improve signal from limited RNA have been proposed. For 
example, effi cient mixing of the hybridization fl uid should bring 
more molecules into contact with their cognate probe, increasing 
the number of productive events. Post-hybridization amplifi cation 
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methods have also been reported in which detectable molecules 
are precipitated at the target by the action of enzymes “sandwiched” 
to the cDNA target [ 27 ]. 

 A critical challenge of the high-throughput technologies avail-
able to measure gene expression is the accurate and adequate anal-
ysis of the vast amounts of data generated. At present the most 
widely used computational approach for analyzing microarray data 
is cluster analysis. This analysis groups genes based on similar 
expression profi les and compares them with other clustered genes 
providing clues to the function or the regulation of the genes. The 
three broad categories of cluster analysis include a tree-based 
approach that uses a measure of the distance between genes such 
as a correlation coeffi cient to group genes into hierarchical trees 
[ 28 ,  29 ]. The second category minimizes variation within clusters 
so that between-cluster variation is maximized [ 30 ]. The third cat-
egory groups genes into two basic blocks, one in which the corre-
lation is maximized and one in which the correlation is minimized 
[ 31 ]. All of these categories basically utilize the intensity differ-
ences between the mean intensity for each of the groups. However, 
relative mean comparisons ignore the premise that differences in 
expression level of <100 % may exert meaningful biological effects. 
Various statistical models have been designed to approach the 
problem of gene expression data analysis, and several problems still 
remain associated with each of the strategies [ 32 ]. Although the 
technological advances have simplifi ed the ability to study thou-
sands of genes at once, the interpretation of the data and its subse-
quent analysis continues to pose a challenge.  

  SAGE utilizes isolated sequence tags from individual mRNAs that 
are concatenated serially into long DNA molecules that are then 
sequenced [ 33 ]. Initially double-stranded cDNA is synthesized 
from mRNA using a biotinylated oligo-dT primer. The cDNA is 
then cleaved by a restriction enzyme also known as an anchoring 
enzyme and is then separated on a polyacrylamide gel. The total 
number of tags identifi ed by this method to date is close to fi ve 
million. SAGE requires relatively higher concentrations of RNA 
compared to RT-PCR or microarray analyses, and it is relatively 
technically diffi cult to create tag libraries. There are two major 
concerns to using SAGE. One concern is identifying sequencing 
errors and the second is making valid tag to gene assignments. 
Several modifi cations have been developed to increase the utility of 
SAGE both in terms of methodology and data interpretation [ 34 ].  

  Over the last few years, there have been signifi cant advances in 
sequencing technologies, allowing for rapid profi ling and deep 
investigation of the transcriptome. These next-generation high- 
throughput platforms include several Illumina platforms (Genome 
Analyzer, HiScan SQ, HiSeq1000 or HiSeq2000), 454 Sequencing 
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with the Roche Genome Sequencer, and the SOLiD™ System by 
Applied Biosystems [ 35 ]. Third-generation sequencing 
technologies are now becoming commercially available and include 
technologies from Pacifi c Biosciences, Helicos HeliScope, 
Complete Genomics and Ion Torrent. A sequencing-based 
transcriptome analysis allows for the annotation of coding SNPs, 
discovery of transcript isoforms, identifi cation of regulatory RNAs, 
characterization of splice junctions, and determination of the 
relative abundance of transcripts [ 36 ]. As the cost and time to 
generate data are decreasing with the introduction of these different 
platforms, it is still important to address potential sources of error 
and error rates when selecting a specifi c technology to use.      
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    Chapter 8   

 Genotyping Technologies: Application to Biotransformation 
Enzyme Genetic Polymorphism Screening 

           Marjorie     Romkes      and     Shama     C.     Buch   

    Abstract 

   Pharmacogenomics encompasses several major areas: the study of polymorphic variations to drug response 
and disease susceptibility, identifi cation of the effects of drugs/xenobiotics at the genomic level, and genotype/
phenotype associations. The most common type of human genetic variations is single-nucleotide polymor-
phisms (SNPs). Several novel approaches to detection of SNPs are currently available. The range of new 
methods includes modifi cations of several conventional techniques such as PCR, mass spectrometry, and 
sequencing as well as more innovative technologies such as fl uorescence resonance energy transfer and 
microarrays. The application of each of these techniques is largely dependent on the number of SNPs to 
be screened and sample    size. The current chapter presents an overview of the general concepts of a variety 
of genotyping technologies with an emphasis on the recently developed methodologies, including a com-
parison of the advantages, applicability, cost effi ciency, and limitations of these methods.  

  Key words     Genotyping  ,   SNP detection  ,   Pharmacogenomics  ,   Biotransformation enzymes  ,   Genetic 
polymorphisms  ,   PCR  ,   Microarray  ,   Sequencing  

1       Introduction 

 The human genome is made up of approximately three billion 
nucleotides that code for all the macromolecules necessary for 
human life. The most common type of human genetic variations 
are single-nucleotide polymorphisms (SNPs), which are defi ned as 
DNA sequence variations that occur when a single nucleotide 
(A, T, C, or G) in the genome sequence is changed [ 1 ]. It is esti-
mated that only 1 in every 1,000 bases is different or that the DNA 
code is approximately 99 % identical between human subjects. 
SNPs may occur in coding and noncoding regions and may or may 
not result in altered gene expression or gene products. Even SNPs 
that do not themselves change protein expression and cause disease 
may be close on the chromosome or “linked” to deleterious muta-
tions. Because of this proximity, SNPs may be shared among 
groups of people with harmful but unknown mutations and serve 
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as markers for them. Such markers help unearth the mutations and 
accelerate efforts to fi nd therapeutic drugs. 

 One of the initial applications of the recent advances in the 
human genome sequencing project is the emerging fi eld of phar-
macogenomics. Pharmacogenomics encompasses several major 
areas: the study of polymorphic variations to drug response and 
disease susceptibility, identifi cation of the effects of drugs/xenobi-
otics at the genomic level, and genotype/phenotype associations. 
The promise of pharmacogenomics is that studies using genome- 
based technology will lead to the identifi cation of novel SNPs and 
the characterization of their impact on human health. The devel-
opment and application of screening technologies are therefore of 
high priority. 

 The last decade or so has witnessed a veritable explosion in the 
design and development of molecular genetic technologies that 
can be used in pharmacogenomic and molecular toxicological 
studies to understand the biological basis of complex traits and 
diseases and the relationship to environmental exposures. It is well 
recognized that characterization of DNA sequence variation will 
enable the identifi cation of novel genetic risk factors for disease, 
identifi cation of novel targets for drug therapies, and avoidance of 
adverse drug    reactions. The SNP consortium (a consortium of 
pharmaceutical and bio-informational companies, fi ve academic 
centers, and a charitable trust) is currently producing an ordered 
high-density SNP map of the human genome [ 2 ]. Furthermore, 
mapped SNPs are being placed regularly into public domain web-
sites (  http://snp.cshl.org    ). 

 For the last 25 years, the most commonly used approach to 
identify genes that infl uence traits has been meiotic or linkage 
mapping. All linkage analysis methods involve the assessment of 
the transmission and cosegregation of alleles at regions on the 
genome known as marker loci, with disease alleles assumed to be 
carried by family members exhibiting the disease of interest [ 3 ]. 
Unfortunately, linkage analysis has not proven powerful enough to 
detect genes infl uencing many common multifactorial diseases, 
primarily due to the fact that the study of genes with a small to 
moderate effect on a trait or a disease requires the collection of 
hundreds if not thousands of families for reliable results. 

 There are a variety of reasons why SNPs have emerged as an 
alternative form of sequence variation for gene identifi cation and 
mapping studies. Primary among them is the high frequency with 
which SNPs are found in the genome, lending utility for the dis-
covery of disease-related genes. SNPs are found throughout the 
genome, in exons, introns, intergenic regions, promoters, enhanc-
ers, etc. Therefore, they are likely to be associated with a functional 
or a physiologically relevant allele. Since SNPs occur in such great 
abundance over the genome, groups of neighboring SNPs may 
have alleles that show distinctive patterns of linkage disequilibrium 
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and may create a haplotypic diversity that can be exploited in both 
genetic linkage and direct association epidemiologic studies. 
Another advantage to studying SNPs is that since they typically 
have only two variant alleles, SNPs will have allele frequencies that 
will drift as a function of the dynamics of different populations, 
creating allele frequency differences that can be exploited in 
population- based studies. Lastly and most importantly, owing to 
their simple structure, the development of technologies that enable 
rapid, effi cient, and cost-effective genotyping of thousands of indi-
viduals for hundreds of SNPs has become possible. 

 A number of novel, high-throughput genotyping technologies 
have recently been developed, including various microarray for-
mats, matrix-assisted laser desorption/ionization time-of-fl ight 
(MALDI-TOF) mass spectrometry and TaqMan™ allele discrimi-
nation approaches. Even more recently, next-generation sequenc-
ing and “third-generation” sequencing have been introduced. 
However, these current state-of-the-art approaches do not yet 
meet all of the requirements for maximum utilization of genotyp-
ing information. A major issue with each of these approaches is the 
cost per SNP detection. Currently, most procedures involve poly-
merase chain reaction (PCR) amplifi cation of a target sequence, a 
somewhat costly and time-consuming method that limits possibili-
ties for automation. As the scale of genotyping analyses increases, 
the cost per genotype will need to decrease from the current level 
of approximately 1 to 3 dollars to pennies or tenths of pennies. 
A second key requirement for any genotyping technology is fl exibil-
ity. As new SNPs are identifi ed, there will be a need for rapid inclu-
sion of the novel SNP within the screening procedure. For several 
current commercially available preconfi gured microarrays, this is a 
major problem. Although it is now possible to more rapidly recon-
fi gure an existing microarray or develop a new custom array, these 
technologies are still associated with high costs for synthesis and 
further assay validation requirements. Additional requirements for 
an optimal genotyping approach include sensitivity (less than 1 ng 
genomic DNA/genotype), scalability, automation compatibility, 
and effi cient turnaround times. For most of these newer technolo-
gies, DNA template amount is not a problem, although the amount 
of input DNA for microarray analysis is relatively higher. 

 An overview of many of the genotyping approaches currently 
available, ranging from those developed in the late 1980s to those 
in development today, is provided below. 

      1.    Single-strand conformational polymorphism (SSCP)-PCR 
 SSCP analysis is one of the most widely used methods for 
mutation detection. DNA regions with potential polymor-
phisms are fi rst amplifi ed by PCR, the products are then 
 denatured, and the single strands thus formed are electropho-
resed on a polyacrylamide gel [ 4 ,  5 ]. A fragment with a single 
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base modifi cation migrates differently than wild-type DNA. 
Alternative conformation-based mutation screening methods 
include conformation-sensitive gel electrophoresis, chemical 
or enzymatic mismatch cleavage detection [ 6 ], denaturing gra-
dient gel electrophoresis [ 7 ], and denaturing HPLC [ 8 ]. The 
underlying principle of these methods is that the melting char-
acteristics of double-stranded DNA are defi ned by its sequence, 
and hence a single-base mismatch can produce conformational 
changes in the double helix that cause the differential migra-
tion of homoduplexes and heteroduplexes containing base 
mismatches during gel electrophoresis. This method is highly 
sensitive for identifying mutations in areas of highly GC-rich 
sequences.   

   2.    PCR mismatch cleavage detection 
 Mismatch cleavage detection takes advantage of the fact that 
mismatched bases are sensitive to cleavage by enzymes and 
chemicals [ 6 ]. After PCR amplifi cation, wild-type and variant 
alleles are subjected to denaturation/renaturation to create 
heteroduplex molecules. The products are electrophoresed 
side by side to detect the presence of mismatch cleaved mole-
cules following incubation with resolvases.   

   3.    Denaturing gradient gel electrophoresis (DGGE) 
 In DGGE, the PCR products are resolved on a denaturing 
gradient gel containing formamide and urea under tempera-
ture control [ 7 ]. SNPs are revealed by their migrational differ-
ences from wild-type homoduplexes. The major advantage of 
this method is its accuracy; however, its disadvantages are low 
throughput and diffi culty of optimization.   

   4.    Denaturing HPLC 
 In this method, polymorphisms are detected by analyzing the 
mobility of DNA heteroduplexes using chromatography under 
denaturing conditions [ 8 ]. The variant sample is fi rst hybrid-
ized with wild-type DNA to form a mixture of homo- and 
heteroduplexes. The heteroduplexes can be separated from the 
homoduplexes by column chromatography at a temperature 
that partially denatures the mismatched DNA.   

   5.    Restriction fragment length polymorphism PCR (RFLP-PCR) 
analysis 
 For RFLP-PCR analysis, a specifi c target region of genomic 
DNA is amplifi ed by PCR. The product is then digested with 
appropriate restriction enzyme(s) and visualized after being gel 
electrophoresed [ 9 ]. If the SNP produces a gain or a loss of the 
restriction site, the restriction pattern is altered and homozy-
gous wild-type, mutant, or heterozygote carriers are easily 
 identifi ed. A major limitation of this method is the require-
ment that the polymorphisms result in an altered restriction 
enzyme site.   
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   6.    Oligonucleotide ligation assay (OLA) genotyping 
 The OLA approach is based on the premise that hybridization 
with specifi c oligonucleotide probes effectively discriminates 
between wild-type and variant sequences [ 10 ]. Three probes are 
used in this assay, two allele-specifi c probes and a common fl uo-
rescent probe. The 5′ end of the common probe is immediately 
adjacent to the 3′ end of the allele-specifi c probe. The PCR 
product is incubated with the three probes in the presence of 
thermally stable DNA ligase. Ligation of the fl uorescently 
labeled probe to the allele-specifi c probe occurs only when there 
is a perfect match between the probe and the template. The 
wild-type and the variant genotypes are differentiated following 
electrophoresis of the ligated products. The major disadvantage 
of this method is that highly GC-rich regions make the allele-
specifi c ligation step diffi cult to optimize.   

   7.    Branch migration inhibition (BMI) 
 This technique is based on the fact that spontaneous strand 
exchange is inhibited by sequence differences between two 
DNA molecules [ 11 ]. Genomic DNA is amplifi ed using four 
primers. The two forward primers are 5′-labeled with either 
biotin or digoxigenin. The two reverse primers have similar 
priming sequences but different tail sequences, which consist 
of 20 nucleotides that are not complementary to the genomic 
target but are incorporated into the PCR products. The PCR 
products are then subjected to heat denaturation and reanneal-
ing of single strands to eventually form a doubly labeled, four- 
stranded cruciform DNA structure. When there is no mutation, 
the two arms of this structure are identical and strand exchange 
via branch migration leads to its complete dissociation into 
two duplex molecules, producing no signal. In the presence of 
a mutation, branch migration in the presence of Mg 2+  is inhib-
ited, and the cruciform structure does not get resolved. Thus 
the stable association of biotin and digoxigenin is detected by 
standard ELISA techniques. One of the primary limitations of 
BMI is that it cannot distinguish between homozygotes for 
two alternative alleles. It detects only heterozygotes and there-
fore requires an additional step, where a reference amplicon is 
added to each amplifi ed sample corresponding to one of the 
two possible homozygotes. The denaturation and branch 
migration steps are then repeated [ 11 ].      

  Pyrosequencing is a DNA sequencing technique based on the 
detection of released pyrophosphate (PPi) during DNA synthesis 
[ 12 ]. In a cascade of enzymatic reactions, visible light is generated 
which is proportional to the number of incorporated nucleotides. 
The cascade starts with a nucleic acid polymerization reaction in 
which inorganic PPi is released as a result of polymerase-mediated 
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incorporation of nucleotides. The released PPi is subsequently 
converted to ATP by ATP sulfurylase, which provides the energy to 
luciferase to oxidize luciferin and produce light. Since the added 
nucleotide is known, the sequence of the template can be determined. 
Pyrosequencing uses the Klenow fragment of  E .  coli  DNA Pol I. The 
ATP sulfurylase used in pyrosequencing is a recombinant version 
from the yeast  S .  cerevisiae , and the luciferase is from the American 
fi refl y  Photinus pyralis . 1 pmol of DNA yields 6 × 10 11  ATP molecules, 
which generates more than 6 × 10 9  photons at a wavelength of 
560 nm. A charge-coupled device camera easily detects this light. 
There are two different pyrosequencing strategies that are currently 
available: solid and liquid phase [ 13 ]. Solid- phase pyrosequencing 
utilizes immobilized DNA, and the excess substrate is washed off 
after each nucleotide addition. In liquid- phase pyrosequencing, a 
pyrase, a nucleotide-degrading enzyme, is introduced, thereby 
enabling the removal of the solid-phase support and intermediate 
washing. For SNP analysis using pyrosequencing, the 3′ end of the 
primer is designed to hybridize one or a few bases before the 
polymorphic position. Each allele combination provides a distinct 
pattern on the program readout. These programs can be analyzed 
manually or by the use of pattern recognition software [ 14 ].

    1.    Array pyrosequencing 
 Pyrosequencing can be applied to both ordered and random 
arrays. For example, the PSQ™ 96 System (Pyrosequencing 
AB, Westborough, MA) employs the use of a DNA array, a 
nucleotide delivery module, and a CCD camera. A sprayer is 
used to deliver all four different nucleotides. Current imaging 
technologies require a minimum of >5,000 template molecules. 
Several optimizations are still under way to enable the use of 
this technology for reliable high-throughput DNA sequencing, 
but the range of applications is growing as more institutions 
acquire the technology (  www.pyrosequencing.com    ).    

  Specialized software has been designed to automate the classi-
fi cation of genotypes for samples screened in a microtiter plate 
using an SNP genotyping algorithm. Based on pattern recogni-
tion, this algorithm both scores the genotype and provides a value 
for the quality of each SNP that is scored [ 14 ]. The assignment of 
this value is based on a number of different parameters, including 
differences in expected and obtained sequences around the SNP, 
signal-to-noise ratio, and variance in peak height and peak width.  

  Dynamic allele-specifi c hybridization (DASH) is essentially an 
enhanced form of allele-specifi c hybridization that uses a convenient 
microtiter plate format, a simple duplex-DNA intercalation 
for signal production, and a dynamic low–high-temperature sweep 
to capture all phases of probe–target-DNA melting [ 15 ]. 
For the purpose of DASH assay design, one needs to anticipate 
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target- DNA secondary structure problems, and a maximum 
negative threshold of −4.0 kcal/mol should be expected. Further, 
probe–target ratios of C + G percentages should be >1.0. Two 
probes are designed for each SNP, representing both allelic 
sequences complementary to the biotinylated strand of the PCR 
product. The plates containing the bound product, the probes, 
and a DNA- intercalating dye are subjected to a range of different 
temperatures to follow the decrease in fl uorescence as the 
temperature increases. The assay is repeated by using alternative 
allele-specifi c probes, and genotypes are scored from the 
fl uorescence curves obtained. Devices that support the DASH 
procedure have been used to analyze 89 intragenic SNPs [ 15 ].  

  Fluorescence resonance energy transfer (FRET) occurs when two 
fl uorescent dyes are in close proximity to one another and the emission 
spectrum of one overlaps the excitation spectrum of the other 
fl uorophore. Commonly used FRET-based technologies include the 
TaqMan™ assay (Applied Biosystems, Foster City, CA) and Molecular 
Beacons™ (Integrated DNA Technologies, Skokie, IA).

    1.    TaqMan™ genotyping 
 The basis for FREt allele discrimination and quantitation is to 
continuously measure PCR product accumulation using a 
dual-labeled fl uorogenic oligonucleotide probe, called a 
TaqMan™ probe [ 16 ]. This probe is composed of a short 
(~20–30 base) oligodeoxynucleotide that is labeled with two 
different fl uorescent dyes. On the 5′ terminus is a reporter 
dye, and on the 3′ terminus is a quenching dye. This oligo-
nucleotide probe sequence is homologous to an internal target 
sequence present in the PCR amplicon. When the probe is 
intact, energy transfer occurs between the two fl uorophores, 
and emission from the reporter is quenched by the quencher. 
During the extension phase of PCR, the probe is cleaved by 
the 5′ nuclease activity of DNA polymerase, thereby releasing 
the reporter from the oligonucleotide quencher and produc-
ing an increase in reporter emission intensity. The Applied 
Biosystems Sequence Detection systems use fi ber-optic sys-
tems that connect to each well in a 96-well PCR tray format. 
The laser light or tungsten-halogen lamp excitation source 
excites each well, and a CCD camera measures the fl uores-
cence spectrum and intensity from each well to generate real-
time data during PCR amplifi cation. The system software 
examines the fl uorescence intensity of reporter and quencher 
dyes and calculates the increase in normalized reporter emis-
sion intensity over the course of the amplifi cation. The results 
are then plotted versus time, represented by cycle number, to 
produce a continuous measure of PCR amplifi cation [ 16 ]. 
Several other companies also market real-time PCR detection 
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systems including Stratagene (La Jolla, CA) and BioRad 
(Hercules, CA). 

 Lee et al. [ 17 ] fi rst demonstrated that the 5′-nuclease assay 
could be used for allelic discrimination. In the assay, two 
TaqMan probes as described above are included in the reac-
tion, one specifi c for each allele. The probes are distinguished 
through the use of different fl uorescent reporter dyes (usually 
6-carboxy-fl uorescein [FAM] and 6-carboxy-4,7,2′,7′-
tetrachlorofl uorescein [TET]). A mismatch between probe 
and target greatly reduces the probe hybridization effi ciency 
and specifi c cleavage. Following PCR, an increase in the level 
of a FAM fl uorescent signal without an increase in the TET-
specifi c signal indicates that only the FAM-specifi c sequence 
(allele) was present and that the sample is homozygous (and 
vice versa). An increase in both reporter signals indicates het-
erozygosity. The software makes three separate calculations to 
arrive at the result for allele discrimination. First, using multi-
component analysis, the software determines the contribution 
of each component dye to the observed fl uorescence spectrum. 
Following this, these dye component results are normalized 
based on control reactions, which have no template, known 
allele 1 template, or known allele 2 template, that are run on 
the same plate. An allele 1 score (on a scale of 0–1) and an 
allele 2 score are calculated for each sample. Finally, the allele 
1 and 2 scores are normalized for the extent of the reaction, 
based on the results of the no-template control [ 18 ]. There are 
a number of factors that contribute to allelic discrimination 
based on a single mismatch. First is the thermodynamic contri-
bution due to the disruptive effect of a mismatch on hybridiza-
tion. A mismatched probe will have a lower melting temperature 
than a perfectly matched probe. Secondly, the assay is per-
formed under competitive conditions; therefore, the mismatch 
is prevented from binding because stable binding of an exact 
match probe blocks hybridization of the mismatch. Third, the 
5′ end of the probe must start to be displaced before cleavage 
occurs. Once a probe starts to be displaced, complete dissocia-
tion occurs faster with a mismatch than with an exact match.   

   2.    Molecular beacons 
 Molecular beacons are oligonucleotide probes that have two 
complementary DNA sequences fl anking the target DNA 
sequence and a donor acceptor dye pair at opposite ends of 
each probe [ 19 ]. The probe adopts a hairpin loop conforma-
tion with the reporter and the quencher dyes close together 
when it is not hybridized to the target, and therefore, no donor 
fl uorescence is generated. When hybridized to the right target 
sequence, the two dyes are separated and the fl uorescence 
increases. Thermal instability of the mismatched hybrids 
increases the specifi city of molecular beacons. For SNP geno-
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typing, two molecular beacons with exact sequence matches to 
the wild-type and variant alleles are used in the same PCR. The 
use of two differentially labeled molecular beacons in the same 
PCR reaction allows the simultaneous detection of three pos-
sible allelic combinations.      

  Multiplex automated primer extension analysis (MAPA) is a semi- 
automated fl uorescent method that can accurately and easily 
genotype multiple SNPs simultaneously [ 20 ]. This technique is a 
modifi cation of a commercially available protocol (SnaPshot, 
Applied Biosystems) that uses the extension of a primer designed 
to end one nucleotide 5′ of a given SNP with fl uorescent ddNTPs, 
followed by automatic sequencing on an ABI PRISM 377 
Sequencer. The MAPA modifi cation includes the incorporation of 
several primers corresponding to several SNPs in the same reaction 
and loading the primer extension products on a single gel lane. 
There is a limit on the number of SNPs one can multiplex with this 
method, dictated by the range of primer lengths (16–50 
nucleotides) and the minimum spacing in the primer length that 
allows for separation. Therefore, the maximum number of SNPs 
this method can multiplex is ~10–12 SNPs per sample. Another 
drawback is that primer orientation appears to affect the accuracy 
of genotyping heterozygotes, perhaps due to the formation of 
strand- specifi c secondary structures [ 20 ].  

  In 1981, Jorgenson and Lukacs were the fi rst to demonstrate 
electrophoretic separation of samples inside narrow bore capillaries 
fi lled with electrophoretic media [ 21 ]. Capillary electrophoresis 
was found to separate small molecules with a very high resolution. 
In recent years this technique has been modifi ed for the detection 
of point mutations and SNPs. The most widely employed of several 
modifi cations is a technique known as constant denaturant capillary 
electrophoresis (CDCE), coupled with high-fi delity PCR. This 
application has lent itself extremely well to high-throughput 
analysis of samples. CDCE combines the principles of capillary 
electrophoresis and DGGE in linear polyacrylamide matrices. The 
denaturing conditions in CDCE are achieved by heating a section 
of capillary in temperature-controlled water jacket. CDCE offers 
high resolution and amenability to automation, and, coupled with 
high-fi delity PCR, it is possible to measure point mutations at 
frequencies as low as 10 −6  in human genomic DNA [ 22 ]. The 
CDCE instrument has been further improved by the addition of a 
two- wavelength detector. This enables the use of two sets of 
samples labeled with two different fl uorescent dyes, thus permitting 
the comparison of two separate channels. Separation of PCR 
products is generally conducted in capillaries with an internal 
diameter of 75 μm at a constant current of 9 μA. Future integration 
of multiple capillary arrays and automation systems should increase 
the speed and the scale of this technique.  
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  Karas and Hillenkamp fi rst introduced MALDI-TOF mass 
spectrometry (MS) in 1988 as a revolutionary method for ionizing 
and mass-analyzing large biomolecules [ 23 ]. They discovered that 
irradiation of crystals formed by suitable small organic molecules 
(called the matrix) with a short laser pulse at a wavelength close to 
a resonant absorption band of the matrix molecules caused an 
energy transfer and desorption process, producing gas-phase matrix 
ions. They also found that when a low concentration of a non- 
absorbing analyte, such as a protein or a nucleic acid molecule, was 
added to the matrix in solution and embedded in the solid matrix 
crystals, the non-absorbing, intact analyte molecules were also 
desorbed into the gas phase and ionized upon irradiation, allowing 
their mass analysis. 

 Originally, MALDI-TOF MS was proposed as an alternative 
high-throughput technology for DNA sequencing to replace the 
conventional method. Enzymatic DNA sequencing coupled with 
MALDI-TOF mass spectrometric analysis has been shown to be 
effective at discovering previously unknown SNPs [ 24 ]. However, 
there is a loss of signal intensity and mass resolution with increas-
ing DNA size due to the size-dependent tendency of the phospho-
diester backbone of DNA to fragment during the MALDI process. 
Consequently a robust MALDI-based approach to SNP discovery, 
which requires sequencing of PCR products up to 300 bp in 
length, has not been demonstrated. This limitation has also ham-
pered attempts to analyze PCR amplicons containing SNPs directly. 
Additionally, during the MALDI process, double-stranded PCR 
products can dissociate into single strands of slightly different 
masses, which as a result are poorly resolved. Minisequencing has 
become the most widely used MALDI-TOF MS-based method for 
SNP analysis. It involves annealing of a primer to a template PCR 
amplicon downstream of an SNP. A mix of deoxynucleotide tri-
phosphates and dideoxynucleotide triphosphates are added to a 
PCR template and primer, along with a DNA polymerase. The 
polymerase extends the 3′ end of the primer by specifi cally incor-
porating nucleotides that are complementary to the sequence of 
the PCR product. Extension terminates at the fi rst position in the 
template where a nucleotide complementary to one of the ddNTPs 
in the mix occurs. MALDI-TOF MS-based methods have been 
developed in which extended primers are solid phase purifi ed and 
are detected by mass spectrometry; the identity of the polymorphic 
nucleotide is determined by measuring the mass of the extended 
primer [ 25 ]. 

 The greatest promise of MALDI-TOF MS for SNP analysis lies 
in its ability to genotype many SNPs rapidly, accurately, and simul-
taneously. Recently, another approach to MALDI-TOF MS has 
been developed that does not require a PCR amplifi cation step. 
This direct approach (Invader assay, Third Wave Technologies, 
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Madison, WI) involves the sequence-specifi c hybridization of two 
oligonucleotides to form an overlapping structure at the polymor-
phic position [ 26 ]. Enzymatic cleavage and amplifi cation of an 
allele-specifi c, short oligonucleotide signal molecule, which is 
derived from this overlap structure, follow this. The signal mole-
cules produced in this reaction contain a biotin group, enabling 
solid-phase sample preparation by capturing these molecules on 
streptavidin-coated magnetic beads. They are then washed to 
remove contaminants, and the clean signal molecules are eluted for 
MALDI-TOF MS analysis.  

  The DNA microarray chip has revolutionized the application of 
high-throughput genotyping in the last few years. A DNA 
microarray is a small chip, generally about a square centimeter, 
most commonly made of glass, plastic, or silicon. SNP analysis with 
the DNA microarray chip is a hybridization-based genotyping 
technique that enables the simultaneous analysis of many 
polymorphisms. High-density microarrays are created by attaching 
hundreds of thousands of oligonucleotides to a solid silicon surface 
in an ordered array. The DNA of interest is PCR amplifi ed to 
incorporate fl uorescently labeled nucleotides and then hybridized 
to the chip [ 27 ]. Each oligonucleotide in the array acts as an allele- 
specifi c probe. Well-matched sequences hybridize more effi ciently 
than mismatched sequences and therefore give stronger fl uorescent 
signals. The signals are quantitated by high-resolution fl uorescent 
scanning and analyzed by sophisticated software programs. Many 
biotechnology companies have developed and are marketing DNA 
microarrays, including Illumina, Inc., Affymetrix, Inc., Agilent, 
and Roche/NimbleGen [ 28 – 31 ].  

  Microsphere-based techniques have been described in the literature 
for a number of applications but have been furthest developed by 
Luminex (Austin, TX). The Luminex technology couples existing 
fl ow cytometric technology with color-coded microspheres, each 
of which carries an individual assay. The approach is rapid and 
extremely fl exible. The fi rst use of fl ow cytometry for analysis of 
microsphere-based immunoassays was published in 1977 [ 32 ] and 
was reviewed by McHugh in 1994 [ 33 ]. The fl ow cytometer is able 
to discriminate different particles based on size or color, therefore 
resulting in the potential for multiplex analysis. The Luminex 
system is based on the principle that panels are created by combining 
up to 100 different microsphere-based assays into a single sample 
test. Multiplexed assays can be run on sample volumes as small as 
5 μL. Each assay is individually constructed around a single 
microsphere set with its own identifying fl uorescent color. Each set 
of microspheres is manufactured with unique relative proportions 
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of red and orange fl uorescent dyes. The system consists of 100 
distinct sets of fl uorescent microspheres and a standard bench top 
fl ow cytometer interfaced with a personal computer containing a 
digital signal processing board. Individual sets of microspheres can 
be modifi ed with reactive components such as oligonucleotides, 
antigens, or antibodies and then mixed to form a multiplexed assay 
set. A further advantage is that the system is extremely fl exible and 
permits easy incorporation of new endpoint measures. This 
contrasts with DNA microarray chip technology, which is not only 
more expensive but also has less fl exibility in making new probes 
available as new mutant alleles are identifi ed. So instead of requiring 
the reconfi guration and synthesis of a new chip when a new mutant 
allele is to be added to the screening panel, the Luminex system 
simply requires the addition of an additional oligonucleotide 
hybridized microsphere [ 34 ]. 

 The Luminex technology is very amenable to studies of SNP 
genotyping owing to its fl exible format. One can visualize an assay 
where a bank of prelabeled probes is held in reserve and an inves-
tigator or a clinician can pick and choose the SNPs for which to 
   screen. One drawback of the technology however is that it requires 
a considerable amount of time for assay optimization and valida-
tion, particularly in the multiplex format. For this reason, many 
investigators have decided to wait for the availability of commercial 
kits for use on the instrument. 

 Another method using the microsphere-based Luminex assays 
has also been developed for successful multiplexing of SNPs. The 
conventional Luminex assay using single base chain extension 
(SBCE) has been modifi ed into an allele-specifi c primer extension 
(ASPE) reaction [ 34 ]. This method utilizes a pair of allele-specifi c 
primers that differ from each other at the 3′ end and encode differ-
ent “ZipCode” sequences at the 5′ end, in the same reaction. The 
DNA polymerase extends only one primer if the template DNA 
sequence is homozygous, whereas both primers are extended in 
heterozygotes. The ASPE reaction eliminates the necessity of post- 
PCR cleanup and the addition of unlabeled nucleotides.  

  DNA sequencing is the process of determining the nucleotide 
order within a genome. Because of the essential nature of DNA to 
living things, knowledge of DNA sequence is useful in practically 
any biological research. DNA sequencing can be used to identify, 
diagnose, and potentially develop treatments for genetic diseases. 

 There are several approaches to DNA sequencing: (1) dide-
oxy sequencing, such as Sanger-based sequencing methods; (2) 
cyclic array sequencing; (3) sequencing by hybridization; (4) 
 microelectrophoresis; (5) mass spectrometry; and (6) nanopore 
sequencing. Among these, cyclic array sequencing is a new 
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 generation of non-Sanger- based sequencing technologies and 
holds promise for sequencing DNA at unprecedented coverage, 
throughput, and low cost, thereby enabling many new applica-
tions including the characterization of novel pharmacogenomic 
markers [ 35 – 37 ]. These next-generation high-throughput 
strategies include the Solexa sequencing technology using the 
Illumina Genome Analyzer, 454 Sequencing with the Roche 
Genome Sequencer, and SOLiD™ System by Applied Biosystems 
[ 37 ]. Third-generation sequencing technologies are now 
becoming commercially available and include technologies from 
Pacifi c Biosciences, Helicos HeliScope, Complete Genomics, 
and Ion Torrent. Both the price and time to sequence a com-
plete genome decrease with these latest technologies which 
include refi nements of sequencing-by-synthesis and single-
molecule sequencing [ 38 ].   

2     Example Application: Genotyping Analysis of the  CYP2D6  Gene 

 As mentioned above, the application of SNP genotyping analyses 
to pharmacogenetic endpoints is of growing clinical importance. 
The genetic polymorphisms associated with specifi c human CYP 
and phase II enzymes typically occur with variable frequency in 
different populations or ethnic groups and may result in poor 
metabolizers (PMs) or extensive metabolizers (EMs) for specifi c 
substrates. CYP2D6 metabolizes up to 20 % of commonly pre-
scribed medications, including antidepressant/psychotics, antiar-
rhythmics, and beta-blockers and many environmental agents [ 39 ]. 
There is a wide intersubject variability in the pharmacokinetics of 
all CYP2D6-metabolized substrates, which exhibit variations in 
clearance over a 20–200-fold range depending on the agent under 
study. To date, over 74 allelic variants in the human  CYP2D6  gene 
have been identifi ed, many of which are associated with either 
decreased or enhanced metabolic activity [ 35 ]. The  CYP2D6  gene 
represents a challenge for genotyping due to the fact that the 
numerous polymorphisms are due to not only single-nucleotide 
substitutions or deletions but also gene deletions, duplications, 
and presence of pseudogenes. 

 For  CYP2D6 , the 80 known variants are associated with many 
possible combinations of polymorphic SNPs and regions [ 40 ]. The 
number of SNPs within a particular variant allele ranges from a 
single SNP (for example  CYP2D6 * 1B ) to eight SNPs (for example 
 CYP2D6 * 4G ). Four unique SNPs in exons 3, 4, 8, and 9 
are observed among the *6 variant allele subfamily. While the 
T1707Del SNP would identify a *6 variant, genotyping analysis 
would require the screening of all four of these SNPs in order 
to distinguish between the *6 A, B, C, and D variant alleles. 
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Screening for only 4 of the 60 currently known possible SNPs 
results in redundant variant allele classifying information, i.e., 
screening for 56 SNPs is required for the accurate and complete 
elucidation of the  CY2D6  genotype. 

 A number of novel, high-throughput genotyping approaches 
have recently been developed, yet these do not meet all of the 
requirements for maximum utilization of genotyping information. 
For example, PCR-based techniques such as PCR-RFLP, PCR 
SSCP, and OLA are time consuming, are labor intensive, and do 
not provide large amounts of information quickly, i.e., it is not pos-
sible to multiplex using any of these techniques. Furthermore, 
gene duplications and gene deletions such as those present in 
 CYP2D6  cannot be identifi ed. 

 Sequencing-based techniques are extremely accurate but again 
are laborious and not yet cost effective to be routinely used in the 
clinic. Furthermore, when multiple SNPs are necessary to defi ne a 
variant allele and they lie in different regions of the gene, as they 
do in  CYP2D6 , numerous fragments would have to be sequenced 
in order to genotype an individual. FRET-based techniques do not 
provide a solution for multiplexing either, as the time and cost of 
optimizing assays far outweigh the ability to genotype for all the 
various SNPs. However, TaqMan-based assays are extremely useful 
in genotyping for the common variants of CYP2D6 using com-
mercially available kits. Microsphere-based techniques using both 
SBCE and ASPE techniques coupled with fl ow cytometry and 
microtiter-based assays are promising in their applications for mul-
tiplexing. Multiple PCR products can be screened simultaneously 
using specifi c probes, thus enabling detection of SNPs that are far 
apart.  CYP2D6  genotyping, for example, therefore poses a great 
challenge, especially since none of the latest techniques allows for 
the detection of gene duplications and deletions in a speedy and 
cost-effective manner.  

3     Summary 

 A major challenge for large-scale pharmacogenetic studies is to 
compare thousands of polymorphisms among numerous individu-
als. Therefore, its success depends on user-friendly and cost- 
effective technology that can be applied on a large scale. 
Furthermore, the availability and screening of large populations 
will be required to validate and discover new SNPs. In addition, 
data management and interpretation continue to pose a challenge, 
as we are faced with new technology that provides us with vast 
amounts of information. We provide a comparison of the different 
SNP detection techniques along with their advantages and disad-
vantages in Table  1 .
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    Chapter 9   

 TaqMan™ Fluorogenic Detection System to Analyze 
Gene Transcription in Autopsy Material 

              Kaori     Shintani-Ishida     ,     Bao-Li     Zhu    , and     Hitoshi     Maeda   

    Abstract 

   Real-time polymerase chain reaction using a TaqMan fl uorogenic detection system is a simple and sensitive 
assay for quantitative analysis of gene transcription. This method is of potential usefulness in quantifying 
mRNA of a target gene in autopsy material that has undergone only a small amount of postmortem 
degradation. The TaqMan fl uorogenic detection system can monitor PCR in real time using a dual-labeled 
fl uorogenic hybridization probe (TaqMan probe) and a polymerase with 5′–3′ exonuclease activity. The 
procedures of the quantitative reverse transcription polymerase chain reaction are as follows: RNA is 
extracted from autopsy material and used to synthesize cDNA by an RT reaction, and the target of interest 
is amplifi ed and detected by the real-time PCR. The absolute amount of target mRNA in the sample is 
then determined relative to a standard curve. This chapter describes the methodology of the TaqMan 
fl uorogenic detection system in handling autopsy material in the gene transcription assay.  

  Key words     Real-time PCR  ,   TaqMan fl uorogenic detection system  ,   Quantifi cation  ,   mRNA  ,   Autopsy 
material  ,   TaqMan probe  

1      Introduction 

  Northern blot hybridization [ 1 ], ribonuclease protection [ 2 ,  3 ], 
primer extension [ 4 ], and reverse transcription polymerase chain 
reaction (RT-PCR) [ 5 ] assays, in general, are used for the analysis 
of gene expression. The RT-PCR assay may be the simplest and 
most sensitive method to analyze gene transcription in autopsy 
material. Quantitative RT-PCR is a combination of an optimized 
system for RT reaction and PCR amplifi cation followed by the 
detection, discrimination, and quantifi cation of the PCR products. 
There are two standard quantifi cation strategies, competitive and 
kinetic PCR [ 6 ,  7 ]. In competitive PCR [ 6 ], adequate numbers of 
preliminary experiments are necessary to control the PCR effi -
ciency and the initial target amount, because the standard cDNA is 
co-amplifi ed with the target. Furthermore, the end-point detec-
tion of the PCR products limits the detection range due to the 

1.1  Real-Time 
Quantitative RT-PCR
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“plateau effect” of the PCR. On the other hand, kinetic PCR [ 7 ], 
taking data points from a series of PCR cycles, makes these prelimi-
nary experiments simple and the detection range wide. The 
TaqMan™ fl uorogenic detection system automatically performs 
kinetic PCR by monitoring the PCR in real time [ 8 ]. Using this 
system, which has a high sample throughput and is protected from 
contamination due to elimination of post-PCR sample handling, 
the quantitative analysis of mRNA has become more practical. This 
method also appears to have potential value in the gene expression 
analysis of autopsy material [ 9 ,  10 ].  

  The TaqMan fl uorogenic detection system is based on fl uorescence 
resonance energy transfer of the dual-labeled fl uorogenic hybrid-
ization probe [ 11 ] and the 5′–3′ exonuclease activity of  Taq  
polymerase cleaving the probe during the extension phase of PCR 
[ 12 ]. The TaqMan probe consists of an oligonucleotide with a 
5′-reporter dye and a 3′-quencher dye. The reporter fl uorescence 
dye (fl uorescein) linked to the 5′ end of the oligonucleotide is 
quenched by the quencher fl uorescence dye (rhodamine) located 
at the 3′ end. During PCR, if the target of interest is present, the 
probe specifi cally anneals between the forward and reverse primer 
sites. The 5′–3′ exonucleolytic activity of the  Taq  polymerase 
cleaves the probe only if the probe hybridizes to the target. The 
nuclease degradation of the hybridization probe releases the 
quenching by the 3′-quencher dye, resulting in an increase in fl uo-
rescent emission of the 5′-reporter dye. 

 The ABI PRISM ®  sequence detector allows continuous mea-
surement of the fl uorescent spectra of all 96 wells of the thermal 
cycler during PCR amplifi cation. Therefore, these reactions are 
monitored in real time. A computer algorithm compares the 
amount of the 5′-reporter dye emission ( R ) with the 3′-quencher 
dye emission ( Q ) throughout amplifi cation, generating a ∆ Rn  
value ( R / Q ). The ∆ Rn  value refl ects the amount of hybridization 
probe that is degraded. The algorithm fi ts an exponential function 
to the ∆ Rn  values of every PCR extension cycle, generating an 
amplifi cation plot (Fig.  1a ). The algorithm calculates the cycle 
( C  T ) at which each PCR amplifi cation reaches a signifi cant 
threshold, which is proportional to the amount of target present in 
the sample (Fig.  1b ). Therefore, the  C  T  value is a measurement of 
the concentration of the target cDNA found in each sample. The 
TaqMan fl uorogenic detection system is performed using ABI 
PRISM ®  7000, 7700, or 7900HT sequence detector (Applied 
Biosystems, Foster City, CA), and similar real-time kinetic quanti-
tative PCR is available from other companies, including the 
LightCycler™ (Roche Diagnostics, Mannheim, Germany), iCycler 
iQ™ (Bio-Rad, Hercules, CA), and Smart Cycler ®  (TaKaRa, Kyoto, 
Japan) systems.  

1.2  Methodology 
of the TaqMan 
Fluorogenic 
Detection System

Kaori Shintani-Ishida et al.
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   The amount of the target nucleic acid is determined from a standard 
curve and normalized to an endogenous reference, usually a house-
keeping gene, e.g., glyceraldehyde-3-phosphate dehydrogenase 
[ 13 ], β-actin [ 14 ], or 18S ribosomal RNA [ 15 ]. It is possible to 
perform both absolute and relative quantifi cations. In a study of drug 
effects on gene expression, the relative quantifi cation, which expresses 
the target amount as an  n -fold difference to the  appropriate 

1.3  Determination 
of the Target Amount

  Fig. 1       Construction of a relative standard curve. ( a ) Amplifi cation plot for the 
target gene, in this case pulmonary surfactant-associated protein A2. Various 
concentrations (0.2, 0.4, 1.0, 2.0, 4.0, 10, and 20 ng) of total RNA isolated from 
human cadaveric lung were analyzed using RT-PCR. The threshold ∆ Rn  value 
was determined to be 0.05 in the exponential phase of the amplifi cation plot. 
( b ) Relative standard curve plotting log total RNA amount vs.  C  T  value calculated 
from the amplifi cation plot       

 

Gene Expression in Autopsy Material
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control (e.g., untreated sample), may be the more suitable method. 
For the relative quantifi cation of RNA, any stock RNA or DNA 
(PCR product) can be used to prepare standards, because the unit 
from the standard curve and the effi ciency of the RT step drop out 
when the sample quantity is divided by the control quantity.   

2    Materials 

      1.    RNA later ™ (Ambion, Austin, TX).      

       1.    ISOGEN (Nippon Gene, Toyama, Japan).   
   2.    Chloroform.   
   3.    Isopropanol.   
   4.    70 % Ethanol.   
   5.    High-salt preparation solution: 1.2 M NaCl, 0.8 M sodium 

citrate in RNase-free water.   
   6.    RNase-free water.   
   7.    Mixer Mill MM 300 (Qiagen, Hilden, Germany).   
   8.    3-mm Tungsten carbide bead (Qiagen;  see   Note 1 ).      

      1.    TaqMan Reverse Transcription Reagents (Applied Biosystems).   
   2.    Custom RT primer.   
   3.    RNase-free water.      

      1.    TaqMan PCR Core Reagents Kit with AmpliTaq Gold 
(Applied Biosystems).   

   2.    Custom primers.   
   3.    Custom TaqMan probe.   
   4.    RNase-free water.   
   5.    MicroAmp Optical Tube (Applied Biosystems).   
   6.    MicroAmp Optical Cap (Applied Biosystems).   
   7.    MicroAmp 96-well Tray/Retainer Set (Applied Biosystems).       

3    Methods 

      1.    Cut a tissue specimen to a maximum thickness in any one 
dimension of 0.5 cm (e.g., 0.5 cm × 1 cm × 1 cm).   

   2.    Immerse the fresh tissue in 5 vol of RNA later ™ ( see   Note 2 ).   
   3.    Store at 4 °C until RNA isolation ( see   Note 3 ).      

2.1  Tissue Collection

2.2  Isolation 
of Total RNA

2.3  Reverse 
Transcription

2.4  Real-Time PCR

3.1  Tissue Collection

Kaori Shintani-Ishida et al.
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      1.    Remove tissue from the storage solution with sterile forceps.   
   2.    Submerge 50 mg of the tissue in 1 mL ISOGEN in a 2-mL 

polypropylene microtube with a 3-mm tungsten carbide bead.   
   3.    Disrupt the tissue by shaking at 1,800 oscillations/min for 

1 min using the Mixer Mill MM 300 ( see   Note 5 ).   
   4.    Leave sample for 5 min at room temperature.   
   5.    Add 0.2 mL of chloroform to the sample, mix by vortexing for 

15 s, and leave for 2–3 min at room temperature.   
   6.    Centrifuge at 12,000 ×  g  for 15 min at 4 °C.   
   7.    Transfer the upper aqueous phase (carefully avoiding the inter-

phase, which contains DNA and proteins) to a fresh 1.5-mL 
polypropylene microtube, add a half volume (approx 300 μL) 
of mixed isopropanol and high-salt preparation solution ( see  
Subheading  2.2 ), and leave for 5 min at room temperature.   

   8.    Centrifuge at 12,000 ×  g  for 10 min at 4 °C. The RNA pellet 
should be visible at the bottom of the tube.   

   9.    Decant the supernatant, and wash the pellet by adding 1 mL of 
70 % ethanol followed by centrifugation at 7,500 ×  g  for 5 min 
at 4 °C.   

   10.    Remove the supernatant, and allow the pellet to dry with the 
tube open at room temperature.   

   11.    Resuspend the pellet in 100 μL of RNase-free water.   
   12.    Calculate RNA purity and the concentration of the sample by 

measuring UV absorbance.      

      1.    Design primer pair and probe according to the guidelines described 
by Applied Biosystems, using Primer Express™ software. The 
most important points to remember are the following:
   (a)    The maximum amplicon size should not exceed 400 bp.   
  (b)    No G on the 5′ end of a probe.   
  (c)    The estimated  T  m  for the probe should be 5–10 °C higher 

than the estimated  T  m  for the primers.       
   2.    Design any primer and probe to span an exon–intron junction 

to avoid the amplifi cation of contaminating genomic DNA 
( see   Note 6 ).      

      1.    Make a tenfold dilution of each RNA sample with RNase-free 
water ( see   Note 8 ).   

   2.    Prepare the RT mix for the number of samples to be analyzed: 
1× TaqMan RT buffer, 5.5 mM magnesium chloride, 500 μM 
of each dNTP, 2.5 μM or 200 nM RT-primer ( see   Note 9 ), 
0.4 U/μL RNase inhibitor, and 1.25 U/μL MultiScribe 
Reverse Transcriptase (Applied Biosystems), for 9 μL fi nal 
volume per sample.   

3.2  Isolation of Total 
RNA ( See   Note 4 )

3.3  Primer 
and Probe Design 
for Real-Time PCR

3.4  Reverse 
Transcription 
( See   Note 7 )

Gene Expression in Autopsy Material
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   3.    Add 1 μL of RNA (up to 200 ng of total RNA) to each RT mix 
and spin in a microcentrifuge to remove air bubbles and to 
collect the liquid at the bottom of the tube.   

   4.    Incubate at 25 °C for 10 min, 48 °C for 30 min, and 95 °C for 
5 min ( see   Note 10 ).      

      1.    Thaw all reagents except the enzyme and the RNase inhibitor, 
mix by vortexing, spin down the tube contents, and keep on 
ice. Keep the enzyme and the RNase inhibitor in a freezer until 
immediately prior to use. Protect the TaqMan Probe from 
excessive exposure to light.   

   2.    Prepare the PCR mix for the number of samples to be ana-
lyzed: 1× TaqMan buffer A, 5.5 mM magnesium chloride 
( see   Note 11 ), 200 μM dATP, 200 μM dCTP, 200 μM dGTP, 
400 μM dUTP ( see   Note 12 ), 100 nM TaqMan probe, 200 nM 
forward primer ( see   Note 11 ), 200 nM reverse primer ( see  
 Note 11 ), 0.01 U/μL AmpErase Uracil  N -glycosylase (UNG) 
( see   Note 12 ), and 0.025 U/μL AmpliTaq Gold DNA 
polymerase, for 40 μL fi nal volume per sample.   

   3.    Place MicroAmp Optical Tubes in a MicroAmp 96-well Tray, 
and transfer 40 μL of the PCR mix to the tubes.   

   4.    Add 10 μL of cDNA to the PCR mix in the corresponding 
tubes ( see   Note 13 ) and mix by pipetting up and down.   

   5.    Using fresh MicroAmp Optical Caps, cap the tubes and briefl y 
spin down to remove bubbles and collect the liquid at the bot-
tom of the tube.   

   6.    Transfer the plate to the thermal cycler block of the sequence 
detector and perform real-time quantitative PCR: 2 min at 
50 °C (incubation of UNG); 10 min at 95 °C (activation of 
AmpliTaq Gold DNA polymerase); and 40 cycles at 95 °C for 
15 s and 65 °C for 1 min.      

      1.    The amounts of the target and endogenous reference are 
determined from the appropriate standard curves.   

   2.    The target amount is then divided by the endogenous reference 
amount to obtain a normalized target value.   

   3.    The normalized target value is then divided by the normalized con-
trol value to generate the relative expression level ( see   Note 14 ).       

4    Notes 

        1.    Other commercial tungsten carbide beads are available.   
   2.    RNA later ™ is a tissue storage reagent, which rapidly perme-

ates tissue to stabilize and protect cellular RNA. RNA later  is 
particularly useful for gene analysis in autopsy material, releasing 

3.5  Real-Time PCR

3.6  Determination 
of the Target Amount

Kaori Shintani-Ishida et al.
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the user from the obligation to immediately process tissue 
specimens or to freeze samples in liquid nitrogen for later 
processing.   

   3.    RNA later  preserves RNA in tissues for 1 month or more at 
4 °C. Tissues in RNA later  can also be stored at −20 or −80 °C 
for long term.   

   4.    Total RNA may be prepared by any of the common procedures 
provided that the preparation results are essentially devoid of 
proteins. A commercial reagent (ISOGEN) containing guani-
dinium thiocyanate and phenol is typically used.   

   5.    The Mixer Mill MM 300 provides rapid and effi cient disruption 
of up to 192 biological samples in a few minutes. Disruption is 
achieved through the beating and grinding effects of a bead on 
the sample material as they are shaken together in the grinding 
vessel. The used grinding vessels and beads are disposable. The 
Mixer Mill is a high-sample- throughput and biosafety system 
for disruption of autopsy material.   

   6.    To check for the amplifi cation of contaminating genomic 
DNA, the negative control (without RT reaction) should be 
examined concomitantly during PCR.   

   7.    Reverse transcription can be performed as a separate reaction 
from the PCR (two-step RT-PCR) or can be coupled to the 
PCR in the same tube (one-step RT-PCR). Two-step RT-PCR 
has the advantage of producing a stock of cDNA that can be 
used for multiple PCR assays.   

   8.    The optimal concentration of the template is essential for an 
effi cient RT reaction. Otherwise the RT and PCR of a later pro-
cess necessary for quantifi cation will often result in failure. 
However, particularly in small and degraded RNA from autopsy 
material, it may be diffi cult to calculate the possible amount of 
the template for RT-PCR by UV absorbance. Therefore, a ten-
fold diluted sample should be determined concomitantly.   

   9.    Random hexamer, oligo d(T) 16 , or sequence-specifi c reverse 
primer can be used. If a random hexamer or an oligo d(T) 16  
primer is used, the fi nal concentration is 2.5 μM. The fi nal 
concentration of a sequence-specifi c reverse primer is 200 nM.   

   10.    If a sequence-specifi c reverse primer is used, the fi rst incuba-
tion at 25 °C for 10 min is not necessary.   

   11.    A few variables may have to be optimized to achieve an accu-
rate result on a TaqMan fl uorogenic detection system. The 
optimum concentrations of the primers and of magnesium 
chloride should be specifi cally determined by empirical testing 
for optimizing PCR and hybridization of the TaqMan probe.   

   12.    UNG is a nuclease that acts on single- and double-stranded dU-
containing DNA. It has no activity on RNA or dT- containing 

Gene Expression in Autopsy Material
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DNA. Therefore, UNG treatment can prevent the reamplifi ca-
tion of carryover PCR products that have been synthesized 
using dUTP instead of dTTP before.   

   13.    Do not label the tubes and the caps.   
   14.    If the PCR effi ciencies of target and endogenous reference are 

approximately equal, the comparative  C  T  method can be used. 
The comparative  C  T  method is similar to the relative standard 
curve method, except that it uses arithmetic formulae, not a 
standard curve. Refer to the user bulletin from Applied 
Biosystems [ 16 ] for the arithmetic formulae.         
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    Chapter 10   

  32 P-Postlabeling Analysis of DNA Adducts 

           David     H.     Phillips      and     Volker     M.     Arlt   

    Abstract 

    32 P-Postlabeling analysis is an ultra-sensitive method for the detection of DNA adducts, such as those 
formed directly by the covalent binding of carcinogens and mutagens to bases in DNA and other DNA 
lesions resulting from modifi cation of bases by endogenous or exogenous agents (e.g., oxidative damage). 
The procedure involves four main steps: enzymatic digestion of the DNA sample; enrichment of the 
adducts; radiolabeling of the adducts by T4 kinase-catalyzed transference of  32 P-orthophosphate from 
[γ- 32 P]ATP; chromatographic separation of labeled adducts; and detection and quantifi cation by means of 
their radioactive decay. Using 10 μg of DNA or less, it is capable of detecting adduct levels as low as 1 
adduct in 10 9 –10 10  normal nucleotides. It is applicable to a wide range of investigations, including moni-
toring human exposure to environmental or occupational carcinogens, determining whether a chemical 
has genotoxic properties, analysis of the genotoxicity of complex mixtures, elucidation of the pathways of 
activation of carcinogens, and monitoring DNA repair.  

  Key words     DNA adducts  ,    32 P-Postlabeling, T4 polynucleotide kinase  ,   Nuclease P 1   ,   Complex 
mixtures  ,   DNA repair  ,   Oxidative DNA damage  ,   Carcinogens  ,   Mutagens  ,   Genotoxicity  ,   Environmental 
carcinogens  ,   Thin-layer chromatography  ,   HPLC  ,   DNA digestion  

1      Introduction 

 A common mechanism by which carcinogens initiate the process of 
malignant transformation is through damaging the DNA in the 
target organ in such a way that errors in replication can be induced. 
In many cases this damage is in the form of a chemical modifi cation 
of one of the nucleotides in DNA, in which the carcinogen becomes 
covalently bound to form a stably modifi ed nucleotide–a DNA 
adduct [ 1 ]. When a replication error occurs at a critical site in a 
gene essential for cell cycle control or genomic integrity, such as a 
proto-oncogene, tumor-suppressor gene, or DNA repair gene, the 
result can be a progeny cell that lacks the normal growth restraints 
of that cell’s lineage, and that is the origin of a clonal expansion 
into a tumor. Thus, the monitoring of DNA adduct formation 
in human tissues and experimental systems is an important 
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component of studies of the etiology of cancer and of hazard 
identifi cation for carcinogens and mutagens. 

 Because of the low levels of DNA adduct formation that can 
result in tumor initiation, sensitive methods are required for detect-
ing these events. A number of methods are currently available that 
fulfi l some or all of the necessary criteria [ 2 ,  3 ]. These include 
earlier approaches in which the carcinogen itself was radiolabeled, 
so that its binding to DNA could be detected by means of its radio-
active decay. However, this method was not applicable to monitor-
ing human exposure to carcinogens, nor to any situation where 
exposure occurs over a prolonged period, owing to the economics 
and safety issues of long-term exposure to radioactive substances. 
As another approach, antibodies have been prepared to a selected 
range of carcinogen–DNA adducts, and these have been used to 
detect adducts of various classes in human and animal tissues [ 3 ]. 
Sensitive fl uorescence detection methods have also been developed 
for those classes of carcinogen–DNA adducts that are fl uorescent, 
such as etheno adducts and those formed by polycyclic aromatic 
hydrocarbons, and mass spectrometry has been applied in a num-
ber of instances. The latter method provides the most defi nitive 
characterization of adduct structure of all the methods available. 

 The basis of the  32 P-postlabeling method for DNA adduct 
detection is that the radiolabel is introduced into the adduct  after  
it is formed [ 4 ]. This overcomes the problem of radioactive con-
tainment during the initial experiment and allows retrospective 
analysis for DNA adducts, which is particularly important for 
human studies. Furthermore, the use of  32 P as the labeling isotope 
allows for a level of sensitivity not achievable with longer lived iso-
topes. For most applications, the principal stages of the 
 32 P-postlabeling assay are digestion of the DNA to nucleoside 
3′-monophosphates, enrichment of the adducts to enhance the 
sensitivity of the assay, 5′-labeling of the nucleotides with 
 32 P-orthophosphate (catalyzed by T4 polynucleotide kinase), chro-
matographic and/or electrophoretic separation of the labeled spe-
cies, followed by their detection and quantifi cation. 

 The 32P-postlabeling method was originally developed for sim-
ple alkyl- modifi ed DNA adducts [ 5 ] but was then adapted for the 
detection of bulky aromatic and/or hydrophobic adducts with high 
sensitivity [ 6 ]. One of the two principal enhancement procedures 
that followed was digestion of the nucleotides with nuclease P 1  prior 
to labeling, resulting in normal nucleotides, but not many adducts, 
being converted to nucleosides which are not substrates for T4 poly-
nucleotide kinase [ 7 ]. The other method was extraction of the aro-
matic/hydrophobic adducts into butanol as a means of separating 
them from the unadducted normal nucleotides [ 8 ]. For these meth-
ods, the labeled adducts are resolved and detected as nucleoside 
3′,5′-bisphosphates. However, alternative digestion strategies, car-
ried out both before and after  32 P-postlabeling, can lead to the 
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production of labeled nucleoside 5′-monophosphates [ 9 ] (Fig.  1 ). 
For some applications, the possession of only one charged phos-
phate group can result in better resolution of carcinogen–DNA 
adducts and, additionally, can improve confi dence in the assignment 
of structures to unknown species on the basis of co-chromatography 
with synthetic standards. Since the earliest days of the assay’s use, 
resolution of DNA adducts has been most commonly achieved by 
multi-directional thin-layer chromatography (TLC), using polyeth-
yleneimine (PEI)-cellulose plates [ 6 ]. Alternatively, high-perfor-
mance liquid chromatography (HPLC) offers a technique of higher 
resolution that is being used increasingly frequently [ 10 – 12 ]. For 
small DNA lesions, such as those resulting from oxidative damage to 
DNA, polyacrylamide gel electrophoresis (PAGE) of DNA digests 
has also proved useful for resolving the  32 P-postlabeled species [ 13 ].

   The  32 P-postlabeling assay currently has multiple applications 
that include monitoring human exposure to environmental car-
cinogens, mechanistic investigations of carcinogen activation and 
tumor initiation, monitoring DNA repair, testing new compounds 
for genotoxicity, investigating endogenous DNA damage and oxi-
dative processes, monitoring marine pollution through measure-
ment of DNA adducts in aquatic species, and assessing patient 
response to cytotoxic cancer drugs [ 14 ,  15 ]. 

DNA

NP1

PNK + ATP

NP1PNK + ATP

Xp + Np

XpN + N *pXpN *pX + pN

*pXp + *pNp

Xp + N

Xp

*pXp *pX

MN + SPD

NP1 + PAP PNK + ATP VPD

PNK + ATPExtraction

  Fig. 1    Methods of  32 P-postlabeling. Protocols are given in this chapter for procedures indicated by  bold arrows . 
Labeled species are indicated by  bold letters . X, adducted or modifi ed nucleosides; N, normal nucleosides; p, phos-
phate; *p, [ 32 P]phosphate; MN, micrococcal nuclease; SPD, spleen phosphodiesterase; NP1, nuclease P 1 ; PAP, 
prostatic acid phosphatase; PNK, T4 polynucleotide kinase; ATP, [γ- 32 P]ATP; VPD, venom phosphodiesterase       
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 There are several advantages of  32 P-postlabeling over other 
methods. It does not require the use of radiolabeled test com-
pounds, making it useful in experiments where multiple dosing is 
required, and it is applicable to a wide range of chemicals and types 
of DNA lesion. Prior structural characterization of adducts is not 
required, although some assumptions about their likely chromato-
graphic properties may be necessary. It has been used to detect 
DNA adducts formed by polycyclic aromatic hydrocarbons, aro-
matic amines, heterocyclic amines (food mutagens), small aromatic 
compounds (such as benzene, styrene, and alkenylbenzenes), 
alkylating agents, products of lipid peroxidation, reactive oxygen 
species, and ultraviolet radiation. It requires only microgram quan-
tities of DNA and is capable of detecting some types of DNA 
adducts at levels as low as 1 adduct in 10 10  normal nucleotides in 
this amount of material. It can be applied to the assessment of the 
genotoxic potential of complex mixtures of chemicals, such as 
environmental airborne combustion products, particulates, and 
industrial or environmental pollutants. 

 The method is not without its limitations, however [ 16 ]. DNA 
lesions that are not chemically stable as mononucleotides will not 
be detected reliably. The method does not directly provide struc-
tural information on adducts, and identifi cation of adducts often 
relies on demonstrating their co-chromatography with characterized 
synthetic standards. Such standards can provide the means for 
determining the effi ciency of labeling and detection, whereas in 
the absence of standards adduct levels may be underestimated. In 
the case of complex mixtures, suitable standards often cannot be 
defi ned. The method has also been found to detect endogenously 
derived DNA adducts that may, in some instances, mask the forma-
tion of adducts formed by the compound under investigation [ 16 ]. 

 In applying  32 P-postlabeling to an investigation of the DNA bind-
ing activity of a compound or a mixture, the investigator is faced with 
a number of decisions concerning the choice of enhancement proce-
dure to be used and the chromatographic conditions to be applied. 
The protocols given here should be regarded as providing guidance 
for an initial investigation. In many cases it may be necessary to try 
several different approaches before the best procedure is found. 

 Following the adoption of  32 P-postlabeling by many laborato-
ries and its use for an increasingly diverse number of applications, 
it became apparent that protocols varied widely from laboratory to 
laboratory, even for analysis of the same types of carcinogen–DNA 
adducts [ 17 ]. Therefore, an international interlaboratory trial was 
initiated to establish a set of standardized protocols that would 
allow comparisons between studies from different laboratories, 
particularly in the interpretation of human biomonitoring studies 
[ 18 ]. Furthermore, validated modifi ed DNA samples, containing 
adducts derived from benzo[ a ]pyrene, 4-aminobiphenyl and 
2-amino-1-methyl-6-phenylimidazo[4,5- b ]pyridine (PhIP), were 
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prepared, as was DNA containing O 6 -methylguanine [ 18 – 20 ], and 
these standards have been made available to investigators to enable 
them to determine the effi ciency of the  32 P-postlabeling assay in 
their hands. 

 The protocols described here can be considered as an intro-
ductory approach to the method and are based on validated studies 
of known carcinogen–DNA adducts. When a new or unknown 
type of DNA adduct is being investigated, it cannot be asserted 
that these conditions will be optimal for its detection and quantifi -
cation. Indeed, different carcinogen–DNA adducts have been 
shown to be postlabeled with different effi ciencies [ 18 ,  21 ].  

2    Materials 

      1.    Use double-distilled water or equivalent throughout.   
   2.    SpeedVac evaporator (cat. no. DNA120-115, Thermo 

Scientifi c, Pittsburgh, PA).   
   3.    Micrococcal nuclease (MN; cat. no. N3755, Sigma, Poole, 

Dorset, UK). Dissolve enzyme in water to give 500 mU/μL 
( see   Note 1 ).   

   4.    Spleen phosphodiesterase (SPD; from calf spleen, Type II; 
Calbiochem cat. no. 524711, through Merck Chemicals, 
Nottingham, UK). Dissolve enzyme in water to give 15 mU/
μL ( see   Note 2 ).   

   5.    MN/SPD mix: Dilute MN and SPD stock solutions in water 
to give a fi nal concentration of 30 mU/μL MN and 10 mU/
μL SPD ( see   Note 3 ).   

   6.    Digestion buffer: 100 mM sodium succinate, pH 6.0, 50 mM 
CaCl 2 .   

   7.    Vortex mixer (e.g., Benchmixer XL, Sigma).   
   8.    Microcentrifuge (e.g., Model 5424, Eppendorf AG, Hamburg, 

Germany).   
   9.    All solutions can be stored at −20 °C in small aliquots. Enzymes 

may be kept for at least 6 months without loss of activity, but 
repeated freeze–thaw cycles should be avoided.      

      1.    0.25 M Sodium acetate buffer, pH 5.0.   
   2.    2.0 mM ZnCl 2 .   
   3.    1.25 mg/mL Nuclease P 1  (Sigma cat. no. N8630) ( see   Note 4 ).   
   4.    0.5 M Tris base.   
   5.    All solutions can be stored at −20 °C in small aliquots.      

      1.    Buffer A: 100 mM ammonium formate, pH 3.5.   
   2.    Buffer B: 10 mM tetrabutylammonium chloride.   

2.1  DNA Digestion

2.2  Nuclease P 1  
Digestion

2.3  Butanol 
Extraction
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   3.    1-Butanol (redistilled, water saturated).   
   4.    1-mL Syringe with blunt-ended needle.   
   5.    200 mM Tris–HCl, pH 9.5.   
   6.    All solutions should be stored at 4 °C.      

      1.    T4 polynucleotide kinase (with or without 3′-phosphatase activity; 
USB [Affymetrix] cat. no. 70031X, High Wycombe, UK).   

   2.    Kinase buffer: 200 mM bicine, pH 9.0, 100 mM MgCl 2 , 
100 mM dithiothreitol, 10 mM spermidine.   

   3.    [γ- 32 P]ATP: >3,000 Ci/mmol (Hartmann-Analytic cat. no. 
HP601ND, Braunschweig, Germany).   

   4.    All solutions must be stored at −20 °C in small aliquots.      

        1.    20 × 20 cm PEI-impregnated cellulose TLC sheet (cat. no. 
801053 Macherey-Nagel, through Hichrom, Reading, UK) 
( see   Note 5 ).   

   2.    No.1 fi lter sheets (cat. no. 1001 917 Whatman [GE Healthcare], 
Kent, UK).   

   3.    D1: 1 M sodium phosphate, pH 6.0 ( see   Note 6 ).   
   4.    D2: 3.5 M lithium formate, 8.5 M urea, pH 3.5 ( see   Notes 7  and  8 ).   
   5.    D3: 0.8 M lithium chloride, 0.5 M Tris–HCl, 8.5 M urea, pH 

8.0 ( see   Note 8 ).   
   6.    Effi ciency solvent: 250 mM ammonium sulfate, 40 mM sodium 

phosphate.   
   7.    Specifi c activity solvent: 0.5 M sodium phosphate, pH 6.0.      

      1.    2 pmol/μL 2′-Deoxyadenosine 3′-monophosphate, in distilled 
water.   

   2.    Autoradiography fi lm or an electronic imaging device (e.g., 
Canberra Packard InstantImager, Downers Grove, IL, or 
Biospace BetaImager, Paris, France).      

      1.    4 M Pyridinium formate, pH 4.5.   
   2.    Methanol.   
   3.    HPLC solvent A: 0.5 M sodium phosphate, pH 3.5/methanol 

(70:30, v/v).   
   4.    HPLC solvent B: 0.5 M sodium phosphate, pH 3.5/methanol 

(45:55, v/v).   
   5.    Phenyl-modifi ed reversed-phase column (e.g., 250 × 4.6 mm, 

particle size 5 μm, Zorbax Phenyl).   
   6.    HPLC system with in-line radioactivity monitor.       

2.4  DNA Postlabeling

2.5  Thin-Layer 
Chromatography

2.6  Detection 
and Quantifi cation

2.7  HPLC 
Co-chromatography
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3    Methods 

      1.    Take 4 μg DNA solution in a 1.5-mL tube and evaporate to 
dryness in a Speedvac evaporator.   

   2.    Add 4 μL MN/SPD mix and 0.8 μL digestion buffer/sample. 
Vortex and centrifuge to ensure complete mixing.   

   3.    Incubate at 37 °C overnight.      

       1.    To the above digest add 2.4 μL sodium acetate buffer, 1.44 μL 
ZnCl 2 , and 0.96 μL nuclease P 1 /sample. Incubate at 37 °C 
for 1 h.   

   2.    Stop the reaction by addition of 1.92 μL Tris base.      

       1.    Increase the volume of DNA digest from 4.8 to 50 μL with 
water.   

   2.    Premix 15 μL Buffer A, 15 μL Buffer B, and 70 μL water/
sample.   

   3.    Add 100 μL of premix to the side of the tube.   
   4.    Immediately add 250 μL of butanol, and vortex for 60 s at 

high speed.   
   5.    Microcentrifuge at 8,000 ×  g  for 90 s. Remove upper butanol 

layer and keep.   
   6.    Repeat  steps 4  and  5 .   
   7.    To pooled butanol extracts add 400 μL butanol-saturated 

water. Vortex for 60 s. Microcentrifuge as above.   
   8.    Remove water through the butanol layer using a syringe, being 

careful not to remove any of the butanol.   
   9.    Repeat  step 7  twice, discarding the water each time.   
   10.    Add 4 μL 200 mM Tris–HCl to washed butanol. Vortex briefl y.   
   11.    Speedvac to dryness. Redissolve in 50 μL water by vortexing, 

and speedvac to dryness again.   
   12.    Redissolve in 11.5 μL of water.      

        1.    Premix stock labeling mixture (number of samples + 2) for 
each sample from 1.0 μL kinase buffer, 6 U T4 polynucleotide 
kinase, and 50 μCi [γ- 32 P]ATP/sample ( see   Note 10 ). Add 
appropriate volume to each solution remaining from 
Subheading  3.2 ,  step 2 , or  3.3 ,  step 12 .   

   2.    Incubate at 37 °C for 30 min.   
   3.    Staple a 10 × 12-cm Whatman no. 3 paper wick to the top edge 

of a 10 × 20 cm PEI-cellulose TLC sheet as shown in Fig.  2 . 

3.1  DNA Digestion

3.2  Nuclease P 1  
Digestion

3.3  Butanol 
Extraction

3.4  Labeling of 
Adducts ( See   Note 9 )
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Spot the whole of each sample onto the origin of this sheet. 
Keep tube for effi ciency test ( see  Subheading  3.5 ).

       4.    Run in D1 overnight with wick hanging outside tank 
( see   Note 11 ).   

   5.    Cut plates down to 10 × 10 cm as shown in Fig.  2 .   
   6.    Wash plates twice in water, and dry plates with cool air.   
   7.    Run in D2 and D3 in directions shown in Fig.  2 . Before each 

run, dip lower edge of plate in water to give an even solvent 
front. Lids should be taken off tanks for 15 min at the end of 
the run.   

   8.    Wash plates twice in water and cool air-dry between solvents.      

       1.    Wash bottom of tube ( see  Subheading  3.4 ,  step 3 ) with 50 μL 
water.   

   2.    Vortex and microcentrifuge.   
   3.    Spot 5 μL near lower edge of a 10 × 20-cm PEI-cellulose 

TLC sheet.   
   4.    Run in solvent from Subheading  2.5 ,  item 5 , to top edge 

( see   Note 12 ).      

      1.    Take 3 μL of 2′-deoxyadenosine 3′-monophosphate (6 pmol) + 
premix from Subheading  3.4 ,  step 1 . Incubate at 37 °C for 
30 min.   

   2.    Dilute to 1.0 mL. Spot 2 × 5 μL 2 cm from the lower edge of a 
10 × 20-cm PEI-cellulose TLC sheet. Run in solvent from 
Subheading  2.5 ,  item 6 , to top edge.   

   3.    Visualize and count adenosine bisphosphate spot ( see   Note 13 ).   
   4.    This will give you dpm/pmol after allowing for dilution and 

effi ciency of counting. Divide by 2.22 × 10 3  to give Ci/mmol.      

3.5  Test for 
Effi ciency of 
Enrichment 
Techniques

3.6  Determining the 
Specifi c Activity of 
[γ- 32 P]ATP

12cm

10cm8.5cm

1.5

Whatman wick

Origin

cm

  Fig. 2    Diagram showing multi-directional thin-layer chromatography procedures 
for the resolution of  32 P-labeled adducts on PEI-cellulose       
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      1.    Adducts can be visualized by placing plates in cassettes with 
autoradiography fi lm and keeping at −80 °C for several hours, 
up to 4 days. Adduct spots can then be cut from the plate and 
quantifi ed in a scintillation counter. Alternatively, an 
InstantImager or a BetaImager can be used, which will give the 
results in a few minutes.   

   2.    cpm of the adduct should be corrected for effi ciency of the 
counting procedure and divided by the amount of 
DNA labeled to give dpm/μg. Dividing this by the specifi c 
activity fi gure of dpm/fmol will give fmol of adduct/μg DNA. 
Results can be expressed in this way or as adducts per 10 8  nor-
mal nucleotides. To arrive at this latter fi gure divide the num-
ber of fmols by 0.03, as 33 adducts per 10 8  nucleotides are 
equivalent to 1 fmol/μg DNA.      

      1.    Cut the adduct spot out of the PEI-cellulose TLC sheet and 
put in a scintillation vial ( see   Note 14 ).   

   2.    Add 500 μL pyridinium formate, and shake gently overnight 
( see   Note 15 ).   

   3.    Microcentrifuge extracts at 8,000 ×  g  for 90 s to remove small 
particles.   

   4.    Speedvac to dryness. Redissolve in 100 μL water and methanol 
(mix 1:1, v/v).      

      1.    Analyze aliquots (e.g., 50 μL) of the above extract on a phenyl- 
modifi ed reversed-phase column with a linear gradient of 
methanol (from 30 to 55 % in 45 min) in 0.5 M sodium phos-
phate, pH 3.5 ( see   Note 16 ). Measure the radioactivity eluting 
from the column by monitoring Cerenkov radiation through a 
radioactivity detector.       

4    Notes 

     1.    Dialyze the MN solution to remove residual oligonucleotides 
using a 10K Slide-A-Lyzer from Pierce (cat. no. 66425, through 
Perbio Science UK, Tattenhall Cheshire, UK) suspended in 
5 L distilled water at 4 °C for 24 h. Change water once.   

   2.    Dialyze the SPD to remove ammonium salts, which may inhibit 
the labeling, using the same reagents and volumes as in  Note 1 .   

   3.    Note that bovine phosphodiesterase from Sigma or 
Worthington has not proved to be equivalently active. It may 
be necessary to vary the amount used depending on the type 
of adducts to be detected.   

   4.    Nuclease P 1  solutions (in water) should be stored at −20 °C.   

3.7  Imaging 
and Quantifi cation

3.8  Extraction 
of Adducts for HPLC 
Co-chromatography

3.9  HPLC 
Co-chromatography
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   5.    Plates should be prerun with distilled water and dried to 
remove a yellow contaminant, which may lead to an increased 
background.   

   6.    1 M sodium phosphate is usually suffi cient for many bulky 
adducts, but smaller or more polar adducts may require higher 
concentrations (1.7–2.3 M sodium phosphate) to avoid 
streaking.   

   7.    Use lithium hydroxide to adjust pH to 3.5.   
   8.    D2 and D3 are suitable for many lipophilic bulky adducts, but 

considerable variation is possible both in concentration and 
content.   

   9.     Caution : [γ- 32 P]ATP is a high-energy β-particle emitter, and 
due regard should be given to handling the material. Exposure 
to  32 P should be avoided, by working in a confi ned laboratory 
area, with protective clothing, shielding, Geiger counters, and 
body dosimeter. We normally use 1-cm thick Perspex or glass 
shielding between the operator and the source material 
throughout. We routinely wear two pairs of medium-weight 
rubber gloves and handle the tubes with 30-cm forceps. An 
appropriate Geiger counter should be on during the whole 
procedure, and working areas should be monitored before and 
after work. All apparatus should be checked for contamination 
and cleaned when appropriate by immersion in a suitable 
decontamination fl uid (RBS 35 or Decon). Waste must be dis-
carded according to appropriate local safety procedures.   

32Pi

pTp

pAp

pGp

pCp

ATP

  Fig. 3    One-dimensional chromatography of  32 P-labeled normal nucleotides on 
PEI-cellulose       
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   10.    It may be possible to use lesser amounts of [γ- 32 P]ATP/sample 
(e.g., 10–25 μCi) [ 22 ], but the minimum amount that can be 
used may vary depending on the type of adducts to be detected 
and their levels.   

   11.    The top of the tank and the lid should be wrapped around with 
cling fi lm to avoid contamination with radioactivity.   

   12.    Poor effi ciency of either enrichment procedure will be demonstrated 
by the appearance of the four normal nucleotide spots ( see  Fig.  3 ). 
If there is no indication of excess ATP, then the sample should be 
discarded.

       13.    When quantifying the standard, it is necessary to run a blank 
using water instead of standard and to subtract the value 
obtained as background.   

   14.    The origin after D1 can also be cut out of the PEI-cellulose 
TLC sheet.   

   15.    The extraction can be monitored by measuring Cerenkov radi-
ation in a scintillation counter before and after the extraction 
procedure.   

   16.    Depending on the adduct type other HPLC conditions may be 
more suitable.         
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Chapter 11

Modification of the 32P-Postlabeling Method to Detect 
a Single Adduct Species as a Single Spot

Masako Ochiai, Takashi Sugimura, and Minako Nagao

Abstract

The original 32P-postlabeling method developed by Randerath and his colleagues has been modified to 
detect a single type of adduct as a single spot in thin-layer chromatography (TLC), because some types of 
adducts gave multiple adduct spots by the original method. In the remodified methods, DNA is first 
digested with micrococcal nuclease and phosphodiesterase II and then labeled with [γ-32P]ATP under 
standard or adduct intensification conditions. Since the labeled digest includes adducted mono-, di-, and/
or oligo-deoxynucleotides, it is further treated with phosphatase and phosphodiesterase prior to TLC. The 
labeled digest is treated with nuclease P1 (NP1) in Method I, with T4 polynucleotide kinase and NP1 in 
Method II, and then with phosphodiesterase I in both cases and subjected to TLC. The advantage of these 
methods is that the number of adduct species formed can be estimated by TLC.

Key words Adducted deoxynucleoside 5′-phosphate, Nuclease P1, T4 polynucleotide kinase, 
Phosphatases, Phosphodiesterase I, Phosphodiesterase II, Micrococcal nuclease, Intensification 
method, Standard method, Method I, Method II

1  �Introduction

The 32P-postlabeling method devised by Randerath and his group 
[1, 2] is widely used to detect DNA adducts formed in vitro and in 
vivo with various mutagens and carcinogens. The advantages of 
this method (and simple modifications like butanol extraction and 
use of nuclease P1 [NP1] to detect adducts with high efficiency) 
are introduced in Chapter 10. The principle is to detect DNA 
lesions as adducted deoxynucleoside 3′, 5′-diphosphate elements. 
However, with the established methodology, a single type of 
adduct is not necessarily detected as a single spot, owing to incom-
plete digestion of the adducted DNA.

In this chapter, approaches are introduced that allow for the 
detection of single adducted forms as single spots, with modifications 
to the original Randerath method. In these methods, DNA is first 
digested with micrococcal nuclease (MN) and phosphodiesterase II 
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(PDE II), labeled with [γ-32P]ATP under standard [2] or adduct 
intensification conditions [3], and the labeled digests obtained are 
further treated with NP1, T4 polynucleotide kinase (PNK), and 
phosphodiesterase I (PDE I), before analysis of adducted deoxynucle-
oside 5′-phosphate formation by thin-layer chromatography (TLC).

In some cases, the labeled DNA digests include mono-,  
di-, and/or oligo-deoxynucleotides: [32P]pX(pN)np, where X is an 
adducted deoxynucleoside, and N is a normal deoxynucleoside. By 
treatment with NP1, the 3′-phosphate of [32P]pX(pN)np can be 
removed to yield [32P]pX(pN)n [4, 5], and further treatment with 
PDE I may then produce [32P]pX and n(pN). Some types of 
adducted deoxynucleoside 3′, 5′-diphosphate are, however, resis-
tant to the phosphatase activity of NP1, although they may remain 
sensitive to that of PNK. Thus, in Method I, labeled digests are 
treated with NP1, and in Method II, with PNK and NP1, and then 
treated with PDE I in both cases, as shown in Fig. 1. It is known 
that the optimum pH for the 3′-phosphatase activity of PNK is 5.9 
while that for its kinase activity is 6.5–8.5 [6].

To give a concrete example, when DNA from rats treated with 
the foodborne mutagenic/carcinogenic heterocyclic amine, 
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), was 
analyzed by the 32P-postlabeling method under standard or inten-
sification conditions, several adduct spots were detected on TLC, 
and the spot for authentic N-(deoxyguanosine-8-yl)-2-amino- 
1-methyl-6-phenylimidazo[4,5-b]pyridine 3′, 5′-diphosphate  
(3′, 5′-pdGp-C8-PhIP) coincided with a minor adduct spot, 
although it has been demonstrated to be the sole adduct of PhIP 
by high-performance liquid chromatography (HPLC) analysis 
using [3H]PhIP [7, 8]. The many spots were demonstrated to be 
due to incomplete digestion of DNA [8]. A similar result was also 
obtained with a second heterocyclic amine, 2-amino-3, 
4-dimethylimidazo[4,5-f]quinoline (MeIQ) [9]. However, single 
spots were generated with DNA from animals treated with either 
PhIP or MeIQ by Method I [8, 9].

Fig. 1 Principle of the modified method. *, 32P-label; X and Y, modified deoxynucleosides; N, normal deoxynu-
cleoside. 3′ phosphates of pXp and pX(pN)np seem to show the same susceptibility to the enzymes. In Method 
I, NP1 and PDE I treatments and in Method II PNK, NP1, and PDE I treatments are performed. NP1, nuclease P1; 
PDEI, phosphodiesterase I; PNK, T4 polynucleotide kinase
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In the case of another heterocyclic amine, 2-amino- 
3-methylimidazo[4,5-f]quinoline (IQ), five spots were detected 
on TLC by the standard method [10], and for two of them their 
structures were tentatively identified as N-(deoxyguanosine-8-yl)-
2-amino-3-methylimidazo[4,5-f]quinoline 3′, 5′-diphosphate 
(pdGp-C8-IQ) [11] and 5-(deoxyguanosine-N2-yl)-2-amino-3-
methylimidazo[4,5-f]quinoline (pdGp-N2-IQ) [12]. Relatively 
large amounts of radioactivity were also present in the three 
remaining unidentified spots. When Method I was applied for the 
analysis of IQ-DNA adducts, four spots were detected, and pdGp-
N2-IQ was demonstrated to be resistant to the phosphatase activ-
ity of NP1. However, it was converted to pdG-N2-IQ with PNK, 
with or without NP1 [10]. Thus, for IQ-DNA adducts, Method II 
is the more appropriate, and by this method, spots of pdG-C8-IQ 
and pdG-N2-IQ, and a very small radioactive spot representing an 
unknown form of adduct, could be detected [10].

Recoveries with these modified methods are very close to those 
with the standard and intensification methods, in other words, 
very high even after treatment with PNK, NP1, and PDE I. These 
results indicate that 32P-labeled oligonucleotides have modified 
bases at the 5′-most position.

A major advantage of these methods is that the number of 
adduct species formed in vivo and/or under in vitro conditions can 
be estimated by simple TLC.

2  �Materials

	 1.	0.01× SSC, 0.1 mM EDTA: Make as 1× SSC (0.15 M NaCl, 
0.015  M Na citrate), 10  mM EDTA. The solution can be 
stored at 4 °C (see Note 1).

	 2.	MN (Worthington, Freehold, NJ): Dissolve in water to give 
4 U/μL (see Note 2).

	 3.	PDE II from bovine spleen (Worthington): Dissolve in water 
to give 40 mU/μL.

	 4.	Nuclease mixture: Mix MN and PDE II solutions at a ratio of 
1:1 to give final concentration of 2 U/μL and 20 mU/μL for 
MN and PDE II, respectively.

	 5.	Digestion buffer: 0.1 M sodium succinate, 0.05 M CaCl2, pH 
6.0. This can be stored at 4 °C.

	 1.	[γ-32P]ATP with a specific activity of approx 260 TBq/mmol 
(~370 MBq/60 μL, e.g., ICN Biomedical, Irvine, CA).

	 2.	T4 PNK: 10 U/μL (e.g., Takara Shuzo, Kyoto, Japan).
	 3.	10× Kination buffer: 0.3 M Tris–HCl, 0.1 M dithiothreitol, 

0.1 M MgCl2, 0.01 M spermidine, pH 9.5.

2.1  �DNA Digestion

2.2  �Postlabeling

Single Adducts as Single Spots
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	 4.	ATP solution: 200 μM.
	 5.	Kination solution A (10 μL used for each tube): 1.5 μL of 10× 

kination buffer, 1 μL PNK, 5 μL [γ-32P]ATP, and 3 μL ATP 
solution (see Notes 3 and 4).

	 6.	Kination solution B (5 μL used for each tube): 1.5 μL of 10× 
kination buffer, 0.5 μL PNK, 1.5 μL [γ-32P]ATP, and 1.5 μL of 
water.

	 1.	Potato apyrase: 20 mU/μL (Sigma, St. Louis, MO).
	 2.	Polyethyleneimine (PEI)-cellulose TLC sheets (95 mm height; 

Polygram CEL 300 PEI, Macherey-Nagel, Duren, Germany) 
(see Note 5).

	 3.	0.5 M LiCl.
	 4.	Chromatochamber.
	 5.	Scintillation counter or BioImaging Analyzer (BIA; e.g., 

BAS2000; Fuji, Tokyo, Japan).

	 1.	NP1: Dissolve in water to give 1.6  U/μL (Yamasa Shoyu, 
Choshi, Japan).

	 2.	PDE I: Dissolve in water to give 20 mU/μL (Worthington).
	 3.	Digestion buffer I: 0.3 M sodium citrate, pH 5.3. This can be 

stored at 4 °C.
	 4.	1 mM ZnCl2. This can be stored at 4 °C.
	 5.	0.3 N HCl.
	 6.	0.5 M Tris base. This can be stored at 4 °C.

	 1.	NP1: Same as in Subheading 2.4, item 1.
	 2.	PNK: Dissolve in water to give 10  U/μL (New England 

BioLabs, Beverly, MA).
	 3.	PDE I: Same as in Subheading 2.4, item 2.
	 4.	Digestion buffer II: 0.2 M sodium citrate buffer, pH 5.7. This 

can be stored at 4 °C.
	 5.	1 mM ZnCl2: Same as in Subheading 2.4, item 4.
	 6.	0.3 N HCl: Same as in Subheading 2.4, item 5.
	 7.	0.5 M Tris base: Same as in Subheading 2.4, item 6.

	 1.	PEI-cellulose TLC sheet: Same as in Subheading 2.3, item 2. 
Cut to 20 × 20 cm. Keep at 4 °C.

	 2.	Whatman no.1 filter sheets.
	 3.	D1: 2.3 M sodium phosphate buffer, pH 6.0.
	 4.	D2: 3.4 M lithium formate, 6.4 M urea, pH 3.5 (see Note 6).
	 5.	D3: 0.7 M NaH2PO4, 8.5 M urea, pH 8.0 (see Note 6).
	 6.	D4: 1.7 M sodium phosphate buffer, pH 6.0.

2.3  Total Nucleotide 
Analysis

2.4  Digestion  
of Adducted 
Oligonucleotides  
by Method I

2.5  Digestion  
of Adducted 
Oligonucleotides  
by Method II

2.6  Thin-Layer 
Chromatography  
of Labeled Adducts
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3  �Methods

	 1.	Dissolve DNA in 0.01× SSC and 0.1 mM EDTA at a concen-
tration of 2 μg/μL.

	 2.	Transfer 5 μL of the DNA solution, 1.5 μL of water, 1.5 μL of 
the nuclease mixture, and 2 μL of digestion buffer to a 1.5-mL 
tube.

	 3.	Incubate at 37 °C for 3–3.5 h, and microcentrifuge at 8000 × g 
for 5 min at 4  °C. Dilute a 2-μL aliquot of the supernatant 
with 58 μL of water (see Note 7).

	 1.	Standard condition: Transfer an aliquot of 5 μL of the diluted 
DNA digest and 10 μL of kination solution A to a 1.5-mL tube 
and incubate at 37 °C for 1 h. Spin down in a microcentrifuge 
at 4 °C (see Note 8). Proceed to Subheading 3.3.

	 2.	Adduct intensification condition: Transfer an aliquot of 5 μL 
of DNA digest, 5 μL of water, and 5 μL of kination solution B 
to a 1.5-mL tube and incubate at 37 °C for 1 h.

	 1.	Transfer an aliquot of 2 μL of the 32P-labeled sample to a 0.5-
mL tube, add 5.4 mU of apyrase, and incubate at 37 °C for 
45 min.

	 2.	Add water to make a total of 250 μL.
	 3.	On a PEI-cellulose sheet, draw 1-cm2 grids, 3 cm from the base.
	 4.	Spot an aliquot of 5 μL on a PEI-cellulose sheet, and dry.
	 5.	Develop with LiCl solution to the top edge.
	 6.	Check separation of nucleotides (origin) from phosphate  

(Rf: approx 0.2) by exposure to an X-ray film for approximately 
3 min.

	 7.	Carefully cut out the squares containing nucleotides. Place in 
scintillation vials, add 3 mL toluene cocktail, and count over 
the entire energy window (see Note 9).

	 1.	Adjust the pH of the remaining sample (13 μL) of the incubate 
from Subheading 3.2, step 1, or Subheading 3.2, step 2, to 
approx 6.0 by adding 1.8 μL of 0.3 N HCl.

	 2.	To the tube, add 1 μL of NP1 solution (1.6 U), 1 μL of ZnCl2 
solution, and 1.5 μL of digestion buffer I (pH 5.3) and incu-
bate at 37 °C for 10 min (see Note 10).

	 3.	Adjust the pH to 8.0–9.0 by adding 3 μL of 0.5 M Tris base.
	 4.	Add 1.5 μL of PDE I solution (30 mU) to this tube and incu-

bate at 37 °C for 30 min. Proceed to Subheading 3.6.

3.1  �DNA Digestion

3.2  32P-Postlabeling 
by the Standard 
Method or Adduct 
Intensification Method

3.3  Total Nucleotide 
Analysis

3.4  Adduct Analysis 
by Method I

Single Adducts as Single Spots
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The 3′-phosphate of some of the adducts are resistant to NP1 
phosphatase activity. In this case, prior PNK treatment is useful.

	 1.	Adjust the pH of the remaining sample (13 μL) to approx 6.0 
by adding 1.3 μL of 0.3 N HCl.

	 2.	Add 3 μL of PNK solution (30 U) and 1.5 μL of digestion buf-
fer II pH 5.7 (the final concentration of citrate is 16 mM) to 
the tube and incubate at 37 °C for 30 min.

	 3.	Add another 1 μL of PNK solution (10 U) and incubate at 
37 °C for 30 min.

	 4.	Add 0.7 μL of NP1 solution (1.1 U) and 1 μL of ZnCl2 solu-
tion and incubate at 37 °C for 10 min.

	 5.	Adjust the pH to approx 8.0 by adding 3 μL of 0.5 M Tris base.
	 6.	Add 1.5 μL of PDE I solution (30 mU) and incubate at 37 °C 

for 30 min. Proceed to Subheading 3.6.

Similar TLC conditions as described in Chapter 10 are applicable, 
although migration distances differ from the adducted 
deoxynucleoside diphosphate case. Run D3 twice (see Note 11). 
Run D4 in the same direction as D3 after attaching a 35-mm 
Whatman filter paper to the top edge of the filter paper.

	 1.	Visualize and quantify adduct spots as described in Chapter 10, 
Subheading 3.7, step 1.

	 2.	Under standard conditions, calculate relative adduct labeling 
(RAL) according to the following equation:

	

RAL
Adduct radioactivity cpm

Radioactivity of total deoxynucle
=

( )
ootide cpm fold dilution( )

	 3.	For analysis under intensification conditions, calculate intensi-
fication factor (IF) according to the following equation:

	
IF

RAL
RALstd

= int

	
where RALint is RAL under intensification conditions and 
RALstd is RAL under standard conditions.

4  �Notes

	 1.	Use ultrapure water prepared by passing through Milli-Q 
spUF.

	 2.	All solutions should be stored at −20 °C, except where other-
wise stated.

3.5  Adduct Analysis 
by Method II

3.6  �TLC Analysis

3.7  Imaging  
and Quantification

Masako Ochiai et al.
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	 3.	To ensure thorough mixing, it is recommended that all tubes 
containing different components be vortexed and spun down 
in a microcentrifuge.

	 4.	Protection from radioactivity during handling of radioactive 
samples is crucially important and should be performed as 
described in Chapter 10, Note 9.

	 5.	Sheets can be stored at 4  °C. Plates should be prerun with 
water overnight after attachment of a 12-cm filter paper wick 
and dried at room temperature.

	 6.	The solvent used for IQ-DNA adduct analysis is indicated as an 
example. For D2, 4.5 M lithium formate, 8.5 M urea, pH 3.5 
is prepared and diluted appropriately. For MeIQ-adducts 60 % 
and for PhIP-adducts 80 % solutions are used. For D3, 1.0 M 
LiCl, 0.5 M Tris–HCl, and 8.5 M urea, pH 8 are used for both 
MeIQ and PhIP.

	 7.	When analysis is performed under intensification conditions 
(see Subheading 3.2, step 2), it is also necessary to perform the 
procedure outline in Subheading 3.2, step 1, to determine the 
IF value of each adduct as written in Subheading 3.7.

	 8.	After incubation in a tube, the contents should be spun down 
at 4 °C.

	 9.	When BIA is used for quantification, 500× or 50× dilutions are 
recommended for the standard method or the adduct intensi-
fication method, respectively, and exposure to X-ray film for 
approx 30  min. For BIA analysis, total and adduct analyses 
should be made on the same imaging plates.

	10.	This condition is appropriate for PhIP- and MeIQ-adducts, 
but the optimum pH may differ depending upon specific 
adducts, and it is necessary to check the optimum pH between 
5.3 and 7.0.

	11.	The background usually becomes clean by running twice. 
Running once is enough in some cases.
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    Chapter 12   

 DNA Isolation and Sample Preparation for Quantifi cation 
of Adduct Levels by Accelerator Mass Spectrometry 

              Karen     H.     Dingley     ,     Esther     A.     Ubick    ,     John     S.     Vogel    ,     Ted     J.     Ognibene    , 
    Michael     A.     Malfatti    ,     Kristen     Kulp    , and     Kurt     W.     Haack   

    Abstract 

   Accelerator mass spectrometry (AMS) is a highly sensitive technique used for the quantifi cation of adducts 
following exposure to carbon-14- or tritium-labeled chemicals, with detection limits in the range of one 
adduct per 10 11 –10 12  nucleotides. The protocol described in this chapter provides an optimal method for 
isolating and preparing DNA samples to measure isotope-labeled DNA adducts by AMS. When preparing 
samples, special precautions must be taken to avoid cross-contamination of isotope among samples and 
produce a sample that is compatible with AMS. The DNA isolation method described is based upon diges-
tion of tissue with proteinase K, followed by extraction of DNA using Qiagen isolation columns. The 
extracted DNA is precipitated with isopropanol, washed repeatedly with 70 % ethanol to remove salt, and 
then dissolved in water. DNA samples are then converted to graphite or titanium hydride and the isotope 
content measured by AMS to quantify adduct levels. This method has been used to reliably generate good 
yields of uncontaminated, pure DNA from animal and human tissues for analysis of adduct levels.  

  Key words     Accelerator mass spectroscopy (AMS)  ,   DNA damage  ,   DNA adduct  ,   Carbon-14  ,   Tritium  , 
  DNA isolation  ,   Risk assessment  

1       Introduction 

 The mode of action of chemical carcinogens can be broadly divided 
into those that damage and mutate DNA as a key event (genotoxic 
carcinogens) and those that do not (epigenetic carcinogens) [ 1 ,  2 ]. 
For genotoxic carcinogens, DNA interaction with reactive interme-
diates to create covalent adducts is considered to be a key early step 
in oncogenesis. Consequently, establishing whether suspected drugs 
and toxicants are capable of forming DNA adducts is important for 
cancer risk assessment, particularly following exposure to doses that 
may be encountered in everyday life [ 3 ]. In addition, assessing 
DNA adducts provides a quantitative measure of carcinogen bio-
availability as well as a method to probe metabolism, distribution, 
and elimination pathways. Traditional methods used to monitor 
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DNA adducts include  32 P-postlabeling ( see  Chapters   1     and   2    ), 
 fl uorescence techniques ( see  Chapter   4    ), gas chromatography/mass 
spectroscopy (GC/MS), and immunoassays ( see  Chapter   29    ), with 
detection limits typically in the range of one adduct/10 7 –10 9  nucle-
otides (reviewed in refs.  4  and  5 ). Accelerator mass spectrometry 
(AMS) allows one to establish whether chemicals form DNA 
adducts at even lower levels (adducts/10 10 –10 12  nucleotides range) 
through the use of carbon-14 ( 14 C)- or tritium ( 3 H)-labeled com-
pounds (reviewed in ref.  6 ). Thus, the sensitivity of AMS allows 
measurement of DNA adduct levels following exposure to low 
chemical doses or using compounds that have low covalent binding 
indices (e.g., refs.  7 – 10 ). Furthermore, such studies can be con-
ducted safely in humans, because the amounts of chemical and 
radioactivity required are extremely small [ 7 ,  11 – 15 ]. 

 AMS is a nuclear physics technique that can measure isotopes 
with a low natural abundance and long half-life (e.g.,  14 C and  3 H) 
with high sensitivity and precision (reviewed in refs.  16  and  17 ). 
It was originally developed for use in the earth sciences but has 
now found widespread use in biology, with applications in areas 
such as cancer, nutrition, pharmaceutical, and basic biological 
research [ 17 – 26 ]. However, because AMS is so sensitive, cross- 
contamination of samples by isotope from equipment and labora-
tory supplies can be a major problem [ 27 ]. Therefore, for accurate 
adduct quantifi cation, sample preparation methods must be  chosen 
that minimize or eliminate isotope contamination. For example, 
we have found that phenol/chloroform extraction, a process that 
is used frequently to isolate DNA, can be a major source of  14 C 
contamination. To further eliminate possible sources of contami-
nation, all gloves, tubes, forceps, containers for buffers, etc. must 
be disposable. Furthermore, since all samples must be converted to 
graphite ( 14 C-labeling) or titanium hydride ( 3 H-labeling) for AMS 
analysis, all of the sodium salts from the extracted DNA must be 
removed by repeated washing with 70 % ethanol [ 28 ]. 

 This chapter describes a protocol for extracting DNA from 
 tissues for analysis of  14 C or  3 H content by AMS, based on the use 
of commercially available Qiagen columns. Procedures for con-
tamination avoidance in the preparation of samples are included 
throughout. After the section on DNA isolation, the process for the 
conversion of the biological material to graphite for  14 C analysis is 
explained (for analysis of tritium-labeled samples,  see  refs.  9 ,  29 ). 
AMS is then used to quantify the amount of  14 C in the graphite 
samples. Due to the size and cost of an AMS instrument, this tech-
nique is not yet a routine tool in many laboratories. However, 
there are several facilities in the United States where samples can be 
sent for analysis. One such facility, The Center for Accelerator Mass 
Spectrometry at Lawrence Livermore National Laboratory, has a 
compact AMS system for the analysis of biological samples.  
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2     Materials 

      1.    Plastic wrap (e.g., Saran wrap).   
   2.    Aluminum foil.   
   3.    Parafi lm.   
   4.    50-mL Polypropylene tubes (e.g., Falcon, BD Biosciences, 

Franklin Lakes, NJ).   
   5.    Hammer and plastic bag to cover.   
   6.    Disposable scalpels.   
   7.    Disposable forceps (Cole-Parmer, Vernon Hills, IL).   
   8.    Lysis buffer: 4 M urea, 1 % Triton X-100, 10 mM EDTA, 

100 mM NaCl, 10 mM Tris–HCl, pH 8.0, 10 mM 
dithiothreitol.   

   9.    40 mg/mL Proteinase K in double-distilled water.   
   10.    Shaking water bath or other mixer that will incubate at 37 °C.      

      1.    RNAse T1: 100 μg/mL in double-distilled water.   
   2.    RNAse A: 10 mg/mL in double-distilled water.      

      1.    Qiagen Genomic tip-500 columns (Qiagen, Valencia, CA; 
 see   Note 1 ).   

   2.    5 M Sodium chloride.   
   3.    1 M 3-Morpholinopropanesulfonic acid (MOPS), pH 7.0.   
   4.    Buffer B: 750 mM NaCl, 50 mM MOPS, 15 % ethanol, 0.15 % 

Triton X-100, pH 7.0.   
   5.    Buffer C: 1 M NaCl, 50 mM MOPS, 15 % ethanol, pH 7.0.   
   6.    Buffer λ: 1.25 M NaCl, 50 mM MOPS, 15 % ethanol, pH 8.0.   
   7.    50-mL Polypropylene tubes.   
   8.    Holders for 50-mL polypropylene tubes.      

      1.    Isopropanol.   
   2.    70 % ethanol.   
   3.    Double-distilled water.   
   4.    UV spectrophotometer.      

      1.    4-mm (inner dimension; ID) × 50-mm quartz sample tube 
(special order from Scientifi c Glass of Florida, Sanford, FL).   

   2.    Copper oxide (wire form; cat. no. 310433, Aldrich, 
Milwaukee, WI).   

   3.    7-mm ID × 155-mm quartz combustion tube with breakable 
tip (Scientifi c Glass of Florida).   

2.1  Tissue 
Homogenization 
and Protein Digestion

2.2   RNA Digestion

2.3  Column 
Purifi cation

2.4  DNA 
Precipitation, 
Washing, 
Redissolution, 
Concentration, 
and Purity

2.5  Conversion 
to Graphite
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   4.    8 × 80-mm Septa seal vial (special order from Kimble/Kontes, 
Vineland, NJ).   

   5.    8 mm crimp seal—tefl on/silicone (cat. no. C4008-4A, 
National Scientifi c, Rockwood, TN).   

   6.    3.7-mm (outer dimension; OD) × 3.0-mm ID × 28-mm boro-
silicate tube (cat. no. GSV500, Scientifi c Instrument Services, 
Ringoes, NJ).   

   7.    3-mm KIMAX* borosilicate glass beads (Kimble Chase through 
VWR, West Chester, PA, cat. no. 89001-052).   

   8.    Zinc (powder; cat. no. 324930, Aldrich).   
   9.    Cobalt (powder; cat. no. 266647, Aldrich).   
   10.    Vacuum source (Varian, Lexington, MA).   
   11.    Disposable vacuum manifold made from 4-way luer valve, luer 

adapter (Qosina, Edgewood, NY), ½-in. OD × 5/16-in. ID 
plastic tubing (Nalgene, Rochester, NY) and a 26-gauge, 
3/8 in. disposable needle ( see  Fig.  1 ).

       12.    Torch for tube sealing (oxyacetylene-type preferred).   
   13.    Muffl e furnace (e.g., NDI Vulcan 3-550, Neytech, Bloomfi eld, 

CT).   
   14.    Vacuum concentrator (e.g., RC 10.10, Jouan, Winchester, VA).   
   15.    Liquid nitrogen bath (consisting of liquid nitrogen in a Dewar 

fl ask).   
   16.    Heating block capable of being heated to 550 °C with 9-mm 

diameter holes that are 30 mm deep (custom manufacture, 
 see  Fig.  2 ).

  Fig. 1    Disposable vacuum manifold       
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3             Methods 

      1.    Place 400 mg of fresh tissue in the middle of a piece of plastic 
wrap, and fold the top half of the plastic wrap over the bottom 
half. Cover the wrapped tissue in a layer of aluminum foil 
( see   Notes 1  and  2 ).   

   2.    Cover hammer with a plastic bag or a plastic wrap. Pound 
 tissue with hammer until tissue is well homogenized. Scrape 
homogenized tissue into a 50-mL tube using a clean, disposable 
scalpel.   

   3.    Add 25 mL freshly prepared lysis buffer.   
   4.    Add 500 μL proteinase K. Mix by vortexing for 5 s.   
   5.    Wrap the top of the tubes with parafi lm to prevent leakage and 

contamination.   
   6.    Place tubes in a 37 °C shaking water bath overnight or until 

tissue appears to be fully digested (i.e., there are no visible 
lumps of tissue).   

   7.    Centrifuge at 20 °C, 2,000 ×  g , for 20 min to remove any undi-
gested tissue.   

   8.    Pour supernatant into a clean 50-mL polypropylene tube. 
Discard pellet.      

3.1  Tissue 
Homogenization and 
Protein Digestion

  Fig. 2    Heating block used for heating samples       
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      1.    Add 1.25 mL RNAse A and 1.25 mL RNAse T1 to sample.   
   2.    Mix by vortexing for 5 s.   
   3.    Incubate for 30–60 min at room temperature.      

      1.    Add 1.25 mL 1 M MOPS and 4.5 mL 5 M NaCl to each 
sample.   

   2.    Mix by vortexing for 5 s.   
   3.    Stand the required number of Qiagen columns in a rack, with 

a disposable 50-mL polypropylene tube under each one.   
   4.    Add 25 mL Buffer B to each of the columns.   
   5.    Let the buffer run completely through each column, and discard.   
   6.    Pour the samples into the columns. Discard the eluate. If the 

column becomes clogged,  see   Note 3 .   
   7.    Add 25 mL Buffer C to each column. Discard the eluate. 

Repeat, and discard the eluate.   
   8.    Add 25 mL Buffer λ to each column. Collect the eluate in a 

clean, new polypropylene tube. Keep the eluate, as this will 
contain the DNA.      

      1.    Add 25 mL of ice-cold 100 % isopropanol to the eluate 
 containing the DNA.   

   2.    Mix by vortexing for 5 s.   
   3.    Wrap the tube lid in parafi lm and place at −20 °C overnight to 

precipitate the DNA.   
   4.    Centrifuge at −4 °C, 2,000 ×  g , for 3 h.   
   5.    Carefully pour off the supernatant. Save the pelleted DNA, 

and discard the supernatant.      

      1.    Add 5 mL 70 % ethanol to the DNA pellet.   
   2.    Mix by vortexing for 5 s.   
   3.    Centrifuge at 4 °C, 2,000 ×  g , for 10 min.   
   4.    Save the pellet, and discard the supernatant.   
   5.    Repeat wash step with 70 % ethanol, and centrifuge.   
   6.    Carefully pour off the supernatant, taking care not to dislodge 

the pellet. If the pellet becomes loose, recentrifuge.   
   7.    Carefully invert the tube on laboratory bench paper to drain 

excess solvent. Leave the tube inverted for 10–15 min.   
   8.    Add double-distilled water to the pellet ( see   Note 4 ).      

      1.    Dilute an aliquot of the DNA with double-distilled water 
( see   Note 4 ).   

   2.    Measure and record the UV absorbance of the diluted DNA at 
260 and 280 nm.   

3.2   RNA Digestion

3.3  Column 
Purifi cation

3.4  DNA 
Precipitation

3.5  Sample Washing 
and Redissolving

3.6  DNA 
Concentration 
and Purity
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   3.    A 50 μg/mL solution of DNA has a UV absorbance of 1 at 
260 nm. Therefore, the DNA concentration of the sample in 
μg/mL = absorbance at 260 nm × 50 × dilution factor.   

   4.    DNA purity = absorbance at 260 nm/absorbance at 280 nm. 
Pure DNA should have a ratio of 1.7–1.9 ( see   Note 5 ).   

   5.    DNA should be prepared for AMS analysis as soon as possible 
to prevent contamination ( see   Note 6 ).      

      1.    Place all quartz components into the muffl e furnace and heat to 
900 °C for 2 h. Remove components after they have cooled; 
handle 6 × 50-mm tubes with disposable forceps only (to prevent 
contamination).   

   2.    Pipette known amount of DNA into a clean, uncontaminated 
quartz sample tube, add tributyrin if necessary ( see   Note 7 ). 
The quartz tube should then be placed within a test tube to 
protect the sample during vacuum concentration.   

   3.    Remove all volatile components by completely drying with 
vacuum concentration.   

   4.    Remove the quartz sample tube from the test tube using dis-
posable forceps. Add 150–200 mg of copper oxide to the dried 
DNA.   

   5.    Place the quartz sample tube in a larger quartz combustion 
tube and evacuate. Seal the evacuated combustion tube with a 
torch.   

   6.    Place the combustion tube in the muffl e furnace at 900 °C for 
2 h. Remove the tube after it has cooled.   

   7.    Place 50–75 mg of zinc powder and four 3-mm borosilicate 
glass beads into an 8 × 80-mm crimp-seal vial.   

   8.    Place 4–6 mg of cobalt powder into a 3.7 × 28-mm borosilicate 
tube.   

   9.    Place the borosilicate tube containing the cobalt powder into 
the 8 × 80-mm crimp-seal vial so that the tube is supported 
above the zinc level by the glass beads. Firmly crimp the top on 
the vial.   

   10.    Attach the upper outlet valve of the vacuum manifold to the 
vacuum source, push the breakable tip end of the quartz tube 
into the open end of the plastic tube, and pierce the septa of 
the crimp-seal graphitization tube with the needle ( see  Fig.  3 ).

       11.    Evacuate the assembly, and place the end of the crimp-seal 
tube into the liquid nitrogen bath ( see  Fig.  4 ).

       12.    Rotate the 4-way valve to isolate the assembly from the vacuum 
source.   

3.7  AMS Sample 
Preparation 
(Conversion 
to Graphite)
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   13.    Crack the breakable tip of the quartz tube, allowing the carbon 
dioxide and other gases to diffuse into the crimp-seal tube.   

   14.    Rotate the 4-way valve to evacuate the non-condensable gases 
from the crimp-seal tube. When all of the gas is removed, 
detach the tube from the needle.   

   15.    Place the crimp-seal tube into the heating block and heat to 
515 °C. After heating the sample for 4 h, remove the tube and 
allow it to cool.   

  Fig. 3    Attaching the sample to the vacuum source       

  Fig. 4    Sample cooled in liquid nitrogen bath       
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   16.    Break open the crimp-seal tube, and remove the smaller tube. 
The black powder in the small tube is the graphite, which will 
be analyzed by AMS.   

   17.    AMS will measure the  14 C/ 12 C ratio of the sample. This is then 
used to calculate adduct level ( see   Note 8 ).       

4     Notes 

     1.    The protocol described is for isolation of up to 400 μg DNA 
using Qiagen Genomic tip 500 DNA isolation columns. This 
is approximately equivalent to the amount of DNA obtained 
from 400 mg wet tissue. Other column sizes are Qiagen 
Genomic tip 20 for up to 20 μg DNA and tip 100 for up to 
90 μg DNA. The protocol can be scaled down for the smaller 
columns. (Refer to the manufacturer’s instructions for column 
loading and wash volumes.)   

   2.    When handling samples, it is essential to avoid cross- 
contamination of isotope by the use of disposable plasticware, 
scalpels, forceps, and gloves. These should be changed between 
samples. Liquid samples should be pipetted using clean pipettes 
with fi lter tips. When homogenizing the tissue, there should 
be disposable barriers (plastic wrap and foil) in between the 
sample and the hammer.   

   3.    The fl ow rate of the column will depend upon the viscosity of 
the sample. If the column fl ows slowly or becomes completely 
clogged, the fl ow can be assisted by attaching a small amount 
of tubing to the bottom of the column and withdrawing eluate 
slowly with a syringe. Troubleshooting tips are also described 
in the Qiagen literature.   

   4.    The volume of water required will depend on the amount 
of DNA extracted. Typically in this procedure, 300 μL of water 
will result in well-dissolved DNA with a concentration of 
1–2 mg/mL. A 1:20 dilution of this solution should then be 
within the range suitable for DNA concentration determina-
tion by UV spectrophotometry. The AMS sample tubes used 
in our laboratory have a sample capacity of about 400 μL, so 
larger samples may need to be concentrated prior to AMS 
preparation.   

   5.    260/280-nm absorbance ratios less than 1.7 are indicative of 
incomplete removal of protein or RNA. DNA in such samples 
should be repurifi ed prior to analysis by AMS.   

   6.    We try to submit DNA for analysis by AMS within 24 h of 
extraction. This reduces the chance of cross-contamination 
of samples with radioisotope. However, if this is not possible, 
samples should be stored in a refrigerator or a freezer that is 
not used for storage of high levels of radioisotope.   

Adduct Measurement Using AMS
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   7.    Tributyrin is a nonvolatile hydrocarbon that contains depleted 
levels of carbon-14. It is used in AMS to increase the size of 
small samples for effi cient graphitization. Typically, using this 
method, samples that contain less than 0.5 mg carbon require 
the addition of carrier. For DNA (29 % carbon), this would 
specify samples smaller than 1.7 mg. To add carrier to DNA 
samples, add 50 μL of a 40 mg/mL solution of tributyrin in 
methanol. Carrier controls should be prepared at the same 
time ( see   Note 8 ).   

   8.    The isotope ratios determined by AMS are converted to adduct 
levels by fi rst subtracting the natural radiocarbon content of 
the sample and the radiocarbon contributed from addition 
of any carrier. The natural radiocarbon content of the DNA is 
determined using control DNA samples from subjects or 
rodents not administered the [ 14 C]-labeled compound. Adduct 
levels (ratio of mol of compound/mol of nucleotide) are then 
calculated based upon the percent carbon of DNA (29 %) and 
the compound- specifi c activity [ 16 ].         
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    Chapter 13   

 Analysis of DNA Strand Cleavage at Abasic Sites 

           Walter     A.     Deutsch      and     Vijay     Hegde   

    Abstract 

   Abasic sites in DNA arise under a variety of circumstances, including destabilization of bases through 
 oxidative stress, as an intermediate in base excision repair, and through spontaneous loss. Their persistence 
can yield a blockade to RNA transcription and DNA synthesis and can be a source of mutations. Organisms 
have developed an enzymatic means of repairing abasic sites in DNA that generally involves a DNA repair 
pathway that is initiated by a repair protein creating a phosphodiester break (“nick”) adjacent to the site of 
base loss. Here we describe a method for analyzing the manner in which repair endonucleases differ in the 
way they create nicks in DNA and how to distinguish between them using cellular crude extracts.  

  Key words     DNA abasic sites  ,   Oxidative stress  ,   DNA damage  ,   AP endonucleases  ,   AP lyases  ,   Base 
excision repair  ,   Tetrahydrofuran  ,   DNA oligonucleotides  

1      Introduction 

 Apurinic/apyrimidinic (AP) abasic sites arise in DNA under a variety 
of circumstances that, taken together, make them one of the more 
common lesions found in DNA. For example, free radicals can inter-
act with DNA bases, leading to their destabilization and ultimate 
loss. Free radical attack on DNA can also lead to DNA base modifi -
cations, some of which are known to be removed by  N -glycosylases, 
resulting in the formation of an AP site as part of the base excision 
repair (BER) process [ 1 ,  2 ]. Even in the absence of environmental 
factors, DNA bases are known to be spontaneously lost [ 3 ], leaving 
behind abasic lesions that if left unrepaired can be mutagenic as well 
as form a blockade to RNA transcription [ 4 ,  5 ]. 

 To illustrate the importance of abasic sites, all organisms that 
have thus far been tested have the ability to repair these sites by cre-
ating an incision adjacent to the AP site to initiate the repair process. 
The major class of AP endonuclease, at least quantitatively, is one 
that hydrolytically cleaves immediately 5′ adjacent to an  abasic site, 
producing nucleotide 3′-hydroxyl and 5′-deoxyribose-5- phosphate 
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termini [ 6 ]. Examples of this activity are the exonuclease lll of  E .  coli  
and the multifunctional APE/ref-1 present in humans [ 7 ,  8 ]. 

 Another kind of activity that acts on abasic sites is part of the 
BER pathway that is initiated by  N -glycosylases directed toward a 
modifi ed or a non-conventional base in DNA. Often, these 
 N -glycosylases also possess AP lyase activity that cleaves DNA 3′ to 
an abasic site via a β-elimination reaction to leave a 3′ 4-hydroxy- 
2-pentenal-5-phosphate. An example of this type of activity is that 
possessed by  E .  coli  endonuclease lll, a broad specifi city 
 N -glycosylase/AP lyase used for the repair of oxidative damage to 
DNA [ 9 ,  10 ]. In some cases,  N -glycosylases/AP lyases not only 
cleave DNA via a β-elimination reaction but also are capable of 
 carrying out a second ∂-elimination incision. This results in the 
removal of the AP site and the formation of a one-nucleotide gap 
bordered by 3′- and 5′-phosphate termini. The β- and ∂-elimination 
reaction can be concerted, as appears to be the case for the  E .  coli  
formamidopyrimidine glycosylase (Fpg), which repairs oxidative 
DNA damage, primarily in the form of 8-oxoguanine (8oxoG) 
[ 11 ,  12 ]. On the other hand, repair of 8oxoG by the  Drosophila  S3 
 N -glycosylase/AP lyase activity has been concluded to occur in 
two distinct steps, catalyzing a ∂-elimination reaction on a second 
encounter with the lesion after fi rst dissociating from the AP 
 substrate when the β-elimination reaction was completed [ 13 ]. 

 There are several ways to monitor enzyme activity on the  abasic 
sites present in naturally occurring or synthesized DNA substrates. 
Originally, we utilized a [ 3 H]-labeled supercoiled phage DNA in a 
fi lter-binding assay that accurately measured DNA nuclease activity 
[ 14 ], but this technique was hampered by the tedious and time-
consuming preparation of the substrate DNA. Moreover, this assay 
could only quantify the cleavage of a preprepared abasic DNA 
 substrate, not identifying the type of cleavage event unless it was 
followed up by DNA synthesis to determine whether the incision 
created a productive 3′-OH terminus [ 14 ,  15 ]. Recently, we have 
turned to an assay that utilizes a 5′-end- labeled DNA duplex oligo-
nucleotide containing a single abasic site. After reaction with an AP 
endonuclease or an AP lyase, the products of the reaction are sepa-
rated on a polyacrylamide gel. Based on the migration of the 
cleaved product, one can easily visualize the type of strand cleavage 
possessed by a DNA repair endonuclease by autoradiography [ 13 , 
 16 ,  17 ]. Quantitation of the product(s) formed can be performed 
either by video densitometric analysis of autoradiograms or by 
Phosphorimager analysis and scanning of dried gels. Importantly 
in this assay, different types of cleavage events generate unique 
visual images of the products formed by autoradiography; the assay 
is also adaptable in most cases to the use of both highly purifi ed 
enzymes as well as cruder preparations. 

 For the assay described here, a synthetic oligonucleotide is 
 utilized that is 37 bp in length (37-mer). Within the 37-mer is a 
single uracil (U) residue placed at position 21 during the synthesis 
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of the oligonucleotide. After 5′-end labeling and gel purifi cation of 
the single-stranded U-containing oligonucleotide, the complemen-
tary strand is annealed to create a duplex 37-mer ( see   Note 1 ). This 
forms a substrate for uracil-DNA glycosylase [ 18 ], which  liberates 
the non-conventional base and forms an abasic site in its place. 

 Alternatively, tetrahydrofuran can be placed at position 21 
within the 37-mer. Tetrahydrofuran is an analog of an abasic site 
and represents a productive substrate for a hydrolytic AP endonu-
clease [ 19 ]. It is, however, refractive to cleavage by AP lyases, 
therefore making it a convenient substrate for measuring hydrolytic 
AP endonuclease activity in crude preparations that would ordinar-
ily be compromised by AP lyase activity. 

 To demonstrate the utility of the oligonucleotide assay, the 
products of three different AP lyases acting on an abasic oligonucle-
otide DNA substrate are presented in Fig.  1 . In each case, the migra-
tion pattern of the reaction products provides direct information on 
the type of DNA termini produced by each enzyme. The hot alkali 
(HA) control provides a landmark for the production of β- and 
∂-elimination reaction that refl ects the production of a 5′- and 
3′-phosphoryl terminus. DNA fragments containing a terminal 
phosphoryl group migrate faster than those of the same length that 
lack a terminal phosphate. As can be seen in Fig.  1 , the reaction 
products are completely distinct for each of the enzymes tested. 
Endonuclease lll produces a β-elimination product, regardless of 
the amount of protein added to the assay, as shown in lane 5, where 
the substrate is totally consumed yet yields only a single product. 

  Fig. 1    Mechanisms of nuclease action on abasic site-containing DNA. Reactions 
contained 1 pmol of AP 37-mer and were incubated for 30 min at 37 °C with 
 E .  coli  endonuclease lll (Endo III; lanes 2–5) at protein amounts of 100, 150, 200, 
and 400 pg, respectively; glutathione-S-transferase (GST)-conjugated dS3 (GST-
S3; lanes 7–9) at 20, 40, and 80 pg, respectively; or  E .  coli  formamidopyrimidine 
glycosylase (Fpg; lanes 11–14) at 160, 120, 80, and 80 pg, respectively. Lanes 1, 
6, 10, and 15 contain the products of hot alkali (HA; piperidine) treatment of the 
AP 37-mer. The reaction products were separated on a 16 % polyacrylamide 
DNA sequencing gel. The electrophoretic mobilities of the uncleaved AP 37-mer 
and DNA cleavage products corresponding to β- and ∂-elimination reactions are 
indicated (adapted with permission from ref.  11 )       
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For  Drosophila  S3, a β-elimination product is also evident at low 
protein concentrations, yet higher amounts of protein yield what is 
clearly a ∂-elimination product as well. This suggests that S3 is dis-
sociating from the abasic substrate after the original β-elimination 
reaction is completed and on a second encounter is then cleaving the 
remaining AP site via a ∂-elimination reaction. This is in contrast to 
what is observed for  E .  coli  Fpg, which produces equal amounts of 
β- and ∂-elimination products, regardless of protein concentration 
(Fig.  1 ) or time of incubation (not shown). This indicates that Fpg 
is remaining bound to the AP substrate as it carries out both incision 
activities.

   Another utility of the oligonucleotide assay is that it is amend-
able to analyzing 5′-acting AP endonucleases in crude extracts 
without concern over the contribution of contaminating AP lyases 
that could make interpretation of the actual products formed 
 diffi cult. This is accomplished by switching from an authentic AP 
site created in the oligonucleotide substrate by U incorporation to 
a tetrahydrofuran analog of an AP site that is refractive to cleavage 
by AP lyases. As seen in Fig.  2 , the 5′-acting hydrolytic human 
APE/ref-1 is clearly capable of acting on a 37-mer synthetic DNA 
substrate with a tetrahydrofuran spacer (lanes 9 and 10); yet the 
same substrate is totally refractive to cleavage by the AP lyase activ-
ity possessed by  Drosophila  S3 (lanes 6 and 7). The same prepara-
tion of  Drosophila  S3 is, however, active on a DNA substrate 
containing a single 8oxoG residue (lanes 2 and 3).

5 6 7

GST-dS3

1 2 3 4
HA

GST-dS3

8 9 10
0
GST-hAPE/ref-1

37-mer

  Fig. 2    Activity of GST-dS3 and GST-hAPE/ref-1 on an 8oxoG site and on tetrahy-
drofuran spacer-containing DNA. Lane 1, 8oxoG 37-mer alone. Lanes 2 and 3, 
1 pmol of 8oxoG 37-mer incubated with 0.2 pmol (lane 2) and 0.4 pmol (lane 3) 
of purifi ed GST-dS3 at 37 °C for 30 min. The products were separated on a 16 % 
polyacrylamide DNA sequencing gel and analyzed by autoradiography. Lane 4, 
hot alkali (HA) treatment to generate a β- and ∂-elimination product. Lane 5, 
1 pmol tetrahydrofuran-containing 37-mer alone and incubated with 0.2 and 
0.4 pmol GST-dS3 (lanes 6 and 7, respectively). Lanes 8–10 are 1 pmol 
tetrahydrofuran- containing 37-mer alone and incubated with 0.4 and 0.8 pmol 
purifi ed GST-hAPE/ref-1, respectively       
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   In recent years, APE/ref-1 has been found to play a central 
role in modulating gene expression in response to oxidative stress 
as well as being altered in both tumors and aging [ 18 ]. BER [ 19 ] 
and APE/ref-1 [ 20 ] have been investigated as druggable targets in 
cancer chemotherapy [ 21 ,  22 ].  

2    Materials 

 All solutions should be made using molecular biology-grade 
reagents and sterile distilled water. 

  The oligonucleotides used in our studies are commercially  prepared 
to our specifi cations containing the non-conventional bases U or 
8oxoG (Operon Technologies, Alameda, CA) or the abasic spacer 
tetrahydrofuran (Genosys, Pittsburgh, PA). The single- stranded 
oligos are deprotected and purifi ed by spin-column chromatography 
(Gibco BRL, Grand Island, NY). The individual single-stranded 
and purifi ed oligonucleotides are then resuspended in distilled 
water to 10 pmol/μL.

    1.    10 U/μL T4 polynucleotide kinase (Stratagene, La Jolla, CA).   
   2.    10× T4 polynucleotide kinase buffer: 700 mM Tris–HCl, pH 

7.6, 100 mM MgCl 2 , 50 mM dithiothreitol (DTT), 1 mM 
spermidine-HCl.   

   3.    [γ 32  P]ATP, 10 mCi/mL, 6,000 Ci/mmol (Amersham, Arlington 
Heights, IL).   

   4.    10× Annealing buffer: 100 mM Tris–HCl, pH 7.6, 100 mM 
MgCl 2 , 10 mM EDTA.   

   5.    Loading buffer: 50 % glycerol, 0.5 % bromophenol blue, 0.5 % 
xylene cyanol.   

   6.    Phenol, molecular biology grade, neutralized, and equilibrated 
with 10 mM Tris–HCl, pH 8.0, 1 mM EDTA.   

   7.    Phenol/chloroform/isoamyl alcohol mixture (25:24:1 by 
volume).   

   8.    40 % Acrylamide stock: 38:2 acrylamide: bis -acrylamide in 
100 mL of distilled water.   

   9.    10× TBE: 890 mM Tris–borate, 20 mM EDTA, pH 8.0.   
   10.    Nondenaturing 20 % polyacrylamide gel (per 100 mL): 50 mL 

40 % acrylamide stock, 10 mL 10× TBE, 500 μL 10 % ammo-
nium persulfate, 60 μL TEMED, distilled H 2 O to 100 mL 
fi nal volume.   

   11.    Centrex MF-0.4 microcentrifuge tubes (Schleicher & Schuell, 
Keene, NH).   

   12.    35 mM HEPES–KOH, pH 7.4.      

2.1  5′-End Labeling 
and Purifi cation of 
Oligonucleotides 
Containing a Single 
Tetrahydrofuran 
or U Residue

AP Endonuclease Assay
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      1.    Uracil-DNA glycosylase (Epicentre, Madison, WI).   
   2.    10× Uracil-DNA glycosylase buffer: 200 mM Tris–HCl, pH 

8.0, 10 mM EDTA, 10 mM DTT, 100 μg/mL bovine serum 
albumin (BSA).   

   3.    10 mM HEPES–KOH, pH 7.4.      

      1.    Abasic oligonucleotides ( see  Subheadings  3.1 ,  3.2 , and  3.3 ).   
   2.    Purifi ed AP endonuclease or AP lyase (Trevigen, Gaithersburg, 

MD) [ 11 ].   
   3.    10×  Drosophila  S3 (dS3) buffer: 300 mM HEPES, pH 7.4, 

500 mM KCl, 10 μg/mL BSA, 0.5 % Triton X-100, 10 mM 
DTT, 5 mM EDTA.   

   4.    10×  E .  coli  Endo lll buffer: 150 mM KH 2 P0 4,  pH 6.8, 100 mM 
EDTA, 100 mM β-mercaptoethanol, 400 mM KCl.   

   5.    10×  E .  coli  Fpg buffer: 150 mM HEPES, pH 7.5, 500 mM 
KCl, 10 mM β-mercaptoethanol, 5 mM EDTA.   

   6.    10× human APE/ref-1 buffer: 500 mM HEPES, pH 7.5, 
500 mM KCl, 10 μg/ml BSA, 100 mM MgCl 2 , 0.5 % Triton 
X-100.   

   7.    1 M Piperidine.   
   8.    Denaturing polyacrylamide gel: 16 % polyacrylamide solution, 

7 mM urea, 1× TBE.   
   9.    Formamide loading buffer: 96 % formamide, 0.05 % xylene 

cyanol, 0.05 % bromophenol blue, 10 mM EDTA.   
   10.    15 % methanol: 10 % acetic acid solution.   
   11.    Whatman 3MM paper.   
   12.    X-ray fi lm (Kodak XAR-5) or Phosphorimager.       

3    Methods 

 Characterization of endonucleases that act at abasic sites existing in 
DNA can be divided into several parts: fi rst, a 5′-radiolabeled syn-
thetic oligonucleotide containing either a single tetrahydrofuran 
residue, or one containing a single deoxyU residue, is prepared. 
Single-stranded oligos are then annealed to their nonradioactive 
complementary oligonucleotide ( see   Note 1 ). The duplexes are 
then purifi ed and subsequently further processed by a uracil-DNA 
glycosylase so as to form an abasic site if necessary. This, or the 
tetrahydrofuran-containing oligonucleotide, is then employed as a 
substrate for enzyme reactions using proteins known, or suspected, 
to act on abasic sites. Upon completion of the enzymatic assays, the 
reaction products are then separated on a DNA sequencing gel. 

2.2  Cleavage of 
Uracil- Containing 
Oligonucleotides

2.3  Enzymatic 
Reactions and 
Electrophoresis
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    Bacteriophage T4 polynucleotide kinase is used to catalyze the 
transfer of the γ-phosphate of ATP to the 5′-hydroxyl terminus of 
the oligonucleotide. The following procedure produces suffi cient 
quantities of 5′-end-labeled duplex oligonucleotides for several 
enzymatic reactions ( see   Note 2 ).

    1.    Prepare 5′-end labeling reaction mixtures in a 0.5-mL micro-
centrifuge tube containing 3 μL [ 32 P]ATP, 4 μL 10× kinase 
buffer, 2 μL oligonucleotide, 2 μL polynucleotide kinase 
(2 U), and 2 μL distilled water.   

   2.    Incubate the reaction mixture for 30 min at 37 °C.   
   3.    Extract the reaction mixture once with phenol/chloroform/

isoamyl alcohol.   
   4.    Mix for 1 min, and then centrifuge at 12,000 ×  g  for 3 min at 

room temperature in a microcentrifuge. Transfer the aqueous 
supernatant to a new tube. Add 2.5 vol. of ethanol, mix, and 
store the tube at −20 °C for 1 h.   

   5.    Recover the oligos by centrifugation at 12,000 ×  g  for 15 min 
at 4 °C in a microcentrifuge. Remove the supernatant, and 
leave the tube open at room temperature until all the ethanol 
has evaporated.   

   6.    Dissolve the pellet in 20 μL of distilled water.    

         1.    Mix together in a microcentrifuge tube 20 μL labeled oligos 
(1 pmol/μL), 4 μL complementary strand, 4 μL 10× annealing 
buffer, and 12 μL distilled water.   

   2.    Incubate the annealing mixture at 75 °C for 10 min.   
   3.    Slowly cool to room temperature.   
   4.    Add 10 μL loading buffer and mix well.   
   5.    Separate the labeled duplex oligonucleotides on a 20 % nondena-

turing polyacrylamide gel and then subject to autoradiography.   
   6.    Excise the band corresponding to the labeled duplex oligos 

from the gel and transfer to a Centrex MF-0.4 microcentrifuge 
tube.   

   7.    Crush the acrylamide gel into small pieces against the wall of 
the tube, add 200 μL 35 mM HEPES–KOH, pH 7.4, and 
incubate for 5 h to overnight at 4 °C to elute the labeled oligos 
from the gel. (Typically >95 % of labeled oligo is eluted.)   

   8.    Collect the duplex oligos by centrifugation at 4,000 ×  g  for 
3 min in a microcentrifuge.      

       1.    Uracil-DNA glycosylases are used to hydrolyze the  N -glycosidic 
bond between the deoxyribose sugar and uracil base. The reaction 
mixture contains 10 pmol labeled uracil-containing duplex oligo, 
4 μL 10× uracil-DNA glycosylase buffer, 1 μL uracil- DNA glyco-
sylase (1 U/μL), and distilled water to a fi nal volume of 40 μL.   

3.1  5′-End Labeling 
and Purifi cation of 
Oligonucleotides

3.2  Annealing 
Reaction ( See   Note 1 )

3.3  Uracil Excision

AP Endonuclease Assay
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   2.    Incubate the reaction for 20 min at 37 °C. Extract the reaction 
mixture once with phenol/chloroform/isoamyl alcohol, and 
precipitate the DNA as described in Subheading  3.1 ,  steps 3 – 5 .   

   3.    Dissolve the purifi ed labeled duplex oligonucleotide in 10 mM 
HEPES–KOH, pH 7.4. It can be stored at 4 °C for up to 
1 week.      

      1.    Mix together in a microcentrifuge tube approx 1 pmol of γ- 32 P 
abasic oligonucleotide (typically 10,000 cpm), 1 μL 10× reac-
tion buffer, X μL enzyme (suffi cient to cleave roughly 60 % of 
substrate, as determined by a titration curve), and distilled 
water to a fi nal volume of 10 μL.   

   2.    Incubate at 37 °C for the desired time (suffi cient to achieve 
roughly 60 % cleavage, as determined by a time course trial).   

   3.    Stop the reactions by heating at 75 °C for 10 min. Add 2 μL of 
formamide loading buffer, heat for 4 min at 90 °C, cool on ice, 
and then load immediately on a denaturing polyacrylamide gel.      

      1.    Add 90 μL of 1 M piperidine to 10 μL of 5′-end-labeled abasic 
oligonucleotide and incubate for 30 min at 90 °C.   

   2.    Lyophilize to dryness using a Speed Vac, and redissolve the 
pellet in 20 μL of distilled water.   

   3.    Repeat lyophilization step twice more in order to remove all of 
the piperidine.   

   4.    Dissolve the remaining pellet in 50 μL of formamide loading 
buffer, heat for 4 min at 90 °C, cool on ice, and then load 
immediately on a denaturing polyacrylamide gel.      

      1.    Load an equal amount of radioactivity (about 5,000 cpm) per 
lane on a pre-electrophoresed 16 % denaturing polyacrylamide 
gel ( see   Note 3 ).   

   2.    Electrophorese in 1× TBE buffer at 45-W constant power until 
the bromophenol dye front is near the bottom of the gel.   

   3.    Remove the gel plates, pry apart, and transfer the gel to a bath 
containing 15 % methanol and 10 % acetic acid for 20 min.   

   4.    With the gel still attached to the glass plate, place a similar sized 
piece of Whatman 3MM paper on top of the gel, and then care-
fully peel off the 3MM paper with the gel attached to it.   

   5.    Cover the gel with plastic wrap (Saran Wrap) and dry under 
vacuum at 80 °C for 45 min.   

   6.    Expose the dried gel to X-ray fi lm at 70 °C for 12–16 h with an 
intensifying screen. Alternatively, Phosphorimager cassettes can 
be used for the same length of time but at room temperature.       

3.4  Enzymatic 
Reaction

3.5  Hot Alkali 
Treatment

3.6  Analysis of 
Endonuclease Activity 
by Denaturing Gels
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4    Notes 

     1.    One advantage of the oligonucleotide assay is that the sequence 
can be manipulated so as to determine whether enzyme activity 
is affected by the surrounding DNA bases either adjacent to or 
opposite the target site.   

   2.    Caution should be taken in the preparation of  32 P-labeled 
 oligonucleotides when planning assays over a sustained period. 
We have found that regardless of the method of storage of 
 prepared oligos, degradation products begin to appear in our 
controls that presumably are due to radioactive decay that splin-
ters the oligos into smaller fragments. Generally, after 2 weeks 
unused oligos are of little use because of such fragmentation.   

   3.    We have used gels containing 20 % polyacrylamide, but to 
maximize the separation of a β- and ∂-elimination product, 
16 % gels are preferred.         
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    Chapter 14   

 Premature Chromosome Condensation in Human Resting 
Peripheral Blood Lymphocytes Without Mitogen 
Stimulation for Chromosome Aberration Analysis Using 
Specifi c Whole Chromosome DNA Hybridization Probes 

           Rupak     Pathak     and     Pataje     G.    S.     Prasanna    

    Abstract 

   We have previously described a unique, simple, and rapid method for inducing premature chromosome 
condensation (PCC) in “resting” human peripheral blood lymphocytes (HPBLs) without mitogen stimu-
lation and an approach for studying numerical changes and/or structural aberrations involving a specifi c 
pair of human chromosomes. The current protocol incorporates improvements that provide better PCC, 
incorporates a high-throughput automated sample preparation unit and metaphase harvester to minimize 
manual labor and improve quality, and supports simultaneous painting of multiple sets of human auto-
somes in interphase nuclei. To induce PCC, isolated HPBLs are incubated at 37 °C in cell culture medium 
supplemented with a phosphatase inhibitor (okadaic acid or calyculin A), adenosine triphosphate, and 
p34 cdc2 /cyclin B kinase (an essential component of mitosis-promoting factor) for a short period of time. 
PCC spreads are prepared on glass slides using a humidity- and temperature-controlled chamber (an auto- 
spreader) after a brief hypotonic treatment and fi xation. Aberrations involving specifi c sets of painted 
human chromosome are analyzed using fl uorescence microscopy. Each of the normal (undamaged) painted 
homologous chromosome pairs displays two fl uorescent spots, whereas cells with numerical and/or struc-
tural aberration involving specifi c painted chromosome sets show deviation in the number of fl uorescent 
spots. The identifi cation and quantifi cation of aberration involving specifi c chromosomes in interphase 
nuclei have important applications in radiobiology, toxicology, radiation therapeutics, and cancer research.  

  Key words     Premature chromosome condensation (PCC)  ,   Phosphatase inhibitors  ,   p34  cdc2  /cyclin B 
kinase  ,   Chromosome aberration analysis  ,   Fluorescence in situ hybridization (FISH)  

1      Introduction 

 Numerical and/or structural chromosome aberration (CA) analysis 
is widely used in many fi elds: in the diagnosis of genetic diseases, in 
screening of chemical(s) or drug(s) for toxicity, in environmental 
monitoring for genotoxicity, in radiation biodosimetry after acci-
dental or occupational exposures, in biomonitoring for genotoxic 
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risk assessment, in genomics, in cancer risk assessment, and in 
many other applications. Routine CA analysis uses metaphase 
spreads obtained from either cultured mammalian cells or from 
mitogen-stimulated short-term cultures of human peripheral blood 
lymphocytes (HPBLs). Metaphase spread-based CA analysis 
depends on successful mitogen (e.g., phytohemagglutinin) stimu-
lation of “resting” HPBLs into the cell cycle. Cell cycle progres-
sion is then arrested in metaphase using a spindle poison (e.g., 
colchicine or colcemid). Chromosome spreads on glass slides are 
obtained after treatment with a hypotonic solution and subsequent 
fi xation in acetic acid/methanol for analysis of quantitative or quali-
tative changes involving structural and/or numerical aberrations. 

 Metaphase spread-based CA analysis is laborious, requires 
cytogenetic expertise, and is time consuming. Confounding factors 
associated with metaphase spread-based aberration analysis result-
ing from cell cycle progression, such as induced cell killing and cell 
cycle delay, are known to interfere with assay results. In addition, 
metaphase spread-based quantitative CA analysis is critically depen-
dent upon the availability of large numbers of suitable metaphase 
spreads, because often only 3–4 % of cells are analyzable. The ability 
to analyze CA prior to DNA synthesis eliminates most of these 
inherent problems associated with cell cycle kinetics [ 1 ]. 

 A method for inducing premature chromosome condensation 
(PCC) in “resting” HPBLs so as to obtain chromosome spreads 
prior to DNA synthesis for CA analysis has been previously 
described [ 2 ]. The method involves the fusion of HPBLs with 
mitotic cells. The mitotic cells are obtained from a mammalian cell 
culture, and polyethylene glycol (PEG) can be used as a fusogen to 
allow mitosis- promoting factors (MPFs) to diffuse from the mitotic 
cells into the resting lymphocytes and bring about PCC. This 
method is technically demanding and diffi cult, and the PCC yield 
is low and inconsistent [ 2 ]. This method of obtaining chromo-
some spreads prior to DNA synthesis for CA analysis has not been 
widely adopted in cytogenetics. 

 PCC can also be induced by incubating proliferating cells, such 
as mitogen-stimulated HPBLs [ 3 ,  4 ] or human tumor cell lines 
[ 5 ], in cell culture medium containing type-1 and type-2A protein 
phosphatase inhibitors (e.g., okadaic acid [OA] or calyculin A). 
This approach, when combined with whole chromosome-specifi c 
hybridization probes, permits both the scoring of chromosomal 
damage in PCC spreads and the identifi cation of other interphase 
cells with discrete chromosome domains or spots [ 5 ]. For each pair 
of homologous chromosomes, normal (undamaged) cells display 
two fl uorescent spots, one each corresponding to the paternally 
and maternally derived homologues, and cells with an aberrant 
constitution of this specifi c chromosome set usually show more 
than two fl uorescent spots. Irradiation, for example, causes a 
 dose- dependent increase in proliferating interphase tumor cells 
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with more than two spots. The method described earlier for inducing 
PCC in HPBLs using phosphatase inhibitors requires a mitogenic 
stimulation [ 3 ,  4 ] for at least 30 h and short-term HPBL culture 
before the PCC spreads can be processed for CA. This mitogen 
stimulation results in an asynchronous culture, complicating CA 
analysis and lengthening the time required to prepare samples for 
analysis. Differentiated and non-proliferating cells, such as resting 
HPBLs, do not respond to phosphatase inhibitor treatment and do 
not induce PCC [ 6 ,  7 ]. 

 The rationale for developing a method to induce PCC in 
 resting HPBLs with no mitogen stimulation is based on our under-
standing of the signal transduction mechanisms that regulate cell 
cycle phases, DNA replication, chromosome condensation, and 
mitosis in mammalian cells. Briefl y, mitosis in proliferating cells is 
triggered by the specifi c activation of  cyclin D kinase  ( cdk ), and 
chromosome condensation is regulated by p34  cdc2  / cyclin B kinase  
activity, the hyper-phosphorylation of histone H1, and the phos-
phorylation of histone H3. For example, treatment of BHK1 cells 
in G 1  phase with OA alone does not induce PCC [ 6 ], apparently 
due to a lack of p34  cdc2  / cyclin B kinase  activity. Recently, we dem-
onstrated that incubation of resting HPBLs in a special cell culture 
medium induces PCC without mitogen stimulation [ 7 ,  8 ]. The 
medium contains p34 cdc2 /cyclin B kinase (a component of MPF), a 
phosphatase inhibitor (OA or calyculin A), and ATP (an enzyme 
system substrate that increases Ca 2+ -activated K +  channels). The 
method results in a high yield of PCC cells suitable for fl uorescence 
in situ hybridization (FISH) of whole chromosomes and for detec-
tion of numerical and/or structural aberrations involving specifi c 
chromosome set(s). CA can be rapidly analyzed in a large resting 
lymphocyte population directly collected from human peripheral 
whole blood and readily isolated on a density gradient. In this 
chapter we describe, step by step, this unique, simple, and rapid 
method for inducing PCC in resting HPBLs without mitogen 
stimulation and an approach to studying numerical changes and/
or structural aberrations involving specifi c chromosome set(s). 
Such analyses and quantifi cation of aberrations involving specifi c 
chromosome sets in interphase nuclei have application in radiobi-
ology, toxicology, radiation therapeutics, and cancer research.  

2    Materials 

      1.    Biological safety cabinet (clean air station, e.g., NU-425 
Labgard, NuAire, Plymouth, MN).   

   2.    1-, 2-, 5-, and 10-mL Pipettes (e.g., BD Falcon).   
   3.    15-mL Polypropylene centrifuge tubes (e.g., BD Falcon, 

Franklin Lakes, NJ, USA).   

2.1  Isolation of 
HPBLs ( See   Note 1 )

PCC Induction in Resting Human PBLs
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   4.    Lymphocyte separation solution (e.g., Histopaque-1077, Sigma, 
St. Louis, MO;  see   Note 2 ).   

   5.    Benchtop centrifuge (e.g., Beckman TJ-6 Centrifuge, Beckman, 
Fullerton, CA).   

   6.    Pasteur pipettes.   
   7.    Dulbecco’s phosphate-buffered saline (DPBS) without Ca 2+  

and Mg 2+  (e.g., Invitrogen, Carlsbad, CA).   
   8.    Vortex mixer (e.g., Fisher Scientifi c, Pittsburgh, PA).   
   9.    Disinfectant (e.g., Clorox; Clorox, Oakland, CA).      

      1.    Cell culture media (e.g., Marrowmax TM  Bone Marrow Media, 
Invitrogen;  see   Note 3 ).   

   2.    10 mM Adenosine triphosphate (ATP, Sigma) in Marrowmax TM  
Media ( see   Note 4 ).   

   3.    50 μM Calyculin A (Calbiochem, Gibbstown, NJ;  see   Note 5 ).   
   4.    2,000 U/mL p34  cdc2  /cyclin B kinase (New England Biolabs, 

Ipswich, MA;  see   Note 6 ).   
   5.    1-, 2-, 5-, and 10-mL Pipettes (e.g., BD Falcon).   
   6.    20-, 200-, and 1,000-μL Micropipettes and tips (e.g., Fisher 

Scientifi c).   
   7.    37 °C Water bath (e.g., Isotemp 1028P, Fisher Scientifi c).   
   8.    Pipettes (e.g., BD Falcon).   
   9.    15-mL Polystyrene centrifuge tubes (e.g., BD Falcon).   
   10.    37 °C CO 2  cell culture incubator (e.g., Forma Model 3110, 

Thermo Scientifi c, Waltham, MA).   
   11.    Hypotonic solution: 0.56% Potassium chloride (Sigma; 

 see   Note 7 ).   
   12.    Carnoy’s fi xative: 1:3 glacial acetic acid (analytical grade): 200 

proof (absolute) methanol (analytical grade).   
   13.    Metaphase harvester (Hanabi PII, ADSTEC Technologies, 

Japan).   
   14.    Metaphase spreader (Hanabi PII).   
   15.    Microscope slides (e.g., Fisher Scientifi c).      

      1.    pH meter (e.g., Fisher Scientifi c).   
   2.    pH papers (e.g., Fisher Scientifi c).   
   3.    Diamond marker (e.g., Fisher Scientifi c).   
   4.    Glass Coplin jars (e.g., Fisher Scientifi c).   
   5.    Light microscope (e.g., Leica Phase contrast, Leica Microsystems, 

Bannockburn, IL).   
   6.    Microcentrifuge (e.g., Marathon Model 16KM, Fisher Scientifi c).   

2.2  PCC Induction 
and Cell Processing

2.3  In Situ 
Hybridization, 
Chromosome Painting, 
and Fluorescence 
Microscopy
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   7.    Thermal cycler (e.g., DNA Thermalcycler, Perkin-Elmer, 
Norwalk, CT).   

   8.    In situ hybridization machine (e.g., Omnislide Thermo cycler, 
Thermo Hybaid, Ashford, UK).   

   9.    Water bath (e.g., Isotemp 1028P, Fisher Scientifi c).   
   10.    Micropipettes and tips (e.g., Fisher Scientifi c).   
   11.    24 mm × 24 mm Glass cover slips (e.g., Fisher Scientifi c).   
   12.    Rubber cement (e.g., Fisher Scientifi c).   
   13.    Hot plate (e.g., Fisher Scientifi c).   
   14.    Fluorescence microscope and imaging station (e.g., Cytovision, 

Applied Imaging, Santa Clara, CA).   
   15.    Whole-chromosome-specifi c DNA probe (Cytocell, Cambridge, 

UK).   
   16.    20× SSC solution ( see   Note 8 ).   
   17.    2× SSC solution ( see   Note 9 ).   
   18.    2× SSC/0.1% NP-40 wash solution ( see   Note 10 ).   
   19.    70% formamide/2× SSC denaturation solution ( see   Note 11 ).   
   20.    Ethanol series: Prepare fresh v/v solutions of 70, 85, and 100% 

ethanol with distilled water ( see   Note 12 ).   
   21.    50% formamide/2× SSC formamide wash solution ( see   Note 13 ).   
   22.    1 mg/mL 4,6-Diamidino-2-phenyl-indole (DAPI) in a  mounting 

solution (e.g., Vectashield, Vector Laboratories, Burlingame, CA).       

3    Methods 

      1.    Transfer 3 mL of lymphocyte separation solution to a 15-mL 
conical centrifuge tube, and carefully and slowly layer over 
3 mL of heparinized whole blood such that a density separa-
tion of the solution and the blood occurs.   

   2.    Centrifuge at 400 ×  g  for exactly 30 min at room temperature 
(~25 °C), using a swinging bucket type of rotor.   

   3.    Following centrifugation, carefully remove and discard the 
upper layer by aspiration using a Pasteur pipette, without 
 disturbing the opaque interface (buffy coat) containing the 
mononuclear cells ( see   Note 1 ).   

   4.    Carefully transfer the opaque interface (buffy coat) to a  separate 
15-mL centrifuge tube using a Pasteur pipette, and discard the 
red blood cells ( see   Note 15 ).   

   5.    Add 10 mL of DPBS to the tube containing the buffy coat and 
gently mix using a 10-mL pipette.   

   6.    Centrifuge at 200 ×  g  for 15 min at room temperature.   

3.1  Isolation of 
HPBLs from Whole 
Blood ( See   Note 14 )
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   7.    Aspirate the supernatant and discard ( see   Note 1 ).   
   8.    Using a vortex mixer, gently break up the cell pellet, resuspend 

with 10 mL of DPBS, and mix as above.   
   9.    Centrifuge at 200 ×  g  for 15 min at room temperature.   
   10.    Repeat  steps 7 – 9 ; discard supernatant ( see   Notes 1  and  16 ).      

      1.    Prepare PCC incubation media: To 5 mL of Marrowmax TM  
Media, add 50 μL of 10 mM ATP (fi nal concentration 
100 μM), 50 μL of 50 μM calyculin A (fi nal concentration 
50 nM;  see   Note 5 ), and 12.5 μL of 2,000 U/mL p34 cdc2 /
cyclin B kinase (fi nal concentration 50 U/mL) ( see   Notes 
6  and  17 ).   

   2.    Resuspend lymphocytes in pre-warmed PCC incubation media 
at approximately 1–1.5 × 10 6  cells/mL ( see   Note 18 ) in a 
15-mL centrifuge tube.   

   3.    Incubate for 3 h at 37 °C in a CO 2  incubator.   
   4.    Process cells with pre-warmed hypotonic solution (0.56% KCl) 

and ice-cold Carnoy’s fi xative using an automated metaphase 
harvester according to the manufacturer’s instructions ( see  
 Note 19 ).   

   5.    Place the pre-cleaned glass slide in metaphase spreader 
( see   Note 20 ).   

   6.    Drop cell suspension onto pre-cleaned glass slides using meta-
phase spreader.      

      1.    Spot cell sample onto cleaned glass slide for hybridization and 
mark with a diamond marker.   

   2.    Pipette 40 mL of 70 % formamide/2× SSC solution (pH 7.0) 
into a Coplin jar ( see   Note 11 ), and place the jar in a water 
bath at 73 °C. Ensure that the temperature inside the Coplin 
jar is 72 ± 1 °C.   

   3.    Immerse slide in the denaturation solution for 2 min 
( see   Note 21 ).   

   4.    Dehydrate the slide in 70, 85, and 100% ice-cold ethanol 
by immersing the slide for 2 min in each alcohol grade 
( see   Note 22 ).   

   5.    Leave the slide immersed in 100% ethanol until the hybridization 
probe(s) is/are ready.   

   6.    Prepare the probe mixture as follows ( see   Note 23 ):
    (a)     Remove probe solution from the −20 °C freezer and allow 

to thaw at room temperature. Ensure that probe solution 
is uniform by repeated pipette mixing.   

   (b)     Apply 10 μL of probe solution on the marked area of the 
slide to paint single pair of homologous chromosomes or 
add mix of two different probe solutions designed for and 

3.2  PCC Induction 
( See   Note 1 )

3.3  In Situ 
Hybridization, 
Chromosome 
Painting, and 
Fluorescence 
Microscopy
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 conjugated with two different fl uorochrome dyes for two 
 different chromosome sets to be painted. For example, 
probes for human chromosome 1 (conjugated with Texas-
red) and 2 (conjugated with fl uorescein isothiocyanate 
[FITC]) are mixed in the ratio of 3:7, and 10 μL of this 
probe mix is used to paint human chromosomes 1 and 2 
simultaneously in interphase nuclei.    

      7.    Cover with a 24 mm × 24 mm glass cover slip.   
   8.    Carefully seal all four edges of the glass cover slip with rubber 

cement, and allow the glue to dry completely at room 
temperature.   

   9.    Place the sealed slide onto a 75 °C (±1 °C) hot plate and 
 denature for 2 min.   

   10.    Hybridize at 37 °C overnight (8–16 h) either by placing the 
slide in a pre-warmed, humidifi ed box kept in an incubator or 
by using an in situ hybridization machine.   

   11.    Remove all traces of glue carefully using a forceps. Wash slide 
with 0.4× SSC (pH 7.0) at 72 °C thoroughly for 2 min, and 
allow the cover slip to fall off of the slide.   

   12.    Wash slide again with gentle agitation in 2× SSC at room 
 temperature for 30 s.   

   13.    Allow excess solution to drain off from the slide by touching 
the end of the slide onto blotting paper.   

   14.    Apply 10 μL of DAPI counterstain in mounting medium and 
cover with a cover slip.   

   15.    These slides are suitable for observation under a fl uorescence 
microscope equipped with fi lters for DAPI, FITC, and Texas- 
red. The slides are observed under an oil-immersion objective, 
at 1,000× magnifi cation, for scoring aberrations involving a 
specifi c painted chromosome set or sets ( see   Notes 24  and  25 ).   

   16.    The quantitative analysis of CA is based on the following 
 general criteria. The cells included in the analysis should show:

    (a)     At least a partial separation of chromosomes in interphase 
nuclei as determined by DAPI counterstain.   

   (b)     Two or more clearly separated chromosome-specifi c spots 
(with bright red or green fl uorescent signals depending on 
the fl uorochrome attached) ( see   Note 26 ).   

   (c)    Spots that are similar in fl uorescent intensity.   
   (d)     An area representing about 15–100% of the area of 

 fl uorescent signal as observed in the controls ( see   Note 27 ).       
   17.    Normal (undamaged) cells display two fl uorescent spots of the 

same color for each set of painted homologous chromosomes. 
Cells with aberrations involving specifi c painted chromosomes 
are characterized by the presence of more than two spots, which 
refl ect fragments, dicentrics, or symmetrical translocations.       
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4    Notes 

     1.     Caution : Adhere to biosafety procedures while carrying out 
the steps in this protocol. Use of a biological safety cabinet 
(Class II, Type A/B3) is required. All liquid wastes should be 
treated as biologically hazardous. Therefore, liquid wastes 
should be aspirated into a conical fl ask containing 50% bleach 
to sterilize biohazardous liquids. Solid wastes should be treated 
as regulated medical wastes and should be disposed of in 
appropriately labeled burn boxes [ 9 ].   

   2.    Store lymphocyte separation solution at 4 °C under refrigeration, 
bringing it up to room temperature (~25 °C) before use.   

   3.    Store Marrowmax TM  Bone Marrow Media frozen at −20 °C. 
Thaw and warm to 37 °C before use.   

   4.    Prepare stock solution by dissolving 0.0551 g of ATP in 10 mL 
of Marrowmax TM  Bone Marrow Media. Store at 4 °C in a 
refrigerator until used.   

   5.    Prepare stock solution by dissolving 10 μg of calyculin A in 
200 μL of absolute ethanol and store at −20 °C, protecting 
from light.   

   6.    Concentration of p34  cdc2  /cyclin B kinase varies with the lot. 
Therefore, modify the volume of Marrowmax TM  Bone Marrow 
Media accordingly to get a fi nal concentration of 50 U/mL. 
Store at −70 °C. Activity diminishes at a rate of about 50% 
per week.   

   7.    Freshly prepare 0.56% potassium chloride solution by dissolv-
ing 0.56 g in 100 mL of distilled water.   

   8.    Adjust pH of 20× SSC solution to 5.3 with 1 N HCl. The 
solution can be stored at room temperature. Discard stock 
solution after 6 months, or sooner if found cloudy or 
contaminated.   

   9.    Mix well 100 mL of 20× SSC (pH 5.3) with 850 mL of  distilled 
water. Adjust pH to 7.0 ± 0.2 with NaOH. Add distilled water 
to bring volume to 1 L. The solution can be kept at room 
 temperature. Discard stock solution after 6 months, or sooner 
if the solution appears cloudy or contaminated.   

   10.    Mix well 100 mL of 20× SSC (pH 5.3) with 850 mL of  distilled 
water. Add 1 mL of NP-40. Add distilled water to bring the 
volume to 1 L. Adjust pH to 7.0 ± 0.2 with NaOH. Solution 
can be kept at room temperature. Discard after 6 months, or 
sooner if it appears cloudy or contaminated.   

   11.    Mix well 49 mL of formamide, 7 mL of 20× SSC, and 14 mL 
of distilled water in a glass Coplin jar. Measure pH using pH 
paper to verify a pH of 7.0–8.0. Prepare a fresh solution for 
each use.   
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   12.    Prepare a fresh ethanol series for each use.   
   13.    Mix well 105 mL of formamide, 21 mL of 20× SSC, and 

84 mL of distilled water. Measure pH using pH paper to verify 
a pH of 7.0–8.0. Prepare the solution fresh every week, and 
store it covered in a refrigerator at 4 °C.   

   14.    Peripheral blood collected from healthy adult donors by 
 phlebotomy into vacutainers containing ethylenediaminetet-
raacetic acid (EDTA) is suitable. However, the Human Use 
Committee may require approved informed consent from 
the donors, as determined by the policies of the institute where 
the work will be carried out.   

   15.    Treat solid waste as regulated biomedical waste, and dispose of 
it in an appropriately labeled burn box.   

   16.    Expected recovery for a healthy adult donor is about 3.0–4.5 
million mononuclear cells from 3 mL of whole blood.   

   17.    Although concentrations of p34 cdc2 /cyclin B kinase as low as 
5 U/mL induce PCC, the yield is considerably decreased [ 6 ].   

   18.    Use of a blood cell counter (e.g., Beckman Coulter Z2 
Counter, Beckman Coulter, Miami, FL) for determining lym-
phocyte count is suggested but not required.   

   19.    The Hanabi PII automated metaphase harvester harvests 
 metaphase spreads from short-term blood lymphocyte cul-
tures automatically from up to 24 samples per run in less than 
3 h by sequentially performing centrifugation of cell suspen-
sion,  aspiration and disposal of supernatant, disruption of cell 
pellets,  treatment of cells with pre-warmed hypotonic solution, 
 incubation at 37 °C, centrifugation and disposal of  hypotonic 
 solution, treatment with Carnoy’s fi xative as required, and 
 preparation of the resulting cell suspension for cytogenetic 
slide making.   

   20.    The Hanabi Metaphase Spreader chamber provides optimal 
temperature, humidity, and airfl ow for chromosome spreading 
and minimizes chromosome overlapping.   

   21.    Denaturation of chromatin material is a very crucial step for 
FISH painting, as over-denaturation or under-denaturation 
will affect probe binding. For this PCC technique, over- 
denaturation (dependent on buffer temperature and pH) is a 
very common problem. Therefore, we recommend perform-
ing a trial slide denaturation run. Following denaturation, stain 
with Giemsa and observe under a light microscope. If the 
chromatin material is over-denatured, Giemsa staining will be 
very light and uniform, and the chromatin material will lose its 
condensation, altering the morphology of the PCC (as shown 
in Fig.  1 ). If the chromatin morphology is altered in this man-
ner, adjustments include decreasing the melting  temperature 
by 2 °C or reducing the denaturation time.
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       22.    The Coplin jars containing alcohol grades should be placed in 
an ice bucket, at least 30–60 min before starting the experi-
ment, to carry out the cold-temperature reactions.   

   23.    Aberrations can be studied by using any whole chromosome- 
specifi c probes. The manufacturer’s original protocol for 
 metaphase chromosomes is modifi ed for applications involving 
PCC spreads. Protocols may vary for other whole chromosome 
probes. We suggest following the manufacturer’s instructions 
and suitably modifying the protocol if needed.   

   24.    Care should be taken not to trap air bubbles when applying the 
cover slip.   

   25.    Alternatively, slides can be stored at −20 °C in the dark up to 
1 week without fading.   

   26.    Cells with single fl uorescent spot for a particular homologous 
chromosome pair that arise because of overlapping signals or 
aneupoidy and should not be included during quantifi cation 
of CA.   

  Fig. 1    Photomicrographs showing FISH-painted human chromosomes 1 ( red  ) and -2 ( green ) in interphase 
lymphocytes induced by modifi ed PCC method after  60 Co γ-irradiation. ( a ,  b ) Normal cells producing two  red  
spots and two  green  spots; ( c ) cell with an aberrant chromosome 1 producing more than two  red  spots; ( d ) cell 
with an aberrant chromosome 2 producing more than two  green  spots; ( e ,  f ) cells showing more than two 
 green  and  red  spots indicative of multiple aberrations. Photographs were taken under 600× magnifi cation [ 8 ]       

 

Rupak Pathak and Pataje G.S. Prasanna



181

   27.    The area of the fl uorescent signal for a particular homologous 
chromosome pair in the control samples is not always uniform 
because of differential chromosome condensation and, in a few 
cases, angular presentation under the microscope. To avoid 
ambiguity, such cells should be excluded from analysis.         
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    Chapter 15   

 Mutagen Sensitivity as Measured by Induced Chromatid 
Breakage as a Marker of Cancer Risk 

           Xifeng     Wu     ,     Yun-Ling     Zheng    , and     T.    C.     Hsu   

    Abstract 

   Risk assessment is now recognized as a multidisciplinary process, extending beyond the scope of traditional 
epidemiologic methodology to include biological evaluation of interindividual differences in carcinogenic 
susceptibility. Modulation of environmental exposures by host genetic factors may explain much of the 
observed interindividual variation in susceptibility to carcinogenesis. These genetic factors include, but are 
not limited to, carcinogen metabolism and DNA repair capacity. This chapter describes a standardized 
method for the functional assessment of mutagen sensitivity. This in vitro assay measures the frequency of 
mutagen-induced breaks in the chromosomes of peripheral blood lymphocytes. Mutagen sensitivity 
assessed by this method has been shown to be a signifi cant risk factor for tobacco-related maladies, espe-
cially those of the upper aerodigestive tract. Mutagen sensitivity may therefore be a useful member of a 
panel of susceptibility markers for defi ning high-risk subgroups for chemoprevention trials. This chapter 
describes methods for and discusses results from studies of mutagen sensitivity as measured by quantifying 
chromatid breaks induced by clastogenic agents, such as the γ-radiation mimetic DNA cross-linking agent 
bleomycin and chemicals that form so-called bulky DNA adducts, such as 4-nitroquinoline and the tobacco 
smoke constituent benzo[ a ]pyrene, in short-term cultured peripheral blood lymphocytes.  

  Key words     Mutagen sensitivity  ,   Chromatid breaks  ,   Cancer susceptibility  ,   Bleomycin  ,   Benzopyrene  , 
  Nitroquinoline  ,   γ-irradiation  

1      Introduction 

 Maintaining the integrity of the genome is essential to normal cell 
function. Disruption of this normally well-regulated process can 
lead to cell death or neoplasia. The notion that genetic susceptibil-
ity to cancer is related to genomic instability was initially supported 
by the characterization of rare autosomal recessive disorders such 
as ataxia telangiectasia and xeroderma pigmentosum that are asso-
ciated with in vivo and in vitro chromosomal instability, defective 
DNA repair capacity, and increased cancer risk. Hsu [ 1 ] hypothe-
sized that in the general population, susceptibility to chromosome 
damage in response to mutagens varies along a continuum, with 
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recognized chromosome fragility syndromes such as Fanconi ane-
mia and ataxia telangiectasia being the most extreme. In response 
to environmental exposures, genetic damage would accumulate 
more quickly in people with an inherited susceptibility to DNA 
damage than in other similarly exposed people, and those with the 
inherited susceptibility might therefore be at higher risk for cancer. 
Hsu et al. [ 2 ] developed a phenotypic assay of this intrinsic cancer 
susceptibility, the  mutagen sensitivity assay . 

 Mutagen sensitivity is an in vitro assay that gauges host suscep-
tibility by measuring the frequency of induced chromatid breaks in 
short-term cultured lymphocytes after exposure to an array of 
mutagens. A series of studies has indicated that mutagen sensitivity 
is a promising environmental exposure-related cancer risk marker 
[ 3 – 16 ]. Application of this assay has been successfully expanded by 
replacing the initial test mutagen, bleomycin (a γ-radiation mimetic 
drug), with 4-nitroquinoline-1-oxide (4-NQO, a UV mimetic 
agent), γ-radiation itself, benzo[ a ]pyrene diol epoxide (BPDE), 
and ultraviolet (UV) light to measure risks associated with differ-
ent types of cancers [ 11 ,  15 ,  17 – 21 ]. Different mutagens may act 
on cells through different molecular mechanisms and may activate 
different repair pathways. Bleomycin is radiomimetic and generates 
free oxygen radicals that can induce single-stranded and 
 double- stranded breaks and subsequent mutations. Bleomycin- or 
γ-radiation-induced DNA damage requires base excision or recombi-
nant DNA repair [ 22 ,  23 ]. DNA intrastrand cross-linking, such as 
occurs upon exposure to UV light, is remediated by the nucleotide 
excision repair pathway [ 24 ]. Chemicals that covalently interact with 
DNA, such as BDPE and 4-NQO, forming “bulky” adducts that 
alter DNA helicity [ 25 ,  26 ], also require nucleotide excision repair 
for their remediation. BPDE is a metabolic product of benzo[ a ]
pyrene, a major constituent of tobacco smoke [ 27 ,  28 ]. Since differ-
ent cancer sites may be associated with different carcinogenic expo-
sures, the relevancy of specifi c mutagen sensitivity assays might vary 
from site to site. It has been found that bleomycin sensitivity is associ-
ated with increased risk for environmentally related cancers [ 2 – 16 ]; 
BPDE sensitivity is associated with increased risk for smoking-related 
cancers [ 11 ,  15 ], including breast cancer [ 29 ,  30 ]; 4-NQO and UV 
sensitivity are associated with increased risk for skin cancer [ 20 ,  21 ]; 
and γ-radiation sensitivity is associated with increased risk for brain 
tumors and breast cancer [ 18 ,  19 ]. In patients with head and neck 
squamous cell carcinoma bleomycin sensitivity has recently been 
demonstrated specifi cally in the epithelial component of the upper 
airway tract mucosa, the tissue from which the disease arises [ 31 ]. 

 This chapter discusses mutagen sensitivity as measured by 
 quantifying bleomycin-, BPDE-, 4-NQO-, and γ-radiation- induced 
chromatid breaks in short-term cultured peripheral blood lympho-
cytes. Chromatid breaks occur in the late S and G 2  phases of the cell 
cycle and are detected at metaphase. Chromatid breaks are one of 
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the fi ve types of chromosomal aberrations, which also include 
  inter chromosomal exchange,  intra chromosomal exchange, intersti-
tial deletions, and chromatid gaps. Briefl y,  inter chromosomal 
exchanges involve either a symmetrical or an asymmetrical exchange. 
When a translocation results in two intact, unicentric chromosomes, 
a symmetrical exchange has occurred, and when it leads to the 
 formation of a dicentric chromosome and an acentric fragment, an 
asymmetrical exchange has occurred.  Intra chromosomal exchanges 
also include symmetrical and asymmetrical exchanges. Symmetrical 
exchange results in an inversion chromosome but usually causes no 
mitotic abnormality. An asymmetric exchange produces a ring chro-
mosome and one or two acentric fragments. Interstitial deletion 
occurs when a chromatid fragment breaks off and the broken ends 
fuse. These deletions are usually rare. A chromatid  gap  is defi ned as 
a small lesion whose size is shorter than the diameter of the chroma-
tid [ 32 ,  33 ]. A chromatid gap can occur when two broken ends of a 
chromatid join together. Alternatively, a chromatid “break” is 
defi ned as occurring when the size of the lesion is equal to or larger 
than the diameter of the chromatid. Using a slightly modifi ed version 
of the Chatham Bars Inn Conference (CBIC) nomenclature [ 32 ], 
chromatid breaks are also defi ned as occurring a) when the sister 
chromatid is bent at the point of the lesion (or chromatid gap) or b) 
when two “broken” ends do not face each    other. 

 The following protocol provides instructions in conducting 
mutagen sensitivity assays and for reading and interpreting chro-
matid breaks.  

2    Materials 

      1.    5 ml of peripheral blood in green top tube (sodium heparin as 
anticoagulant; e.g., Vacutainer, Fisher Scientifi c, Houston, TX).   

   2.    Blood culture media ( see  Subheading  2.2 ).   
   3.    25-cm 2  Culture fl asks.   
   4.    37 °C Cell culture incubator.   
   5.    Treatment chemical working solutions ( see  Subheading  2.3 ).      

       1.    1× RPMI 1640 powder (Gibco, Rockville, MD).   
   2.    20 % Fetal bovine serum (FBS; Gibco).   
   3.    100 U/mL penicillin, 100 μg/mL streptomycin (Gibco).   
   4.    2 mM  L -glutamine (Gibco).   
   5.    24 mM (2 g/L) sodium bicarbonate (NaHCO 3 ).   
   6.    1.25 % (v/v) phytohemagglutinin (PHA; Burroughs Wellcome, 

Research Triangle Park, NC).   
   7.    10 U/mL Heparin sodium salt solution (Gibco), reconstituted 

in distilled, deionized H 2 O.      

2.1  Treatment and 
Culture of Lymphocyte 
Cells

2.2  Blood 
Culture Medium
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       1.    1.5 U/mL Bleomycin (Blenoxane, Nippon Kayaku, White 
Plains, NY) in distilled, deionized H 2 O. The working solution 
can be stored at −20 °C.   

   2.    BDPE: 12 mM Benzo[ a ]pyrene-r-7,t-8-dihydrodiol-t-9, 
10- epoxide (Midwest Research, Kansas City, MO) in anhydrous 
tetrahydrofuran (Sigma, St. Louis, MO). Dilute stock solution 
in dimethyl sulfoxide (DMSO, Sigma) to a fi nal concentration 
of 0.5 mM immediately before adding it to the blood culture.   

   3.    1.0 mM 4-NQO (Sigma) in acetone.      

      1.     137 Cs source (e.g., Cesium Irradiator Mark 1, model 30, 
Shepard and Associates, Glendale, CA).      

      1.    Colcemid (demecolcine) working solution: 2 μg/mL colcemid 
(GIBCO) in Hank’s balanced salt solution without Ca ++  and 
Mg ++  (HBSS;  see   Note 1 ).   

   2.    15 mL Centrifugation tubes.   
   3.    Centrifuge (e.g., 5804R, Brinkman, Westbury, NY).   
   4.    0.06 M KCl hypotonic solution.   
   5.    Carnoy’s fi xative: 3:1 v/v (consistent with 2.2.6) methanol 

and glacial acetic acid, mixed. Prepare fresh every day.   
   6.    Preparative microscope slides (e.g., Erie Scientifi c, Ports-

mouth, NH).   
   7.    Giemsa stain working solution: 4 % Gurr’s Geimsa stain (Bio/

Medical Specialties, Santa Monica, CA) in 0.01 M phosphate- 
buffered saline (PBS) stock solution (pH 7.0).       

3    Methods 

      1.    Begin blood culture by adding 1 mL whole blood to 9 mL 
blood medium ( see   Note 2 ) in 25-cm 2  tissue fl ask.   

   2.    Culture cells at 37 °C for 72–91 h, depending on specifi c 
mutagen treatment.      

      1.    Bleomycin sensitivity assay: After 91 h, add 200 μL of 1.5 U/
mL bleomycin (fi nal concentration of 0.03 U/mL) and 
 incubate cells for an additional 4 h at 37 °C. Proceed to 
Subheading  3.3 .   

   2.    BPDE sensitivity assay: After 72 h, add 40 μL of BPDE (fi nal 
concentration of 2 M) and incubate cells for an additional 23 h 
( see   Note 3 ) at 37 °C. Proceed to Subheading  3.3 .   

   3.    4-NQO sensitivity assay: After 72 h, add 100 μL of 4-NQO 
(fi nal concentration of 10 μM) and incubate cells for an addi-
tional 23 h at 37 °C. Proceed to Subheading  3.3 .   

2.3  Treatment 
Chemical Working 
Solutions

2.4  Irradiation 
Treatment

2.5  Harvesting of 
Lymphocyte Cells 
and Slide Preparation

3.1  Initiation of 
Lymphocyte Cultures

3.2  Treatment of 
Lymphocyte Cells
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   4.    γ-radiation sensitivity assay: After 91 h, irradiate cells with 
1.25 Gy from the  137 Cs source. To do this, the fl asks contain-
ing the cell cultures in 10 μL medium are directly exposed to 
incident γ-radiation at the rate of 15.58 Gy/min (or 0.26 Gy/s) 
for 4.8 s. Incubate the cells for an additional 4 h at 37 °C.      

         1.    After the appropriate length of incubation for the different 
assays, add 200 μL colcemid (fi nal concentration of 0.04 μg/
mL;  see   Note 4 ) to arrest mitotic cells; incubate at 37 °C for 1 h.   

   2.    Pour culture into 15-mL centrifuge tube.   
   3.    Spin for 5 min at 410 ×  g .   
   4.    Discard supernatant.   
   5.    Suspend the cell pellet in 8 mL 0.06 M KCL hypotonic solution 

( see   Note 5 ); mix thoroughly. Incubate at room temperature 
for 15 min.   

   6.    Add 1.5 mL Carney’s fi xative solution to mixture, and mix well.   
   7.    Spin for 5 min at 410 ×  g .   
   8.    Discard supernatant.   
   9.    Resuspend the cell pellet in fi xative twice, bring volume to 

10 mL, spin, and discard supernatant.   
   10.    Wash the cells with fi xative twice more.      

      1.    Spin cells down at 410 ×  g , discard supernatant, and resuspend 
the cell pellet in appropriate amount of fi xative solution 
( see   Note 6 ) to give a slightly cloudy suspension of cells.   

   2.    Rinse the slides with distilled, deionized water.   
   3.    Drop 4–6 drops of the suspension onto each slide; let the 

 suspension air-dry (~1 min).   
   4.    Code the slides ( see   Note 7 ) with laboratory identifi cation 

numbers and stain with 4 % Gurr’s Giemsa solution for 2–3 min.      

      1.    To view the chromatid breaks, two brightfi eld objectives are 
needed: low magnifi cation (10–16×) for scanning and high 
magnifi cation (100×) for scoring. Use a 100× dry objective 
that is specifi cally designed for preparations lacking cover slips 
( see   Note 8 ).   

   2.    When choosing metaphases for chromatid breaks, randomly 
select full metaphases whose chromosomes are well spread 
with a minimum amount of overlap ( see   Note 9 ). This can be 
done at low magnifi cation. At high magnifi cation, avoid chro-
mosomes that have overlapped or chromatids that have been 
twisted, which can be mistaken for chromatid breaks.   

   3.    Read 50 metaphases per sample, and calculate the mean number 
of breaks. Breaks are recorded as the average number of breaks 
per cell (b/c).      

3.3  Harvesting 
of Lymphocytes

3.4  Slide Preparation

3.5  Reading 
Chromatid Breaks
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      1.    Before recording chromatid breaks, establish detailed reading 
criteria and review examples of various types of breakage to 
ensure high-quality data. When recording chromatid breaks, 
be conservative ( see   Note 10 ). Record only frank chromatid 
breaks or exchanges. If multiple breaks are visible on the chro-
matid, count each break individually. Each chromatid exchange 
is considered as two breaks. Record the frequency of breakage 
as breaks per cell (b/c). Examples of various types of chroma-
tid aberrations are given in Figs.  1 ,  2 ,  3 ,  4 ,  5 ,  6 ,  7 , and  8 .

3.6  Recording 
Chromatid Breaks

  Fig. 1    An example of a chromatid gap. A chromatid strand visibly runs between 
the broken ends       

  Fig. 2    Examples of chromatid breaks. ( a ) The two “broken” ends do not face each 
other. ( b ) The fragment is still aligned with the sister chromatid. ( c ) The fragment 
is displaced at the other side of the intact sister chromatid       

  Fig. 3    Example of a chromatid break with the sister chromatid bent at the point 
of the lesion       

  Fig. 4    Example of an isochromatid break. This occurs when the break is visible 
at identical locations of the sister chromatids       

  Fig. 5    Examples of chromatids with multiple breaks. ( a ) Three breaks. ( b ) Four breaks       
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              2.    Enter the recordings consecutively. Using abbreviations to 
record the different aberrations is acceptable but must be done 
consistently.   

   3.    Establish a quality control procedure for scoring chromatid 
breaks ( see   Note 11 ).       

4    Notes 

     1.    A premade colcemid working solution can be used as well, such 
as KaryoMAX Colcemid Solution (GIBCO). However, the fi nal 
solution should be 10 μg/mL in the blood culture.   

   2.    Take the blood medium from the freezer the day before the 
experiment and place it in the refrigerator. Do not let it stay in 
refrigerator for more than 7 days.   

  Fig. 6    Examples of  inter chromosomal exchanges. ( a ) Symmetrical exchange, 
when a translocated segment leads to two regular chromosomes. ( b ) Asymmetrical 
exchange, when the exchange leads to the formation of a dicentric chromosome 
and an acentric fragment       

  Fig. 7    Examples of  intra chromosomal exchanges. ( a ) Symmetrical exchange 
occurs when an inversion in one of the daughter cells causes no mitotic abnor-
mality. ( b ) Asymmetrical exchange will produce a ring chromosome and one or 
two acentric fragments       

  Fig. 8    Example of an interstitial deletion       
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   3.    The BPDE should be prepared and added to the blood culture 
in the dark because it is light sensitive.   

   4.    Do not use the colcemid working solution for more than 
20 days.   

   5.    The solution lyses the red blood cells, and the suspension will 
turn brown.   

   6.    Depending on the size of the pellet, add 0.5–2 mL of the 
 fi xative solution.   

   7.    It is important to code the slides before reading to prevent any 
introduction of bias. More specifi cally, the individual reading 
the slides should not know the case–control status, drug dosage, 
or duration of treatment related to the slides.   

   8.    The dry 100× objective will have the same resolution as the 
oil-immersion lens. Using the “no cover slip” preparation will 
prevent the untidiness created by using the oil lens. Make 
 certain that the same fi eld is not observed twice.   

   9.    Do not read cells with incomplete metaphase fi gures or 
 metaphases with distorted chromosome arrangement. Avoid 
reading of prophases and early prometaphases, because 
chromosomes in these phases show a more beaded morphol-
ogy and are often more “gappy” than those in the full meta-
phases. Do not read metaphases with crowded chromosomes. 
It is important to use cells with sister chromatids that are well 
separated and clearly distinguishable from one another.   

   10.    Be careful when recording chromatid breaks. Breaks usually 
occur near the ends. If a particular chromosome is diffi cult to 
interpret, then consider the chromosome normal. Cells that 
have been understained tend to show more “gappy” chromo-
somes, whereas cells that are overstained tend to mask minor 
chromatid lesions. The heterochromatic regions of chromo-
somes 1, 9, and 16 usually stain lightly and thus can be 
 misinterpreted as gaps or breaks. In approx 1 % of bleomycin-
treated cultures, metaphases may have extensive (>12) chro-
matid b/c. These metaphases should be discarded. It might 
be of interest to score chromatid gaps along with the chroma-
tid breaks; however, they should be recorded separately. The 
accrued data can be compared with data from other 
 investigators who do not differentiate between chromatid 
breaks and gaps.   

   11.    It is important to have a well-trained technician to read the 
slides. The technician should have a basic knowledge of and 
some experience in cytogenetics. A trained technician will be 
able to read fi ve to eight slides per day. To become familiar 
with chromatid breaks, human blood cultures treated with 
bleomycin (30 μg/mL) for 5 h can be used as test material.         
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    Chapter 16   

 Pulsed-Field Gel Electrophoresis Analysis of Multicellular 
DNA Double-Strand Break Damage and Repair 

           Nina     Joshi     and     Stephen     G.     Grant    

    Abstract 

   This assay quantifi es the extent of double-strand break (DSB) DNA damage in cell populations embedded 
in agarose and analyzed for migratory DNA using pulsed-fi eld gel electrophoresis with ethidium bromide 
staining. The assay can measure preexisting damage as well as induction of DSB by chemical (e.g., bleomy-
cin), physical (e.g., X-irradiation), or biological (e.g., restriction enzymes) agents. By incubating the cells 
under physiological conditions prior to processing, the cells can be allowed to repair DSB, primarily via the 
process of nonhomologous end joining. The amount of repair, corresponding to the repair capacity of the 
treated cells, is then quantifi ed by determining the ratio of the fractions of activity released in the lanes in 
comparison to the total amount of DNA fragmentation following determination of an optimal exposure for 
maximum initial fragmentation. Repair kinetics can also be analyzed through a time-course regimen.  

  Key words     DNA double-strand breaks (DSBs)  ,   Double-strand break repair  ,   Nonhomologous end 
joining (NHEJ)  ,   Pulsed-fi eld gel electrophoresis (PFGE)  ,   DNA fragmentation  ,   Genotoxicity  , 
  Clastogenicity  

1       Introduction 

 Of all the forms of DNA damage, double-strand breaks (DSBs) 
induced from exogenous sources, such as ionizing radiation and 
chemical agents, or endogenous sources, such as oxidative stress, may 
be the most deleterious, for if they are unrepaired or misrepaired, they 
can lead to carcinogenic transformation or cell death [ 1 – 3 ]. 

 DSBs (and some proportion of single-strand breaks, where 
they are clustered close enough) result in high-molecular-weight 
DNA fragments that can be liberated from the cell and resolved by 
electrophoresis. This technique can be thought of as a bulk method 
for performing the “comet” assay [ 4 – 8 ], although with several 
advantages: (a) thousands to millions of cells are analyzed, rather 
than hundreds; (b) a single measurement for the population is 
derived, rather than hundreds; and (c) multiple samples, including 
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controls, can be analyzed on the same gel. Application of a pulsed 
fi eld during electrophoresis (pulsed-fi eld gel electrophoresis 
(PFGE)) also allows for a greater separation of DNA sizes, allow-
ing for a better characterization of the nature of the underlying 
DNA damage. 

 Both the comet assay and the PFGE assay have been used 
extensively to study DNA repair, by observing the reduction in 
migrating DNA when cells are allowed a period of repair following 
genotoxic insult. These assays are therefore functional measures of 
DNA DSB repair [ 9 ,  10 ]. 

 From experiments using cell extracts from  Xenopus  eggs [ 11 , 
 12 ], Chinese hamster ovary cells [ 13 ], and human cells [ 14 – 16 ] to 
repair plasmids containing breaks (e.g., the prokaryotic  lacZ  gene 
[ 15 ]) as well as the transfection of damaged plasmids into DNA 
repair-defi cient/profi cient cell lines, two distinct DSB repair pathways—
homologous recombination (HR) and nonhomologous end join-
ing (NHEJ)—have been identifi ed. In HR, the major DSB repair 
pathway in yeast, a homologous chromosome, or more frequently, 
a sister chromatid is used as a template to repair the damaged copy 
of the sequence in an error-free manner [ 17 ]. In contrast, NHEJ, 
the most prevalent pathway for DSB repair in vertebrates [ 18 ], is 
independent of sequence homology [ 19 ]. In this process, the two 
ends of the breakpoint are religated together after limited modula-
tion at the termini. Thus, small deleted sequences, as well as inser-
tions, are often introduced by this repair process, making NHEJ an 
inherently error-prone process. 

 While these cell extract and transfection techniques have pro-
vided valuable information, results from the cell extract experi-
ments are often inconsistent [ 20 ], and there is always the possibility 
that repair processes in plasmids do not refl ect normal DSB repair 
in genomic DNA in intact cells [ 21 ]. Thus, an in vitro assay has 
been developed that quantifi es the amount of repaired genomic 
DNA DSBs in mammalian cells [ 22 ,  23 ]. Repair capacity is only 
measured under conditions of maximum damage, which are likely 
to differ between cell lines and cell types. Thus, an optimal dose for 
DSB damage is initially determined, and then, after applying this 
optimal dose, DSB repair can be examined over time by determin-
ing the ratio of remaining DNA fragmentation in comparison to 
the unrepaired control. 

 Cells with defi ciencies in DNA protein kinase (DNA-PK; 
believed to regulate the accessibility of DNA ends and possibly 
recruit repair factors in the NHEJ pathway [ 23 ]), as well as mouse 
fi broblasts defi cient in Ku80 (another NHEJ-related protein 
involved in the protection and alignment of DNA ends [ 24 ]), have 
decreased repair capacity in this assay. Alternatively, defi ciencies in 
the  BRCA1  and  BRCA2  genes, associated with HR through the 
Fanconi anemia pathway [ 25 ,  26 ], have  not  been detected using 
this assay [ 27 ,  28 ]. Whether NHEJ is affected in other hereditary 
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human diseases, such as Fanconi anemia, ataxia telangiectasia, 
Bloom syndrome, Nijmegen breakage syndrome, Berlin breakage 
syndrome, and Werner syndrome, cancer-prone syndromes attrib-
uted to defi ciencies in DNA DSB repair, is currently under investi-
gation [ 29 – 32 ]. Characterization of these processes is critical to 
our understanding of human disease as well as cellular responses to 
genotoxic stress, and this technique has been widely applied to 
characterize radiosensitivity [ 33 ], especially in human tumors [ 34 , 
 35 ]. This is particularly of interest with regard to the use of syn-
thetic lethality as a basis for tumor therapy [ 36 ]. Techniques for 
analysis of the other type of mammalian DSB repair, HR, are given 
in Chapters   33     and   35     (a variant of the host cell reactivation assay 
described in Chapter   38    ). 

 Finally, there are two modifi cations that might allow the PFGE 
assay to analyze other types of DNA damage. Taking a cue from 
the comet assay, this assay could be extended to analysis of the 
majority of single-strand breaks by converting them to DSBs by 
alkaline treatment [ 37 ]. By running cell samples processed under 
both neutral and basic pH side by side, the contribution of single- 
strand breaks can be observed as the quantitative difference in 
DNA migration. Next, by allowing a longer period between in 
vitro exposure and analysis, this assay could be used to quantitate 
the amount of “complex” or irrepairable DNA damage associated 
with high-energy radiation [ 38 ].  

2     Materials 

      1.    T-25 (25 cm) cell culture fl asks (Fisher Scientifi c, Pittsburgh, PA).   
   2.    Appropriate growth media for each cell type, with appropriate 

amount and type of serum.   
   3.    Cell culture incubator (e.g., ThermoForma Series II Water 

Jacketed CO 2  Incubator, Forma Scientifi c, Mariette, OH).   
   4.    Irradiation source (e.g., Cesium source, model 143-45A, JL 

Shepard, San Francisco, CA) ( see   Note 1 ).      

      1.    Trypsin (or other means of harvesting cells) (Invitrogen, 
Carlsbad, CA).   

   2.    15 mL conical tubes (BD Falcon, BD Biosciences, Bedford, 
MA).   

   3.    Appropriate cell culture medium (serum-free).   
   4.    Hemocytometer (Fisher) or Coulter counter (Beckman 

Coulter, Fullerton, CA).   
   5.    1, 5, 10 mL pipettes and pipette aid.   
   6.    20, 200, 1,000 μL micropipettors (Rainin, Woburn, MA) and 

appropriate pipette tips (Fisher Scientifi c, Pittsburgh, PA).   

2.1  Generation of 
Double-Strand Breaks

2.2  Cell Sample 
(Agarose Plug) 
Preparation
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   7.    Benchtop centrifuge (e.g., Sorval RT 6000D, Kendro Lab 
Products, Asheville, NC).   

   8.    50–56 °C shaking water bath.   
   9.    1 % InCert agarose solution (BioWhittaker, Rockland, ME). 

Incubate at 50–56 °C to prevent solidifi cation.   
   10.    100 μL plastic plug molds taped on the bottom (BioRad, 

Hercules, CA).   
   11.    Lysis solution: 10 mM Tris (pH 8.0), 50 mM NaCl, 0.5 M 

EDTA, 2 %  N -lauryl sarcosyl (all Sigma, St. Louis, MO), 
0.1 mg/mL proteinase K (Invitrogen).   

   12.    Wash buffer: 10 mM Tris (pH 8.0), 0.1 M EDTA.   
   13.    RNase solution (Invitrogen): 10 mM Tris (pH 7.5), 0.1 M 

EDTA, 0.1 mg/mL RNase. Make 2.5 mL per sample fresh 
each time.      

  Although a number of PFGE apparatus have been developed, 
clamped homogenous electric fi eld (CHEF) and asymmetric fi eld 
inversion gel electrophoresis (AFIGE) are most often used for DSB 
analysis ( see   Note 2 ).

    1.    CHEF: CHEF DRII apparatus (BioRad, Hercules, CA) with 
refrigerated water bath and circulating pump. 
 AFIGE: Horizontal gel electrophoresis system, model H4 
(Invitrogen, Carlsbad, CA) with refrigerated water bath and 
circulating pump.   

   2.    Seakem agarose (BioWhittaker, Rockland, ME).   
   3.    0.5× TBE: 45 mM Tris, pH 8.0, 45 mM boric acid, 1 mM 

EDTA. Prepare a 5× stock solution in large volumes (~500 mL); 
can be stored indefi nitely at room temperature.   

   4.    10 mg/mL ethidium bromide (made up in 10 mL lots, kept 
wrapped in tin foil in the refrigerator).   

   5.    FluorImager (BioRad, Hercules, CA).    

3        Methods 

       1.    Cells should be fi rmly attached, semi-confl uent, and in log- 
phase growth when exposed to ionizing radiation (IR). Thus, 
they should be plated at least 48 h prior to exposure and the 
T-25 fl asks seeded with the appropriate number of cells to 
attain these conditions ( see   Note 5 ).   

   2.    Cool cells on ice to 4 °C prior to irradiation.   
   3.    Expose cells in T-25 cm fl asks to a cesium source at doses rang-

ing from 10 to 100 Gy (or at optimized dose, if this has been 
predetermined). Include one fl ask as an unexposed control to 
determine background DNA fragmentation levels.      

2.3  Pulsed-Field Gel 
Electrophoresis

3.1  Generation of 
Double-Strand Breaks 
( See   Notes 1 ,  3 , and  4 )

Nina Joshi and Stephen G. Grant
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       1.    Harvest cells, by trypsinization or other appropriate technique 
on ice in 15 ml conical tubes ( see   Note 6 ). This process may 
take 5–10 min. Centrifuge the cells for 5 min at 800 ×  g . Wash 
the cells once in serum-free medium.   

   2.    Resuspend the cells in serum-free medium, and count the 
cells, using a hemocytometer or Coulter counter. Aliquot the 
cells at a concentration of 1 × 10 6  or multiples of 1 × 10 6  (e.g., 
2 × 10 6 , 3 × 10 6 ) into 15 mL conical tubes and spin for 5 min 
at 800 ×  g .   

   3.    Remove excess media with a pipette without disrupting the cell 
pellet. Add 30 μL of serum-free media to the 15 ml conical for 
each 1 × 10 6  cells. Triturate the cell suspension to ensure that 
no clumps are present.   

   4.    Mix the cell suspension with an equal volume of 1 % agarose 
incubated at 50 °C. The fi nal concentration of agarose should 
be 0.5 % with 1 × 10 6  cells per 60 μL of serum-free medium and 
agarose solution.   

   5.    Pipette the 60 μL (or 60 μL aliquots) into the precooled 
100 μL plastic plug molds and incubate on ice for 5 min until 
the plugs solidify.   

   6.    Extrude the solidifi ed plugs from the molds into a 15 mL coni-
cal tube by removing the tape from the bottom of the molds 
and pipetting lysis buffer directly over the plug.   

   7.    Add 2 mL lysis solution, and incubate at 4 °C for 45 min.   
   8.    Transfer the plugs to 50 °C for 16–18 h in a moderately shak-

ing water bath.   
   9.    Wash the plugs once with 2 ml washing buffer. Incubate in 

2 mL of fresh washing buffer for 1 h at 37 °C in a moderately 
shaking water bath.   

   10.    Transfer the plugs to 2 mL RNase solution and incubate for 
1 h at 37 °C.   

   11.    Plugs can then be stored in 5 mM EDTA buffer at 4 °C 
indefi nitely.      

        1.    Cast 0.8 % Seakem agarose gel in 0.5× TBE with the appropri-
ate comb when using the BioRad CHEF-DRIII and 0.5 % 
Seakem agarose gel when using the AFIGE. Allow the gel to 
solidify for approximately 1 h.   

   2.    Remove the comb after solidifi cation, and load the plugs into 
the wells. Seal the wells with agarose to ensure that the plugs 
are not released from the wells during electrophoresis.   

   3.    Place the gel into a precooled (10 °C) electrophoresis box with 
0.5× TBE.   

3.2  Cell Sample 
(Agarose Plug) 
Preparation

3.3  Preparation 
for Plug Gel 
Electrophoresis
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   4.    Electrophorese for 23 h at 200 V with 60-s pulses for the fi rst 
8 h, followed by 120-s pulses for 15 h with the BioRad CHEF- 
DRIII [ 23 ]. Using AFIGE, cycles of 1.25 V/cm for 900 s in 
the forward direction and 5 V/cm for 75 s in the reverse direc-
tion [ 23 ] should be used ( see   Note 7 ).   

   5.    Stain the gel for 1 h with 0.5 μg/mL ethidium bromide 
( see   Note 8 ).   

   6.    Expose the gel to a FluorImager for analysis.   
   7.    Quantitate the DSB present by determining the ratio between 

the fraction of activity released from the plug (FAR) versus the 
total DNA in both the plug and in the lane: FAR = lane counts/
(plug + lane) counts [ 23 ].   

   8.    For quantifi cation of damage, FAR should be compared to a 
standard control or curve. For quantifi cation of repair, the 
amount of migratory DNA in the experimental lane may be 
subtracted directly from that in the control (no repair incuba-
tion), providing the total amounts of DNA in both plugs/
lanes are similar.   

   9.    To examine repair capacity fi rst determine the optimal dose of 
radiation (the dose that provides the maximum fragmenta-
tion), and then plot dose versus FAR (Figs.  1  and  2 ).

                1.    Pre-warm medium supplemented with serum to 42 °C (suffi -
cient to replace media in all experimental fl asks).   

   2.    Cool cells on ice prior to irradiation, and expose each fl ask to 
the optimal IR dose determined in Subheading  3.3 ,  step 9 .   

3.4  Analysis of the 
Time Course of DSB 
Repair

  Fig. 1    DNA fragmentation following irradiation. ( A  ) Unirradiated control, ( B  ) 5 Gy, 
( C  ) 10 Gy, ( D  ) 20 Gy, ( E  ) 30 Gy, ( F  ) 40 Gy, ( G  ) 50 Gy, ( H  ) 60 Gy, ( I  ) 70 Gy. 60 Gy 
is the dose yielding the maximum amount of DSB DNA damage       
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   3.    Replace medium in each fl ask with pre-warmed medium 
(rapidly restores the cultures to 37 °C, at which temperature 
repair is activated).
   (a)    Return fl asks to the incubator for various times to allow 

for repair (time points: 0, 10, 20, 30, 60, 120, 128, 240, 
360 min).   

  (b)    After the predetermined repair incubation periods, remove 
the fl asks, harvest cells, and place on ice for 5–10 min.   

  (c)    Process samples as in Subheadings  3.2  and  3.3 .     
 An example of the resulting gel is given in Fig.  3 .

4             Notes 

     1.    Direct DSB agents, such as bleomycin, topoisomerase II inhibi-
tors, and carcinostatin, as well as enzymes that cleave DNA, such 
as BamH1, Pvu11, Hinf1, and HaeIII transfected into cells, can 
be utilized as alternate sources of DBS damage [ 23 ,  24 ].   

   2.    PFGE separates larger DNA pieces than standard constant 
fi eld electrophoresis by alternating the direction of the electric 
fi eld at regular intervals, forcing the DNA to constantly reori-
ent itself in new directions, resulting in far superior size sepa-
ration. A number of PFGE apparatus have been developed, 
including orthogonal fi eld agarose electrophoresis (OFAGE), 
transverse alternating fi eld electrophoresis (TAFE), CHEF, 
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  Fig. 2    Regression analysis of DNA fragmentation, quantifi ed as the fraction of 
activity in the lane vs. dose to determine the optimal dose to be used to examine 
repair kinetics. A dose of 60 Gy provided optimal damage       
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and AFIGE [ 24 ]. The choice depends on the type of equipment 
available. Keep in mind that CHEF and AFIGE are most often 
used for DSB analysis. The AFIGE apparatus produces more 
uniform DNA fragments and should be used when the analy-
sis does not require the precise size of DNA fragmentation 
[ 23 ,  25 ]. The CHEF gel apparatus should be used when size 
detection is important.   

   3.    If the intent of the assay is simply to quantify the existing DNA 
damage, it may not be necessary to induce DSB. To allow for 
variability between gels, however, we recommend that, rather 
than using the absolute amount of migratory DNA as a mea-
sure of such damage, experimental samples always be com-
pared to known controls (such a comparison is inherent if the 
assay is used as a measure of repair, since migratory DNA from 
the cells allowed to undergo repair is considered relative to the 
same cells with no opportunity for repair). We have not yet 
established a control cell type with a stable level of “unin-
duced” DSB, so recommend using radiated cells as controls. 
This also allows for exposures to different doses of radiation 
and/or for different incubation times for repair and the estab-
lishment of a standard curve for the control cells. 

 Using this maximum dose provides damage and a damage 
signal (migratory DNA) on PFGE that make sure that the 
entire repair capacity of the cells is engaged. This dose is always 
a lethal dose, however, and it would be useful to confi rm results 
from such experiments at sublethal levels of exposure and 
DNA damage.   

   4.    If the intent of the assay is to measure repair capacity, an induc-
tion dose for maximum DNA DSB damage must fi rst be deter-
mined by processing samples subjected to a range of IR dosages 

  Fig. 3    DNA fragmentation resulting from repair of DSB damage induced by expo-
sure of Ishikawa endometrial cancer cells to 60 Gy ionizing radiation ( see  Figs.  1  
and  2 ) and repair for ( A  ) 0 min, ( B  ) 10 min, ( C  ) 20 min, ( D  ) 30 min, ( E  ) 60 min, 
( F  ) 120 min, ( G  ) 180 min, ( H  ) 240 min, and ( I  ) 360 min       
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as given in Subheading  3.1 ,  step 3 , and then optimizing the 
incubation time for repair according to the protocol given in 
Subheading  3.4 .   

   5.    DNA from cells in S phase migrate three to four times more 
slowly then cells in G 1  or G 2  phase [ 26 ]. Thus, cells should be 
analyzed once they reach the plateau phase, increasing the 
number of cells in G 1 /G 0  and decreasing the variability in frag-
mentation. This phenomenon occurs not only in this assay but 
also in other techniques that measure DNA fragmentation 
[ 24 ].   

   6.    Cells and plugs used during this assay should remain on ice at 
all times to decrease repair except during the predetermined 
repair incubation period in    Subheading  3.4 ,  step 3 .   

   7.    These electrophoresis conditions have been optimized for res-
olution of migratory DNA after a maximal induction of DSB 
(Figs.  1  and  2 ). Different conditions may need to be developed 
for the lesser damage observed in unexposed cells or cells 
exposed to less effi cient inducing agents than IR.   

   8.    Cells and migratory DNA can also be detected using incorpo-
ration of radiolabeled thymidine (Sigma Aldrich, Maryland 
Heights, MO) and a Phosphorimager (STORM, Amersham 
Biosciences, Piscataway, NJ) or a scintillation counter 
(MicroBeta, Boston, MA) [ 16 ].         
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    Chapter 17   

 Detection of  Pig-a  Mutant Erythrocytes in the Peripheral 
Blood of Rats and Mice 

           Vasily     N.     Dobrovolsky     ,     Xuefei     Cao    ,     Javed     A.     Bhalli    , and     Robert     H.     Hefl ich   

    Abstract 

   The endogenous X-linked phosphatidyl inositol glycan class A gene ( Pig-a ) can be used as a reporter of in 
vivo somatic cell mutation in rats and mice.  Pig-a  mutant cells are defi cient in specifi c protein surface mark-
ers and can be identifi ed and quantifi ed by immunofl uorescent staining followed by high-throughput fl ow 
cytometry.  Pig-a  mutation detection is commonly performed with red blood cells (RBCs) because (1) the 
low volumes of blood required for determining mutant frequencies in RBCs allow multiple samplings on 
small laboratory animals over extended periods of time; (2) the execution of the RBC assay is easy and the 
interpretation of the results is straightforward; and (3) RBC  Pig-a  mutant frequencies are known within 
hours of sample collection. Two endpoints are determined in the assay: the frequency of mutant total 
RBCs and the frequency of mutant reticulocytes. When  Pig-a  mutation is used to assess the in vivo muta-
genic potential of suspect hazards, the frequency of mutant reticulocytes is an early indicator of mutagenic 
potential, while the mutant frequency in total RBCs can be measured more rapidly and with greater 
precision.  

  Key words     Gene mutation  ,   Glycosyl phosphatidyl inositol  ,   Flow cytometry  ,   Reticulocytes  ,   CD59 
surface marker  ,   CD24 surface marker  ,   Antibodies  

1        Introduction 

 In vivo somatic gene mutation is mechanistically associated with 
carcinogenesis [ 1 ,  2 ], and its measurement with reporter gene 
assays has been used by regulatory agencies and research scientists 
to evaluate the carcinogenic potential of physical, chemical, and 
biological exposures [ 3 ]. The majority of these gene mutation 
assays, however, are performed in vitro. In vivo models for measur-
ing mutation have been developed [ 4 – 12 ], but they are laborious 
and resource intensive and, hence, not practical for many routine 
applications. 

 The views presented in this chapter do not necessarily refl ect those of the US Food and Drug Administration. 
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 Recently, a novel, rapid, and relatively inexpensive assay was 
described for detecting in vivo gene mutation in laboratory animals 
[ 13 – 16 ]. The reporter of mutation in this assay is the endogenous 
X-linked phosphatidyl inositol glycan class A gene ( Pig-a ). The 
product of the  Pig-a  gene is involved in an early step in the biosyn-
thesis of glycosyl phosphatidyl inositol (GPI), an anchor molecule 
that tethers a number of tissue-specifi c protein markers to the exte-
rior surface of the mammalian cytoplasmic membrane (reviewed in 
ref.  17 ). An inactivating mutation in the single functional copy of 
the  Pig-a  gene results in a cell defi cient in GPI anchors and, con-
sequently, defi cient in GPI-anchored surface markers. The lack (or 
defi ciency) of such surface markers can be detected by immuno-
fl uorescent labeling of the cells, and the mutants can be enumer-
ated using fl ow cytometry. A great advantage of this model is that 
 Pig-a  mutants can be readily detected by their marker-defi cient 
phenotype in peripheral red blood cells (RBCs), using only minute 
quantities of whole blood (approx. 30 μL or less). In rodents 
treated with powerful mutagens (e.g.,  N -ethyl- N -nitrosourea 
[ENU]), the frequency of mutant RBCs is dose dependent, repeat 
treatments are additive for a wide range of doses, and elevated fre-
quencies of mutant RBCs persist in peripheral blood over periods 
of weeks to months [ 18 ,  19 ]. 

 Several versions of the rodent  Pig-a  assay have been described. 
In one version [ 15 ], the frequency of mutant cells is determined in 
total RBCs and in a subset of early RBCs, reticulocytes. Reticulocytes 
are the youngest cohort of RBCs, and following treatment with a 
test agent, the frequency of mutant reticulocytes relays mutagenicity 
information earlier than mature RBCs. In another version [ 20 ], 
the mutants are enumerated among only total RBCs but with posi-
tive identifi cation of target cells and using a relatively simple proto-
col. The assay requires no gradient centrifugation of whole blood 
to remove leukocytes and no fl uorescence compensation adjust-
ments for fl ow cytometry. 

 Here we describe an assay that combines the advantages of 
both of these assays, i.e., it allows detection of total mutant RBCs 
and mutant reticulocytes using a relatively easy protocol employing 
a common 488 nm (blue) and 633 nm (red) two-laser fl ow 
cytometer. 

 Three fl uorescent reagents are used in labeling blood for the 
assay: an FITC-labeled monoclonal antibody against an informa-
tive GPI-anchored surface marker (anti-rat CD59 in the rat assay 
and anti-mouse CD24 in the mouse assay) for identifi cation of 
positive wild-type cells and negative  Pig-a  mutants (detected with 
the blue laser); Syto59 nucleic acid stain for positive identifi cation 
of reticulocytes containing residual ribosomal RNA (detected 
with the red laser); and a biotinylated anti-erythroid antibody 
(HIS49 in the rat assay, Ter-119 in the mouse assay) that is stained 
using PerCP-conjugated streptavidin (detected with the blue laser). 

Vasily N. Dobrovolsky et al.
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The three fl uorophores have minimal cross-laser excitation and 
emission spectral overlap, thus avoiding the need for using fl uo-
rescence compensation adjustments. 

 The concentration of RBCs in peripheral blood is very high; 
therefore, 1–2 × 10 6  events (target cells) can be processed quickly 
from almost any sample. The fraction of reticulocytes in peripheral 
blood is relatively low (approx. 1–5 % of total RBCs in untreated 
rodents), and the percentage of reticulocytes is age and treatment 
dependent. As a result, the reticulocyte assay requires longer times 
to process on the fl ow cytometer than the RBC assay. The interroga-
tion of even 3 × 10 5  reticulocytes may be challenging in certain situ-
ations (e.g., when erythropoiesis is suppressed due to treatment). 

 Even though the RBC  Pig-a  assay was fi rst described less than 
3 years ago, and is practiced in a limited (but rapidly growing) num-
ber of laboratories, it has been shown that the assay works excep-
tionally well in rodents, especially in detecting well- characterized 
gene mutagens [ 21 ]. A human version of the assay has also recently 
been reported [ 22 ]. However, due to the X-linked nature of the 
endogenous  Pig-a  gene, the assay is expected to be less effi cient in 
detecting agents that produce major chromosome alterations than 
would an assay using an autosomal reporter gene [ 23 ].  

2     Materials 

      1.    Ca 2+ - and Mg 2+ -free phosphate buffered saline (PBS; 
Invitrogen, Carlsbad, CA; cat. no. 14190).   

   2.    Heparin (Sigma-Aldrich, St. Louis MO; cat. no. H-3129): 
Make 500 U/mL solution in PBS, fi lter sterilize, prepare 
30 mL aliquots, and store at 4 °C.   

   3.    Petroleum jelly, e.g., Vaseline.   
   4.    Heparinized glass capillaries for saphenous vein blood collec-

tion (Fisher Scientifi c, Pittsburgh, PA; cat. no. 211766).   
   5.    Disposable sterile 1-mL syringes with 25-gauge needles (BD 

Biosciences, Milpitas, CA; cat. no. 309626).   
   6.    Spray bottle with 70 % ethanol.   
   7.    Animal restrainer for rats (Plus Labs, Lansing, MI; cat. no. 

554- BSRR) or 50-mL Falcon tube (BD Biosciences) to use as 
a restrainer for mice.      

      1.    DMSO (Sigma-Aldrich; cat. no. D-2650).   
   2.    Syto59 (5 mM; Invitrogen, cat. no. S11341): Prepare 1:100 

dilution in DMSO (e.g., 10 μL of the stock and 990 μL 
DMSO), make 100 μL aliquots, and store at –20 °C.   

   3.    Biotinylated HIS49 antibody (BD Biosciences, cat. no. 
550962).   

2.1   Blood Collection

2.2  Blood Cell 
Labeling
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   4.    Biotinylated Ter-119 antibody (BD Biosciences, cat. no. 
553672).   

   5.    PerCP–streptavidin for the rat assay (BD Biosciences, cat. no. 
554064;  see   Note 1 ).   

   6.    PerCP–streptavidin for the mouse assay (BD Biosciences, cat. 
no. 340130).   

   7.    FITC–anti-rat CD59 antibody (BD Biosciences, cat. no. 
550976).   

   8.    FITC–anti-mouse CD24 antibody (BD Biosciences, cat. no. 
553261).   

   9.    Flow sheath buffer (BD Biosciences, cat. no. 342003).      

      1.    Flow cytometer with 488 and 633 nm excitation lasers, e.g., 
FACSAria I or FACSCanto II (BD Biosciences), with appro-
priate data acquisition and analysis software, e.g., FACSDiva 
v.6 and above (BD Biosciences;  see   Note 2 ).   

   2.    Beads for cytometer setup and tracking (e.g., BD Biosciences, 
cat. no. 641319).   

   3.    1.5-mL disposable microcentrifuge tubes (e.g., Fisher 
Scientifi c, cat. no. 05-408-132).   

   4.    Benchtop microcentrifuge (e.g., Eppendorf 5430, Brinkman 
Instruments, Westbury, NY).   

   5.    Vacuum system for removal of liquids from tubes (e.g., 
Vacusafe Comfort, Integra, Switzerland).   

   6.    Disposable 12 × 75-mm round bottom fl ow tubes (BD 
Biosciences, cat. no. 352063).   

   7.    Disposable 12 × 75-mm round bottom fl ow tubes with cell- 
strainer caps (BD Biosciences, cat. no. 352235).       

3     Methods 

       1.    Preload 100 μL of heparin anticoagulant solution into 1-mL 
syringes equipped with needles (one syringe for each animal), 
and prepare microcentrifuge tubes containing 250 μL of anti-
coagulant solution (one tube for each animal).   

   2.    Place the animal into an appropriately sized restrainer, and 
swab the tail with a tissue soaked in 70 % ethanol.   

   3.    Identify the location of the caudal vein under the skin in the 
mid-area of the tail; insert the needle into the vein at a shallow 
angle, and gently withdraw 100 μL of blood.   

   4.    Discharge the contents of the syringe into the tube containing 
250 μL of heparin solution.   

   5.    Keep blood at 4 °C for further processing within 24 h.      

2.3  Blood Processing 
and Analysis

3.1  Blood Collection

3.1.1  From Rat Tail Vein 
( See   Note 3 )
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      1.    Prepare microcentrifuge tubes with 100 μL of heparin antico-
agulant solution (one tube for each animal).   

   2.    Make a mark on a heparinized glass capillary corresponding to 
approx. 20 μL with a Sharpie marker (one capillary for each 
animal).   

   3.    Make a mouse restrainer by drilling a few small holes in a 
50 mL Falcon tube.   

   4.    Place the mouse face forward into the restrainer, holding one 
hind leg in such a way as to expose the location of the saphe-
nous vein (at the caudal surface of the thigh).   

   5.    Apply a small amount of petroleum jelly at the site where the 
vein is visible (to smooth down the hair), and then pierce the 
vein with a 25-gauge needle.   

   6.    Gently massage/squeeze the leg so that the blood appears at 
the skin surface, and collect blood with the glass capillary up to 
the 20 μL mark.   

   7.    Discharge the blood from the capillary into a tube with 100 μL 
of heparin.   

   8.    Store the heparinized blood at 4 °C until further processing 
but no longer than approx. 8 h.       

       1.    In a microcentrifuge tube, mix the following components for 
two types of controls and each experimental sample:

 Component 
 Unstained 
control 

 Mutant-mimic 
two-color-
stained control 

 Experimental 
three-color- 
stained sample(s) 

 PBS  200 μL  200 μL  200 μL 

 FITC–anti CD59 
antibody 

 –  –  4 μL 

 Biotin–HIS49 antibody  –  1 μL  1 μL 

 1:100 Syto59 dilution  –  2 μL  2 μL 

 Heparin-preserved 
blood (equivalent 
to approx. 7 μL of 
whole blood) 

 30 μL  30 μL  30 μL 

       2.    Incubate for 30 min at room temperature in the dark.   
   3.    Add 3 μL PerCP–streptavidin to all tubes.   
   4.    Incubate for 30 min at room temperature in the dark.   
   5.    Centrifuge at room temperature for 3 min at 300 ×  g , remove 

supernatant, and resuspend the pellet in 1 mL of fl ow sheath 
buffer or PBS.   

3.1.2  From Mouse 
Saphenous Vein

3.2  Blood Cell 
Labeling

3.2.1  Labeling of Rat 
Blood ( See   Notes 1  and  4 )
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   6.    Filter through cell-strainer caps ( see   Note 5 ) into individual fl ow 
tubes, and keep on ice until ready to run on fl ow cytometer.      

      1.    Transfer 60 μL of heparin-preserved mouse blood (equivalent 
to approx. 10 μL of whole blood) into a microcentrifuge tube, 
centrifuge at room temperature for 3 min at 300 ×  g , remove 
supernatant, and resuspend the pellet in 100 μL of PBS.   

   2.    In a microcentrifuge tube, mix the following components for 
two types of controls and each experimental sample:

 Component 
 Unstained 
control 

 Mutant-mimic 
two-color- 
stained control 

 Experimental 
three-color-
stained sample(s) 

 PBS  200 μL  200 μL  200 μL 

 FITC–anti CD24 
antibody 

 –  –  4 μL 

 Biotin–Ter-119 
antibody 

 –  1 μL  1 μL 

 1:100 Syto59 
dilution 

 –  2 μL  2 μL 

 Blood resuspended 
in PBS 

 100 μL  100 μL  100 μL 

       3.    Incubate for 30 min at room temperature in the dark.   
   4.    Add 20 μL PerCP–streptavidin to all tubes.   
   5.    Incubate for 30 min at room temperature in the dark.   
   6.    Centrifuge at room temperature for 3 min at 300 ×  g , remove 

supernatant, and resuspend the pellet in 1 mL of fl ow sheath 
buffer or PBS.   

   7.    Filter through cell-strainer caps ( see   Note 5 ) into individual fl ow 
tubes, and keep on ice until ready to run on fl ow cytometer.       

      1.    Use a standard 70 μm nozzle and 70 psi sheath pressure.   
   2.    Dispense one drop of CST beads into a fl ow tube containing 

350 μL of sheath buffer and perform the cytometer setup 
and tracking (CST) procedure as recommended by the 
manufacturer.   

   3.    Upon exiting from the CST program module, choose the 
CST- determined cytometer values. The default confi gura-
tion for FACSAria I fl ow cytometers is fi ve photomultiplier 
tubes (PMTs) for detecting fl uorescence signals and one 
PMT for detecting side light scatter with the blue laser and 
two PMTs for detecting fl uorescence signals with the red laser. 

3.2.2  Labeling 
of Mouse Blood

3.3  Flow Cytometer 
Setup Using a 
FACSAria I Flow 
Cytometer and 
FACSDiva 6.1.1 
Software
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In the default confi guration, the PMTs are equipped with a 
fi lter set that is appropriate for performing both the rat and 
mouse RBC  Pig-a  assays. For a custom-confi gured cytome-
ter, ensure that the following fi lters are present: a 530/30 nm 
fi lter for detecting FITC fl uorescence, a 695/40 nm fi lter for 
detecting PerCP fl uorescence (both with the blue laser octa-
gon), and a 660/20 nm fi lter for detecting Syto59 fl uores-
cence (with the red laser trigon). The last fi lter is commonly 
associated with the detection of APC fl uorescence.   

   4.    In FACSDiva 6.1.1 software, create a new experiment, and in 
the cytometer settings window choose the following parame-
ters as a good starting point:     
 For the rat assay   

 Parameter  Type  Voltage  Log 

 FSC  A  101  Off 

 SSC  A  258  On 

 FITC  A  570  On 

 PerCP  A  516  On 

 APC  A  591  On 

 Threshold on FSC 5,000 

 Compensation disabled 

   For the mouse assay   :

 Parameter  Type  Voltage  Log 

 FSC  A  119  Off 

 SSC  A  209  On 

 FITC  A  465  On 

 PerCP  A  541  On 

 APC  A  591  On 

 Threshold on FSC 10,000 

 Compensation disabled 

         1.    Below is a step-by-step description of the analysis of rat blood 
samples. In FACSDiva 6.1.1 software, create a “Control” speci-
men and specimens for each experimental animal. Under the 
Control specimen create two tubes: “Unstained” and 
“HIS49Syto59” (the two-color mutant-mimic control). For 
each experimental animal specimen create two tubes: “Total 
RBCs” and “RETs.” Optional: in the Experiment/Layout win-
dow, assign the CD markers and stains to appropriate fl uoro-
phores/PMTs.   

3.4   Sample Analysis
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   2.    In the Browser window, select the Unstained tube from the 
Control specimen, and then
   (a)    Load the unstained control sample on the instrument, 

adjust the fl ow rate to low, and begin acquiring data (in 
the acquire mode, data are not saved).   

  (b)    In the Analysis worksheet window use global view, and 
draw a dot-plot of forward scatter (FSC;  X -axis) vs. side 
scatter (SSC;  Y -axis) cytogram.   

  (c)    In the title tab of the Inspector window, check the “show 
populations” box (do this for all subsequent cytograms 
and histograms).   

  (d)    Adjust the FSC and SSC voltages to achieve a distribution 
similar to that shown in Fig.  1 .

      (e)    Draw a gate around the major population of mostly single 
cells, and name the gate “Cells.”   

  (f)    Right-click on the cytogram, and choose “Display hierar-
chy” (each following new gate will appear in the hierarchy 
window in a parental structure).   

  (g)    Collect 10,000 total events (in the collect mode, data are 
saved automatically) and unload the tube.       

  Fig. 1    Light scatter properties of 1 × 10 4  cells from an unstained rat blood sam-
ple. The Cells gate drawn over the major population of cells       
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   3.    Select the mutant-mimic “HIS49Syto59” two-color labeled 
control tube from the “Control” specimen, load the appropri-
ate sample on the fl ow cytometer, and then
   (a)    Begin acquiring data, readjusting the FSC/SSC voltages 

and the Cells gate, if necessary.   
  (b)    Draw a histogram with Syto59-APC on the  X -axis (Fig.  2 ).
      (c)    Displaying in this histogram only the events from the Cells 

gate, adjust the APC PMT voltage to place the major peak 
at approx. 5 × 10 2 .   

  (d)    Create a broad interval gate covering the peak (consisting 
mostly of RBCs), the area left of the peak, and the right 
shoulder (consisting of reticulocytes), leaving out only the 
far right area, where nucleated cells with high levels of 
nucleic acids should appear.   

  (e)    Name the interval gate “Mostly RBCs.”   
  (f)    Create another histogram with HIS49-PerCP on the 

 X -axis (Fig.  3 ).
      (g)    In this histogram display only the events from the “Mostly 

RBCs” gate. If needed, adjust the voltage of the PerCP 
PMT to place the major peak at approx. 3 × 10 3 .   

  (h)    Create a tight interval gate around the major peak, and 
name it “Single-cell RBCs.” Satellite peaks to the right 
consist of RBC doublets and aggregates and should not be 
included in the gate.   

  (i)    Create a fi nal dot-plot cytogram with CD59-FITC on the 
 X -axis and Syto59-APC on the  Y -axis in biexponential 
display mode and show in this dot-plot only the events 
from the “Single-cell RBCs” gate.   

  (j)    Create quadrant gates with the center point right and 
above the major population (consisting of normochromatic 

  Fig. 2    Syto59 fl uorescence profi le of a two-color-stained control rat sample. The major peak consists mostly 
of mature erythrocytes; the right shoulder of the major peak consists of RBC aggregates and reticulocytes. 
The far-right area outside the Mostly RBCs interval gate contains nucleated cells       
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  Fig. 3    PerCP fl uorescence profi le of a two-color-stained control rat sample. The major peak consists of pre-
dominantly single-cell RBCs. The satellite peaks on the right consist of two-, three-, and multi-cell RBC 
aggregates       

  Fig. 4    Fluorescence properties of a mutant-mimic two-color-stained control rat 
sample. As the sample was not stained with antibody against GPI-anchored 
CD59, all RBCs have mutant-like properties, which are used to determine appro-
priate quadrants for mutant normochromatic erythrocytes (Mut NCE quadrant) 
and mutant reticulocytes (Mut Ret quadrant)       

RBCs) as shown in Fig.  4 . Name the top left quadrant 
“Mut Ret” (for mutant reticulocytes), the top right quad-
rant “WT Ret” (for wild-type reticulocytes), the bottom 
right quadrant “WT NCE” (for wild-type normochromatic 
erythrocytes), and bottom left quadrant “Mut NCE” (for 
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mutant normochromatic erythrocytes). Make a joint gate 
of “Mut Ret” and “WT Ret,” and name it “Total Ret”; 
make a joint gate of “Mut NCE” and “Mut Ret,” and name 
it “Total Mut.”

      (k)    In the acquisition dashboard select the following gates 
from drop-down menus: “All events” for the storage gate 
and “Single-cell RBCs” for the stopping gate. Collect 
100,000 events in the stopping gate.   

  (l)    Flush the sampling line for 30 s before processing experi-
mental samples.       

   4.    In the Browser window, select the Total RBCs tube from the 
appropriate experimental specimen, and then
   (a)    Place the corresponding experimental three-color labeled 

sample on the fl ow cytometer (preferably begin with a 
blood sample from an untreated animal), start acquiring 
data, and adjust the fl ow rate to achieve a threshold rate of 
~30,000 events/s.   

  (b)    Adjust the position of the Single-cell RBCs gate to cover 
the major peak, and avoid satellite peaks on the right 
( see   Note 6 ).   

  (c)    Collect data using all events for the storage gate and 
1,000,000 Single-cell RBCs for the stopping gate ( see  
 Note 7 ). The resulting cytogram should look similar to 
Fig.  5 . The number of events in Total Mut should be low 
and very similar to the number of events in the Mut NCE 
quadrant (for most untreated animals).

      (d)    The frequency of total mutant RBCs is the number of 
events in the Total Mut gate divided by the number of 
events in the Single-cell RBCs (1,000,000 in this exam-
ple), expressed as mutants ×10 −6  total RBCs. The popula-
tion hierarchy for such a sample is shown in Fig.  6 .

           5.    Next, switch to the RETs tube in the Browser for the same 
specimen (continue using the same labeled blood sample), 
and collect 300,000 events using “Total Ret” for both the 
storage and stopping gates ( see   Note 8 ). Do not readjust 
any gates. All resulting cytograms for the “RETs” tube will 
be truncated to minimize the size of the computer fi les, and 
the Syto59 vs. FITC cytogram for such a sample should 
look similar to Fig.  7 . The number of events in the Mut Ret 
gate should be low for a normal untreated animal. The fre-
quency of mutant reticulocytes is calculated as the number 
of events in the Mut Ret gate divided by the number of 
events in the Total Ret gate (300,000 in this example), 
expressed as mutants ×10 −6  reticulocytes.
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  Fig. 5    Fluorescence properties of a typical Total RBCs sample determined for a 
normal, untreated rat. The total number of events displayed in the cytogram is 
1 × 10 6 , but note the absence of events in the Mut NCE and Mut Ret quadrants. 
A small number of events in the Mut NCE quadrant is acceptable and indicates a 
low-background RBC mutant cell frequency       

  Fig. 6    A typical population hierarchy tree showing the number of processed 
events in a total RBC assay on a typical three-color-stained blood sample from a 
healthy untreated rat       

 

 

Vasily N. Dobrovolsky et al.



217

       6.    Process the remaining labeled samples as described in  steps 4  
and  5 . Adjust/shift the Single-cell RBC gate for each sample 
before collecting data for the Total RBCs tube.   

   7.    For blood samples collected from animals treated with power-
ful mutagens (e.g., 2 weeks after treatment with 120 mg/kg 
ENU by gavage), the Syto59 vs. FITC cytograms will look 
similar to Fig.  8  (for the total RBC assay) and Fig.  9  (for the 
reticulocyte assay); note the increase in the number of events 
in the Mut NCE and Mut Ret quadrants relative to those in 
Figs.  6  and  7 .

        8.    The analysis of mouse blood samples is identical to the proce-
dure described for the rat. The only difference is the designa-
tion of axes on several of the cytograms (e.g., “CD59 FITC” 
and “HIS49 PerCP” in the rat assay vs. “CD24 FITC” and 
“Ter- 119 PerCP” in the mouse assay).   

   9.    Once the PMT voltages and gating strategy have been estab-
lished successfully, the parameters can be saved and used as 
templates for future analyses.       

  Fig. 7    Fluorescence profi le of a three-color-stained blood sample derived from a 
healthy untreated rat. A total of 3 × 10 5  reticulocytes are displayed on the cyto-
gram; the absence or the low number of events in the Mut Ret quadrant indicates 
a low (or zero) background frequency of  Pig-a  mutant reticulocytes       
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4     Notes 

     1.    The two catalog items listed for PerCP–streptavidin conjugates 
represent the same product packaged at different concentra-
tions. Cat. no. 554064 is recommended for use in the rat RBC 
 Pig-a  assay, whereas cat. no. 340130 is recommended for use 
in the mouse assay. Both products can be used interchangeably 
by adjusting their volumes in the labeling reactions to ensure 
that the fi nal concentration of the conjugate is as indicated in 
the protocol.   

   2.    In principle, fl ow cytometers other than the FACSAria I (e.g., 
FACSAria II and III, LSR, FACSCanto II, FACSCalibur, or 
fl ow cytometers from manufacturers other than BD Biosciences) 
can be used for the assay as long as they have 488 and 633 nm 
(or 635 nm) lasers and appropriate collection and analysis soft-
ware. The FACSAria and LSR models from BD potentially 
have 3–5× higher throughput than the earlier FACSCanto II 
(and many other instruments), so that the samples can be 

  Fig. 8    Fluorescence properties for total RBCs in a typical three-color-stained 
blood sample from a rat assayed 2 weeks after treatment with 120 mg/kg ENU. 
Note an increase in the number of events in both the Mut Ret and Mut NCE quad-
rants (relative to Fig.  5 ). The total number of events (single-cell RBCs) in this 
cytogram is 1 × 10 6        
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processed much faster. In addition, the FACSCanto II has 
diffi culty in processing more than 10–14 × 10 3  events/s and 
may automatically shut down when the threshold rate exceeds 
an allowable maximum.   

   3.    Warming the animal immediately prior to blood collection 
may increase blood fl ow considerably. For consistent labeling, 
it is essential that care be taken to ensure that the specifi ed 
amounts of whole blood are used in the labeling reactions. It is 
advisable to follow your Institutional Animal Care and Use 
Committee policies on animal bleeding and secure help from 
an experienced animal phlebotomist for collecting consistent 
volumes of blood with minimal stress to the animals. Besides 
tail vein and saphenous vein bleeding, other survival bleeding 
methods can be used, such as cheek pouch collection from 
mice. As long as no more than the specifi ed amounts of blood 
are recovered at each bleeding, these methods have no appre-
ciable effect on erythropoiesis and on  Pig-a  RBC mutant fre-
quencies. Nonsurvival methods of blood collection, such as 
cardiac puncture, also produce good-quality blood samples.   

  Fig. 9    Fluorescence properties for a total of 3 × 10 5  reticulocytes from a typical 
three-color-stained rat blood sample assayed 2 weeks after treatment with 
120 mg/kg ENU. Note an increase in the number of events in the “Mut Ret” 
quadrant relative to the cytogram shown in Fig.  7        
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   4.    High concentrations of biotinylated HIS49 and Ter-119 anti-
bodies cause aggregation of RBCs. To minimize aggregation, 
these erythroid-specifi c antibodies should be used at nonsatu-
rating or minimally saturating concentrations. It is important 
to determine the appropriate concentrations of these antibod-
ies in reactions when different amounts of blood are used (or 
when utilizing a different batch of biotinylated antibodies for 
the assay). The optimum concentration achieves suffi cient sep-
aration of unstained cells (from the unstained control sample) 
from stained cells (e.g., from the two-color mutant-mimic 
control sample or any three-color experimental sample) on the 
PerCP histogram, yet minimizes the appearance of satellite 
peaks in the two- and three-color-stained samples.   

   5.    If samples are processed on a FACSAria fl ow cytometer 
equipped with a 70 μm nozzle, it is essential that after the fi nal 
labeling step the samples are fi ltered using cell-strainer cap 
tubes (12 × 75-mm BD Falcon tubes with a 35 μm nylon mesh 
incorporated into the tube cap). This step removes any debris 
and aggregated cellular material that may clog the nozzle and 
result in interruption of the fl ow stream. This is less of a prob-
lem with the FACSCanto II (and other) machines due to a 
difference in fl uidics design.   

   6.    The position of the major peak on this histogram may change 
slightly from sample to sample because of the nonsaturating 
amount of HIS49 antibody used in the rat assay (or Ter-119 in 
the mouse assay) and unavoidable slight differences in the con-
centrations of cells used in the labeling reactions; consequently, 
the Single-cell RBCs gate should be adjusted (shifted, but not 
necessarily resized) for each individual animal. If the volumes 
of blood collected are (reasonably) consistent, the shift in this 
peak will be minimal from animal to animal. A dramatic devia-
tion of the peak from the normal position may indicate an 
error in labeling or inconsistent blood collection. All other 
gates should remain the same for all experimental samples.   

   7.    RBC mutant frequencies in untreated animals are normally less 
than 5 × 10 −6 , and collecting 1 × 10 6  events (RBCs) is suffi cient 
for detecting a fi nite number of mutants in blood samples from 
most animals. The precision of the assay may be increased by 
interrogating a greater number of total RBCs.   

   8.    Reticulocyte mutant frequencies in untreated animals are nor-
mally less than 5 × 10 −6 , and collecting 3 × 10 5  events (reticulo-
cytes) will result in zero mutants detected for many samples 
from untreated animals. For routine applications, collecting 
3 × 10 5  events is considered to be a practical limit for the collec-
tion of reticulocyte data (requiring from 10- to 30-min fl ow 
cytometer processing time for each sample). It is recognized 
that this technical limitation places a ceiling on the precision 
with which the reticulocyte assay can be conducted.         
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    Chapter 18   

 The Blood-Based Glycophorin A ( GPA ) Human In Vivo 
Somatic Mutation Assay 

           Nicole     T.     Myers     and     Stephen     G.     Grant    

    Abstract 

   The glycophorin A assay concurrently detects and quantifi es erythrocytes with allele-loss phenotypes at the 
autosomal locus responsible for the polymorphic MN blood group. It uses a pair of allele-specifi c mono-
clonal antibodies and fl ow cytometry to effi ciently analyze a standard population of fi ve million cells. Two 
distinct variant phenotypes are detected: simple allele loss and allele loss followed by reduplication of the 
remaining allele; both are consistent with the mechanisms underlying “loss of heterozygosity” at tumor- 
suppressor genes. The assay is an intermediate biomarker of biological effect in the somatic mutational 
model of human cancer and has been applied to populations with a known or suspected genotoxic expo-
sure, to patients with hereditary syndromes causing predisposition to cancer (where the assay has been 
applied diagnostically), and to patients manifesting cancer as a disease endpoint.  

  Key words     Genotoxicity  ,   Carcinogenesis  ,   Environmental exposure  ,   DNA repair defi ciencies  , 
  Biomonitoring  ,   Mechanisms of mutagenesis  ,   Gene inactivation  

1       Introduction 

 The glycophorin A ( GPA )-based somatic mutation assay was devel-
oped at the Lawrence Livermore National Laboratory (LLNL) in 
the late 1980s as a potential means of monitoring the exposure of 
employees of the US Department of Energy to the genotoxic 
effects of ionizing radiation. Its design took into consideration sev-
eral factors. First, since mutation is a rare event, the prospective 
assay had to be able to evaluate literally millions of cells in a cost- 
effective manner; this looked like a possible application for the fl ow 
cytometric technology under development at LLNL at the time. 
Second, since the assay was to be used as a population screen, it 
had to be performed on a readily available cell type, and blood, 
although it required the use of a minimally invasive procedure to 
obtain, looked like a good source of such tissue samples. Third, 
since the mutations detected should have preexisted in vivo, there 
should be little to no opportunity for mutation to occur ex vivo 
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during the performance of the assay. Although this decision had 
some disadvantages, erythrocytes, the most common cell type in 
the blood, but one that had normally extruded its nucleus 
in man, were chosen as the basis of the assay. Finally, since muta-
tion is such a rare event, the assay had to be designed in such a way 
as to detect mutational outcomes with “single-hit” kinetics, i.e., 
each mutational event should lead to a detectable and quantifi able 
change in phenotype. This is an old problem in genetic toxicology 
when it comes to dealing with dizygous organisms such as man. 
Traditionally, there have been three ways of designing such a sys-
tem: detection of a phenotype associated with a dominant muta-
tion, targeting of a locus in a hemizygous region of the genome 
(such as the X chromosome), or development of a heterozygous 
system where the two alleles can be unambiguously distinguished. 
Two loci were ultimately targeted, both because of their high 
expression in erythrocytes and the wealth of data existing on their 
genetics, which provided a choice of allele-specifi c monoclonal 
antibodies to use for detection at the protein level. 

 The fi rst locus targeted was that of ß-hemoglobin, with the 
assay designed to detect somatic mutation to the distinctive variant 
found in sickle cell hemoglobinopathy [ 1 ]. Although this assay 
eventually found some limited application [ 2 ], several problems 
were clear: (a) the detectable event required such a specifi c molec-
ular change that the frequency of variants was extremely low, 
requiring the screening of tens of millions of red blood cells, and 
(b) it was diffi cult to deliver the monoclonal antibody to the target 
molecule inside the cells without destroying their integrity to the 
point that their analysis by fl ow cytometry was compromised 
(indeed, in application this assay was shifted to a computer-assisted 
slide-based microscopic detection system). Wishing to retain the 
advantages of working on the fl ow cytometer with red blood cells 
(and therefore with the knowledge and reagents available from cli-
nicians and scientists working on blood groups), a second reporter 
locus was targeted,  GPA . 

 GPA is the most prevalent glycoprotein on the surface of 
human red cells, and its two common polymorphic forms are the 
basis of the M/N blood group [ 3 – 5 ]. Antisera derived against these 
protein isoforms allowed for the distinctive labeling of the prod-
ucts of each allele in heterozygotes. This, in turn, allowed for the 
scoring of “inactivation” mutations (the true variant phenotype 
was actually loss of antibody binding) at a single allele of this auto-
somal locus, hence events with single-hit    kinetics. Several versions 
of the basic assay have been published: the “1W1” assay was 
designed for the unique dual-beam sorter constructed at LLNL 
[ 6 ], the “BR6” assay was designed for transfer of the technology to 
outside users through the use of a commercially available platform 
[ 7 ,  8 ] ( see   Note 1 ), and the name of the current “DB6” assay 
refers to the direct conjugation of fl uorophores to the allele- specifi c 
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monoclonal antibodies [ 9 ]. These assays specify analysis of a 
 “standard” population of 5 × 10 6  cells, which is suffi cient to iden-
tify variants in >95 % of samples. Since we are not limited by eryth-
rocyte numbers, however, whereas the precision of the assay is 
limited by the small number of variants detected in such a sample, 
two variations on the assay have been proposed to increase sample 
size: the use of a high-speed cytometer [ 10 ] or magnetic cell sepa-
ration of variants, which can allow for the analysis of the equivalent 
of 5 × 10 8  red cells [ 11 ,  12 ] ( see   Note 2 ). 

 The original intent of the  GPA  assay was to detect and quanti-
tate erythrocytes with “allele-loss” phenotypes, presumably occur-
ring by classical mutation events such as those observed in the 
previously established  HPRT  assay ([ 13 ];  see  Chapter   22       ). Several 
in vitro systems had been developed to study “mutation” at hetero-
zygous autosomal loci, however, and it was clear that allele loss 
could occur by a variety of mechanisms [ 14 ]. If we defi ne a “clas-
sical” mutation as one affecting only the locus under consideration, 
this includes point mutations in the coding and regulatory regions 
of the gene (keeping in mind that some regulatory regions affect 
multiple genes), small intragenic deletions and insertions, and 
some translocations. In these types of mutants the phenotype is 
determined only by the differences in activity or expression of the 
target gene itself. Slightly larger deletions, including or only affect-
ing adjacent genes, may have qualities, such as increased inviability, 
based more on the effect on those adjacent genes than on the tar-
get gene itself, meaning that the genetic context of the target gene 
plays a role in determining what types of mutants will occur and 
what types of mutants will be viable enough to actually be detected. 
Such distinctions were found to be critical at the thymidine kinase 
( Tk ) locus in mouse L5178Y cells [ 15 ], and it has been conjec-
tured that this is due to its linkage to the  p53  oncogene [ 16 ]. Thus, 
larger deletions, including those detectable cytogenetically, would 
also confer the “allele-loss” phenotype, if they remained viable 
despite the reduction in gene dosage experienced by all loci in the 
affected region. Indeed, whole chromosome loss would also confer 
this genotype, although it affects the gene dosage of the entire 
complement of genes on the chromosome. Chromosome loss was 
frequently observed in somatic cell systems [ 17 ,  18 ], but this was 
dismissed as an artifactual mechanism of variation until it was later 
observed in human carcinogenesis [ 19 ]. Finally, gene inactivation, 
such as would occur by allele-specifi c de novo DNA methylation, 
or alterations in chromatin confi guration or microRNA binding 
may also produce the allele-loss phenotype, and it may also affect a 
larger region of the genome than a single gene [ 20 ]. This epigenetic 
mechanism really blurs the defi nition of “mutation,” although it is 
quasi-stable in the propagation of somatic cells and has also been 
found to play a major role in molecular carcinogenesis [ 21 ,  22 ]. 
These potential mechanisms of allele loss at the autosomal  GPA  
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locus are summarized in Fig.  1 . Chromosome loss is represented as 
occurring by mitotic nondisjunction, which would produce equal 
numbers of monosomic and trisomic daughter cells.

   With the fi rst application of the  GPA  assay to an exposed popu-
lation [ 23 ] it became evident that there was a second class of vari-
ant cells, which had not only lost one allelic form of the GPA 
protein but were also exhibiting twice as much of the other iso-
form on their cell surface (Fig.  2 ). Once again, such “loss and 
duplication” phenotypes had also been observed in vitro. One 
mechanism shown to account for these variants was mitotic recom-
bination occurring between the centromere and the reporter gene 
[ 24 ], although it was a very rare event [ 25 ]. The more localized 
mechanism of gene conversion would occur at even lower 
 frequency, because it requires either two recombinational events or 
the transduction of the breakpoint of a single recombinational 
event through the reporter gene prior to strand resolution. 

  Fig. 1    Possible mechanisms of development of the allele-loss phenotype at the  GPA  locus in erythroid bone 
marrow progenitor cells. Classical mutations refer to any that affect only the target gene, including point muta-
tions, small insertions and deletions, and, potentially, translocations disrupting the integrity of the  GPA  gene. 
Deletion and chromosome loss defi ne the extremes of events resulting in loss of genetic material including the 
target locus and any other closely linked gene. Chromosome loss is depicted as occurring by nondisjunction 
at mitosis, which would result in a second aberrant daughter cell trisomic for chromosome 4, but this is only 
one possible means of achieving such chromosome loss. This category would also include translocations in 
the vicinity of the  GPA  locus involving loss of genetic material at the breakpoint(s). Finally, epigenetic gene 
inactivation by de novo DNA hypermethylation would also confer the allele-loss phenotype if it occurred at one 
allele of  GPA ; however, such gene inactivation also has the potential to affect surrounding loci, such as occurs 
via a position effect in some chromosomal translocations       
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Indeed, the major mechanism of this type of allelic loss and 
 duplication appeared to be the concurrent loss and duplication of 
homologous chromosomes [ 26 ,  27 ]. Similar chromosomal events 
are known as “malsegregation” in fungi [ 28 ], although the under-
lying molecular mechanism remains unknown [ 29 ] (including 
such questions as whether chromosome loss and duplication is sec-
ondary to an initial chromosome loss). These potential mecha-
nisms of allelic loss and duplication at the  GPA  locus are summarized 
in Fig.  3 . Note that mitotic recombination and chromosomal loss 
and duplication both generate a pair of reciprocal daughter cells 
homozygous for each of the two parental homologues, whereas 
gene conversion produces only a single variant daughter cell. 
Typical fl ow histograms for the  GPA  assay are given in Fig.  2 .

    The vast majority of studies using the  GPA  assay report these 
two endpoints of “allele loss” and “allele loss and duplication” 
separately. Since “loss of heterozygosity” [ 31 ] can occur by either 
mechanism, however, if the intent of the analysis is linked in any 
way to carcinogenesis, the frequencies of the two classes of vari-
ants can be amalgamated to yield a better idea of overall geno-
toxic effect. To date, while many conditions seem to impact upon 
the frequency of allele-loss variants [ 32 ], the frequency of allele-
loss- and-duplication variants has only been affected by two types 

  Fig. 2    Flow histograms of one million labeled erythrocytes from ( a ) a normal individual and ( b ) an individual 
with the premature aging disease Werner syndrome [ 30 ]. Both individuals were heterozygous for the M/N 
blood groups and exhibit a main peak of cells with approximately equal labeling for both fl uorophores. The two 
windows on the abscissa represent the areas where variant cells with an M allele-loss phenotype would fall 
( left ) and where variant cells with loss of the M allele and duplication of the N allele would fall ( right ; these 
windows are side by side because the axis is logarithmic). The higher frequencies of both types of variants 
observed in the Werner syndrome patient allow a clear resolution of the two peaks of variants. An N allele-loss 
window has also been drawn on the histogram of the Werner patient demonstrating the occurrence of recip-
rocal molecular events at the other allele       
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of exposure, benzene [ 33 ] and zidovudine [ 34 ], and is only 
 consistently increased in one hereditary cancer-prone disease, 
Bloom  syndrome [ 35 ], although it does seem to have a greater 
increase with age than simple allele loss [ 36 ]. Although these 
separable phenotypes do provide some characterization of the 
underlying mutations, the fact that allele loss can occur by such 
diverse mechanisms as point mutation, epigenetic inactivation, or 
chromosome loss suggests that there is limited specifi city in these 
two classes of variants. 

 We have previously discussed the three types of mutations 
involved in multistep carcinogenesis at some length [ 15 ,  37 ]. 
These include activation of an oncogene, through a specifi c gain 
(or at least maintenance) of function mutation; inactivation of a 
tumor-suppressor gene (which can involve a broader set of mecha-
nisms); and “segregation” of the remaining wild-type allele of the 
tumor-suppressor gene, also called “loss of heterozygosity,” which 
can occur by an even greater array of mechanisms [ 14 ,  20 ]. There 
are three types of mutation assays that can be used as biomarkers 
for these processes: dominant mutational assays such as develop-
ment of resistance to ouabain; inactivation assays at monozygous 

  Fig. 3    Possible mechanisms of development of the allele-loss-and-duplication phenotype at the  GPA  locus in 
erythroid bone marrow progenitor cells. Mitotic recombination results in homozygosity for all markers distal to 
the site of crossover and the generation of a reciprocal daughter cell at the next mitosis. Chromosome loss and 
duplication could occur in two steps with successive nondisjunctions (with the second event rescuing a cell of 
low viability from the fi rst) or by a concerted aberrant disjunction that would accomplish both chromosomal 
missegregations simultaneously. In the former case there should be an association between the frequency of 
chromosome loss events contributing to the allele-loss endpoint (Fig.  1 ) and the frequency of these variants. 
In the case of the latter mechanism, this may or may not occur. Gene conversion is probably a low-frequency 
event associated with mitotic recombination       
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loci, such as  HPRT ; and inactivation assays at dizygous loci, such 
as  GPA  and  Tk . In general, the ability of an assay to represent these 
types of events is hierarchical; dominant mutation assays, which 
often involve changes at specifi c codons or even bases (such as the 
 Hb  assay discussed earlier), have little application for inactivation, 
since there are so many more contributing mechanisms (this type 
of mutation is very hard to model because it is so specifi c; a point 
mutation that has the potential to activate K- RAS , for example, 
may not do the same for  MYC ). Likewise, there are chromosomal 
mechanisms active in somatic segregation that are not possible at 
an X-linked locus. Just because a mechanism is possible in an assay, 
however, does not mean that it will be easily detectable or particu-
larly sensitive to genetic and environmental factors affecting that 
mechanism ( see   Note 3 ). 

 In its application, the  GPA  assay is second only to the long- 
standing  HPRT  assay. The  GPA  assay, however, is faster, cheaper, 
and, at least potentially, responsive to more types of genetic and 
epigenetic effects. On the other hand, due to its genetic basis, the 
 GPA  assay is optimally applicable to only half the population (those 
heterozygous for the M/N blood group), and, since human eryth-
rocytes have no nucleus, there is no opportunity for molecular 
analysis [ 38 ] ( see   Note 4 ). We have demonstrated, however, that in 
populations where the allele loss frequency is expected to be ele-
vated by threefold or more, such as in cancer patients undergoing 
genotoxic chemotherapy or in certain genetic syndromes, the 
requirement for M/N heterozygosity no longer applies [ 39 ]. 
Indeed, when found in the normal population, such high mutation 
frequency “outliers” [ 40 ] may represent individuals at greater risk 
of developing cancer [ 41 ]. 

 The  GPA  assay has been applied in a large number of studies of 
accidental, medical, environmental, and occupational exposure to 
ionizing radiation and genotoxic chemicals [ 32 ], most recently 
demonstrating the effects of active and environmental tobacco 
smoke exposure on newborns [ 42 ,  43 ]. Since it requires a biologi-
cal response, i.e., generation of a viable phenotypic variant (at least 
at the level of bone marrow stem or myeloid progenitor cell), the 
assay is a biomarker of genotoxic effect rather than simply exposure 
(meaning that it also integrates individual variation in response) 
[ 44 ]. The great majority of these studies have been performed as 
validation or characterization of either the assay or the population; 
there does not seem to be an intent to develop this or other molec-
ular toxicological assays into true clinical or public health tools. In 
addition, several studies have attempted to utilize the  GPA  assay 
directly as a biomarker of exposure and concluded that it was not 
“sensitive” enough for their application [ 45 – 47 ]. The  GPA  assay is 
a biomarker of biological and therefore health effects; it was not 
designed to detect events that have no biological consequence; in 
fact, it was designed to discriminate an exposure or a level of 
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 exposure that might require intervention. DNA adducts might 
well be a better biomarker of exposure, although the exposure sig-
nal does go through some attenuation when you require the adduct 
to occur in your tissue of choice, but if they do not go on to gener-
ate viable yet deleterious mutations or other biological effects, they 
have no utility. Likewise, chromosomal damage that is lethal to its 
resident cell may well be indicative of persistent effects in other 
cells that could have consequences for the health of the individual 
or the population, or the impending cell death may deal with the 
problem once and for all. The utility of a tool depends on the 
appropriateness of the tasks to which it is applied. Among atomic 
bomb survivors, where only persistent genotoxic effects in bone 
marrow stem cells were measurable, it was noted that both the 
minimum ionizing radiation dose for detection by the  GPA  assay, 
0.24 Sv, as well as the doubling dose, 1.2 Sv, were consistent with 
solid cancer incidence in this population [ 48 ]. 

 The  GPA  assay has also documented elevated frequencies of 
uninduced somatic mutation in a number of hereditary disorders 
associated with defects in DNA repair, and it is here where we have 
attempted to move the use of the assay away from validation and 
into application. We have shown that the  GPA  assay can be used to 
diagnose ataxia telangiectasia and Fanconi anemia [ 39 ,  49 ], based 
on their characteristic elevated mutation frequencies. Applying the 
paradigm of Hsu [ 50 ], that variability in genetic instability in the 
human population will have health consequences, resulting in 
“common” diseases, we [ 41 ,  44 ] and others [ 51 ] have demon-
strated similar but more subtle elevations in sporadic cancer 
patients. Thus, uninduced mutation frequency, representing indi-
vidual somatic mutational burden, could be measured and consid-
ered in cancer risk analyses. These and other applications of the 
 GPA  assay have been proposed [ 8 ,  52 ], and it is our ongoing 
intention to put them into action.  

2     Materials 

      1.    Equipment for blood draw: 21-gage needles, plastic needle 
holder, tourniquet, alcohol or Betadine swabs, and so on 
(alternate methods, such as use of a syringe or a drawing from 
an intravenous line, are acceptable; refer to relevant guidelines 
for blood draw in your area; Daigger, Vernon Hills, IL).   

   2.    3-mL Vacutainer tubes with sodium heparin, sodium citrate, 
or EDTA as anticoagulant (Fisher Scientifi c, Pittsburgh, PA).   

   3.    Means of keeping samples cold (between 1 and 4 °C) for 
 storage or shipping.      

2.1  Sample 
Acquisition and 
Processing for Storage 
or Shipment
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      1.    Anti-M and anti-N blood typing sera (Johnson and Johnson 
Ortho Clinical Diagnostics, Raritan, NJ).   

   2.    Glass slides (one per sample).   
   3.    20-μL micropipettor (Rainin, Woburn, MA) and appropriate 

pipet tips (Fisher).   
   4.    Wooden applicator sticks (Fisher).      

       1.    1.5-mL Microcentrifuge tubes (two per sample; Brinkmann, 
Westbury, NY).   

   2.    15-mL Conical tubes (one per sample; BD Falcon, BD 
Biosciences, Bedford, MA).   

   3.    1-, 5-, and 10-mL Pipets.   
   4.    20-μL, 200-μL, and 1-mL Pipettors and appropriate tips.   
   5.    Isotonic buffer (amounts for 100 mL): 9.1 mM NaCl (0.53 g), 

22.9 mM NaC 6 H 11 O 7  (sodium gluconate, HOCH 2 (CHOH) 4 
COONa, 0.5 g), 27.2 mM CH 3 COONa⋅3H 2 O (0.37 g), 
4.96 mM KCl (0.037 g), 14.8 mM MgCl 2 ⋅6H 2 O (0.03 g), 
0.45 mM Na 2 HPO 4 ⋅7H 2 O (0.012 g), 0.06 mM KH 2 PO 4  
(0.00082 g), distilled water (to    100 mL, adjust to pH 7.4 with 
CH 3 COOH or NaOH;  see   Note 5 ).   

   6.    Sodium dodecyl sulphate (SDS; stock 5 mg/mL).   
   7.    Bovine serum albumin (BSA; Sigma, St. Louis, MO).   
   8.    Phosphate-buffered saline (PBS; made up as “sheath fl uid,” 

from Subheading  2.6 ,  item 3 ): Add 0.5 g BSA to 10 mL; keep 
in refrigerator; discard if particulates form or it becomes 
contaminated.   

   9.    (Octylphenoxyl)polyethoxyethanol (IGEPAL; Sigma).   
   10.    Formaldehyde (37 % solution; Fisher).   
   11.    Plastic transfer pipets (Fisher).   
   12.    Benchtop centrifuge (e.g., Multi with rotor 8947 and 17.5 cm 

adaptors, Thermo IEC, Needham Heights, MA).   
   13.    Vortex mixer.   
   14.    Staining buffer (amounts for 1 L): 13.6 mM Na 2 HPO 4  

(1.93 g), 2.75 mM NaH 2 PO 4  (0.38 g), 0.15 M NaCl (8.5 g), 
0.15 mM NaN 3  (0.01 g), 0.5 % BSA (5.0 g), 0.01 % (v/v) 
IGEPAL (100 μL), distilled water (to 1 L).   

   15.    Microcentrifuge (e.g., Multi with rotor 8848, Thermo IEC).      

      1.    15-mL Conical tubes (one per sample).   
   2.    Staining buffer ( see  Subheading  2.3 ,  item 14 ).   
   3.    Vortex mixer.   
   4.    Microcentrifuge.   

2.2  M/N Blood 
Group Typing

2.3  Sample 
Processing I: 
Isovolumetric 
“Sphering”

2.4  Sample 
Processing II: 
Antibody Staining
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   5.    Labeled, titrated, phycoerythrin-conjugated GPA(M)-specifi c 
6A7 monoclonal antibody and fl uorescein-conjugated GPA(N)-
specifi c BRIC157 monoclonal antibody (International Blood 
Group Reference Laboratory, Bristol, UK;  see   Notes 6  and  7 ).   

   6.    Rocker or orbital shaker (e.g., Red Rotor, Hoefer Scientifi c 
Instruments, San Francisco, CA).   

   7.    Tinfoil.   
   8.    Propidium iodide (PI; Sigma P4170). Stock solution is 

5 mg/mL. Working solution is 1 mg/mL in staining buffer.      

      1.    Stained form spheres from known donors with GPA(M/M), 
GPA(M/N), and GPA(N/N) phenotypes.   

   2.    Five 1.5-mL microcentrifuge tubes.   
   3.    Staining buffer.   
   4.    Vortex mixer.   
   5.    Microcentrifuge.   
   6.    Labeled, titrated GPA(M)- and GPA(N)-specifi c antibodies.   
   7.    Rocker or orbital shaker.   
   8.    Tinfoil.   
   9.    PI.      

       1.    Flow cytometer, with analysis software (e.g., FACScan with 
Consort C30 software, BD Biosciences, San Jose, CA;  
see   Note 1 ).   

   2.    Nylon mesh fi lters (Fisher, cat no. 08-670-202).   
   3.    Sheath fl uid (PBS; amounts for 20 L): 13.6 mM Na 2 HPO4 

(38.6 g), 2.75 mM NaH 2 PO 4  (7.6 g), 0.15 M NaCl (170 g), 
deionized water (to 20 L).   

   4.    Sample tubes (Fisher; 5-mL round-bottomed polystyrene snap 
cap tubes).       

3     Methods 

      1.    Draw 1–3 mL blood into standard 3-mL Vacutainer tubes 
( see   Notes 8  and  9 ).   

   2.    Blood samples should be kept cold (~2 °C) prior to fi xation. 
DO NOT FREEZE.  See   Notes 10  and  11 .      

      1.    Place one drop each of anti-M and anti-N typing sera, well 
separated, on a microscope slide.   

   2.    Using separate pipet tips, add 20 μL of sample blood to each 
drop of sera.   

2.5  Preparation 
of Control Samples

2.6   Flow Cytometry

3.1  Sample 
Acquisition

3.2  M/N Blood Group 
Typing ( See   Note 12 )
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   3.    Mix the blood and sera together with applicator sticks (use a 
fresh stick for each spot).   

   4.    Lift the slide and swirl it, watching for agglutination in the two 
blood/sera pools ( see   Note 13 ).      

       1.    Prepare one 1.5-mL microcentrifuge tube for each sample and, 
if necessary, M/M, M/N, and N/N controls ( see   Note 15 ). 
Label each tube and add 1 mL of isotonic buffer, 10 μL of 
5 mg/mL SDS, and 20 μL PBS containing 5 % BSA. Mix by 
inversion.   

   2.    Prepare one 15-mL conical tube for each sample, and controls, 
if necessary. Label each tube and add 9.6 mL isotonic buffer, 
20 μL of 5 mg/mL SDS, and 300 μL of formaldehyde solu-
tion. Mix by inversion.   

   3.    Add 100 μL of well-mixed whole blood to each microcentri-
fuge tube and mix by trituration. Let stand for 1 min at room 
temperature.   

   4.    Using a plastic transfer pipet, transfer suspension from micro-
centrifuge tube to similarly labeled 15-mL conical tube and 
immediately mix twice by inversion. Let stand for 90 min at 
room temperature.   

   5.    Resuspend the cell pellet by gentle shaking and inversion, add 
800 μL of formaldehyde solution, and immediately mix by 
inversion. Let stand overnight at room temperature in a fume 
hood.   

   6.    Resuspend the cell pellet by gentle shaking and inversion. 
Centrifuge at 1,750 ×  g  (3,000 rpm on suggested centrifuge) 
for 5 min. Pour off supernatant, and resuspend by vortexing in 
10 mL staining buffer. Incubate for 5 min at room 
temperature.   

   7.    Resuspend the cell pellet by gentle shaking and inversion. 
Centrifuge at 1,750 ×  g  for 5 min. Pour off supernatant, add 
1 mL staining buffer, mix by trituration, and then transfer the 
suspension to a labeled 1.5-mL microcentrifuge tube.   

   8.    Centrifuge at 2,700 ×  g  (5,000 rpm on suggested microcentri-
fuge) for 1 min in a microcentrifuge. Pour off supernatant, and 
resuspend pellet by vortexing in 1 mL staining buffer. 
Refrigerate until further processed ( see   Notes 15  and  16 ).      

     Since the antibody-conjugated dyes and the PI are light sensitive, 
it is best to perform the following procedure under subdued 
lighting.

    1.    Label one 15-mL conical tube for each sample and one for the 
assay control, a known sample of the same phenotype as the 
experimental samples (usually M/N;  see   Note 18 ). Add 3 mL 
of staining buffer to each tube.   

3.3  Sample 
Processing I: 
Isovolumetric 
“Sphering” 
( See   Note 14 )

3.4  Sample 
Processing II: 
Antibody Staining 
( See   Note 17 )
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   2.    Add 100 μL of well-mixed fi xed spheres to each microcentri-
fuge tube, and vortex to mix ( see   Notes 19  and  20 ).   

   3.    Centrifuge antibody preparations for 10–15 min at 10,000 ×  g  
in microcentrifuge (this step may not be necessary, depending 
on the purity of your antibody preparation).   

   4.    Add the BRIC157 antibody to each tube. Vortex immediately. 
Add the 6A7 antibody to each tube. Vortex immediately.   

   5.    Wrap tubes in tinfoil and incubate for 60 min at room tem-
perature on a rocking platform.   

   6.    Wash each sample twice with 3 mL staining buffer by centrifu-
gation at 1,750 ×  g  for 5 min, followed by resuspension by vor-
texing. Final resuspension should be in only 2 mL of staining 
buffer.   

   7.    Add 20 μL of 1 mg/mL PI, mix, and refrigerate overnight. 
Stained samples should be analyzed within 4 days of staining.      

      Besides running a known control with each group of experimental 
samples, it is also necessary to prepare samples with mixtures of the 
common cell phenotypes M/M, M/N, and N/N in order to set 
the gains on the fl ow cytometer. These control samples may be 
drawn fresh for each run from laboratory volunteers, but we have 
found it useful to stockpile aliquots of M/M and N/N fi xed cells 
for this purpose ( see   Note 15 ). M/N cells can be taken from the 
analysis control. Although stained cells may also be kept in the 
refrigerator for later analysis, since the cytometer will be set based 
on fl uorescence measurements based on these controls, we believe 
that it is important to stain the controls and experimental samples 
at the same time, with the same reagents.

    1.    Label fi ve 1.5-mL microcentrifuge tubes [1–5] and add 1 mL 
of staining buffer to each.   

   2.    Add 50 μL of M/N fi xed cells to each of the fi rst four tubes.   
   3.    Add 17 μL each of the M/M, M/N, and N/N fi xed cells to 

the fi fth tube.   
   4.    Microcentrifuge all samples at 1,000 ×  g  (3,000 rpm on sug-

gested microcentrifuge) for 2 min.   
   5.    Decant supernatant, and resuspend pellet in 1 mL staining 

buffer by vortexing.   
   6.    Add the BRIC157 antibody to tubes 2, 4, and 5. Vortex imme-

diately. Add the 6A7 antibody to tubes 3, 4, and 5. Vortex 
immediately. Use same amounts as in Subheading  3.4 ,  step 4  
( see   Note 6 ).   

   7.    Wrap tubes in tinfoil and incubate for 60 min at room tem-
perature on a rocking platform.   

   8.    Wash each sample twice with 1 mL staining buffer by micro-
centrifugation at 1,000 ×  g  for 5 min, followed by resuspension 

3.5  Preparation 
of Control Samples
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by vortexing. Final resuspension should be in 1 mL of staining 
buffer.   

   9.    Add 10 μL of 1 mg/mL PI, mix, and refrigerate overnight. 
Stained samples should be analyzed within 4 days of staining.    

        1.    Turn on fl ow cytometer, and run water through the sample 
delivery system to remove bubbles.   

   2.    Turn on computer, and start analysis software (C30).   
   3.    Load a 500-μL sample of the M/N control (either the analysis 

control or the tube 4 from Subheading  3.5 ). Using a low fl ow 
rate, use this sample to set a scatter gate around live cells. Try 
to remove dead cells, cell fragments, non-sphered cells, and 
cell doublets.   

   4.    Adjust FL1 and FL2 voltages to a mode of channel 45 (in log 
acquisition mode) in both.   

   5.    Prepare a four-cell sample by adding 100 μL from each of the 
microcentrifuge tubes 1–4 from Subheading  3.5  to a fresh 
sample tube and mixing by vortexing.   

   6.    Run this sample, and use it to adjust compensation percent-
ages to optimize orthogonality of the four peaks: unlabelled, 
M-only, N-only, and M/N (Fig.  4 ;  see   Note 21 ).

       7.    Run the three-cell sample (tube 5 from Subheading  3.5 ; 
Fig.  4 ). Draw three data windows, as follows ( see   Note 22 ):

3.6  Flow Cytometry 
I: Setting Windows 
with Control Samples

  Fig. 4    Examples of the four-cell ( a ) and three-cell ( b ) controls used to set the fl ow cytometer and software for 
the  GPA  assay. These labeling controls are used to make sure that the two allelic forms of the protein yield 
equivalent signals and to ensure that variant cells should occur on the abscissa with less than 1 % of the label-
ing of the main peak, directly beneath (allele loss) and to the right (loss and duplication) of the main M/N    peak       
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   (a)    M/N window: channels 33–57 in both directions.   
  (b)    N/Ø window: channels 43–48, FL1 (abscissa); channels 

0–14, FL2 (ordinate).   
  (c)    N/N window: channels 49–54, FL1 (abscissa); channels 

0–14, FL2 (ordinate).    
      8.    The M/N window should be centered on the M/N peak of 

both the four-cell and three-cell controls and include virtually 
all cells. The N/Ø window should be  centered on the N-only 
peak in the four-cell control but may not contain all such cells. 
The N/N window should be centered on the N/N peak in the 
three-cell control but may not contain all such cells. If these 
conditions are not true, return to the four-cell controls and 
readjust.      

      1.    Begin analyzing samples with the known M/N control. 
Acquire the maximum number of events (1,000,000) within 
the live gate. A complete standard assay consists of fi ve such 
runs.   

   2.    Run fresh water through the machine for at least 30 s between 
samples. Check the live gate and the FL1/FL2 output for each 
sample and adjust, if necessary ( see   Note 23 ).   

   3.    After acquiring data, check that the modal channel for the 
M/N peak in every run is 45. If it is not, adjust the N/Ø and 
N/N windows to compensate.   

   4.    The variant cell frequencies for total, allele-loss, and loss-and- 
duplication phenotypes are the average of the number of events 
in the appropriate windows over the fi ve runs per million total 
cells ( see   Notes 24  and  25 ).       

4     Notes 

     1.    Unfortunately, the FACScan and its C30 software have long 
been obsolete, and their replacements are not as well suited to 
the very rare event detection necessary for the  GPA  assay. In 
designing later generation commercial fl ow cytometers compa-
nies have concentrated on the clinical market, with “rare” 
defi ned as a 1 % proportion of the lymphocyte population, for 
example. Later fl ow cytometers from Becton Dickinson could 
only collect data in “list mode,” meaning that you could not 
be selective in what data to store. In the initial machines, this 
limited a single run to 100,000 events, meaning that data from 
50 runs had to be pooled by hand to perform a single  GPA  
assay (the FACScan software allowed accumulation of up to 
one million events). Thus, besides requiring an inordinate (and 
unnecessary) amount of data storage space, running the  GPA  
assay on these machines required a full-time technician to turn 

3.7  Flow Cytometry 
II: Sample Analysis
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the machine back on every 2 min or so. With advances in data 
storage, there is no longer a defi nite limit on the length of a 
“list” of data that can be accumulated, and we have performed 
runs of one million events; however, the data fi le is still 
 unnecessarily large (approx. 40 Mb). 

 A second problem involves the graphical representation of 
the data. We have shown that the pattern of the fl ow distribu-
tion, as shown in Fig.  2 , is an important element in the appli-
cation of the  GPA  assay [ 39 ,  49 ]. These data are collected in 
logarithmic mode, and the representation is simplifi ed by pro-
viding contour lines linking areas with successive threefold 
increases in incidence. This allows us to display single events, 
such as those in the variant windows, concurrently with the 
main M/N peak, containing close to one million events, with 
a good idea of its distribution. Since in this display allele-loss 
variants should fall directly beneath the M/N peak it is impor-
tant to know where the true center of this peak lies, which can 
vary with the donor and condition of the sample. Since they 
were restricted to capturing only 100,000 events at a time, 
next-generation software for the fl ow cytometers subsequent 
to the FACScan could display only individual events, meaning 
that there was no resolution of the main peak or any other 
peaks (from high-frequency mutations or contaminants such 
as lymphocytes or transfused blood). Again, this has been 
addressed to some degree in the more than 20 years since the 
FACScan was discontinued; current software has the ability to 
draw contour lines on the log scale, meaning with one-third 
the resolution of the original machine.   

   2.    In an attempt to increase the speed and portability of the assay, 
a hemagglutination version of the assay has been presented, 
which requires no fi xing of the red cells, no monoclonal anti-
bodies, and no fl ow    cytometry [ 53 ]. Unfortunately, the results 
demonstrated are more likely due to the known cross-reaction 
of commercial anti-GPA(M) antisera with glycophorin B, the 
second most abundant surface glycoprotein on the red cell 
( see   Note 22 ), than detection of variant cells defi cient in N 
allelic protein (which, in any case, should be compensated for 
by an equivalent generation of variants with loss of the M allelic 
protein [ 54 ]).   

   3.    Just because a number of molecular mechanisms can poten-
tially contribute to an endpoint does not mean that the assay 
system will really be sensitive to them all. For example, in one 
in vitro system based on the human  APRT  gene, allele loss by 
gene deletion appeared to be the major mechanism of variation 
[ 55 ], whereas in an in vivo system based on  HLA  polymor-
phisms, the major mechanism of variation was allele loss and 
duplication by mitotic recombination [ 56 ]. In another in vitro 
system, allele loss occurred primarily by gene inactivation, 
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while loss and duplication occurred by chromosome segrega-
tion [ 20 ]. We have argued that the evidence suggests that the 
so-called small-colony mutants arise by a single mechanism in 
the mouse lymphoma L5178Y  Tk  assay [ 57 ], and we have also 
pointed out that assays with endpoints that have many possible 
contributing mechanisms are differentially sensitive to those 
mechanisms with the highest background frequency.   

   4.    Proof-of-principle experiments have been reported to extend 
the  GPA  assay to fetal nucleated erythrocyte precursors, reticu-
locytes, and adult bone marrow cells [ 58 ], where some types of 
molecular characterization of mutant cells would be possible 
[ 59 ,  60 ].   

   5.    Available commercially as Isolyte S (B. Braun Medical, Irvine, 
CA, cat. no. L7030).   

   6.    Each lot of antibody must be titered upon delivery in order to 
determine how much is necessary for a  GPA  assay. Titering is 
performed on a sample from a known M/N control individual, 
by staining, according to the protocol given in Subheading  3.4  
with 50, 20, 10, 5, 2, and 1 μL of antibody preparation and 
analysis of staining intensity on the fl ow cytometer. The 
amount of antibody necessary to produce 90 % of maximum 
staining intensity is used in the standard assay.   

   7.    Other groups have also successfully generated their own allele- 
specifi c monoclonal antibodies for use in the  GPA  assay [ 61 ,  62 ].   

   8.    Leukoprep tubes (BD Biosciences, Boston, MA) may also be 
used, but a small amount of serum (approx. 100–200 μL) 
should be transferred with the red cells to aid in fi xation.   

   9.    If very little blood is drawn, or if the sample is to be allocated 
for several uses, it is best to transfer approx. 500 μL for the 
 GPA  assay to a microcentrifuge tube. Too little blood left in 
the initial tube will clot or dry onto the side of the tube.   

   10.    If kept cold, samples can be accumulated for up to 2 weeks 
prior to processing.   

   11.    Shipping of samples should be done within 24–48 h of draw, 
using refrigerated, but not frozen, ice packs and overnight 
delivery with refrigeration. Shipping early in the week allows 
time to fi nd lost samples before they are left without refrigera-
tion for the weekend.   

   12.    In its original form, the  GPA  assay required a heterozygous 
M/N phenotype to be informative, allowing for quantitation 
of somatic mutation with single-hit kinetics. We have found, 
however, that the assay can be informative regardless of donor 
genotype when the expected mutation frequency exceeds 
approx. 30 allele-loss variants per million (loss-and- duplication 
variants cannot be detected or quantitated under these circum-
stances, however).   
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   13.    In our experience, the anti-N sera reacts fastest. We therefore 
watch the anti-M sera while swirling. If the anti-M side 
 agglutinates fi rst, the sample is M/M. If the anti-N side 
 agglutinates fi rst, continue to swirl for about a minute before 
making a fi nal determination on the anti-M side (if the anti-M 
side has agglutinated, the sample is M/N; if the anti-M has not 
agglutinated, the sample is N/N).   

   14.    Since the erythrocytes are shaped like biconcave fl attened 
disks, they do not all offer the same surface to the laser during 
fl ow cytometry, resulting in excessive light scatter. Expanding 
them into spheres optimizes and homogenizes their scatter 
profi les, allowing for their discrimination from other blood 
cells, primarily based on size.   

   15.    Although naïve blood samples cannot be frozen for  GPA  anal-
ysis, fi xed “form spheres,” stained or unstained, may be frozen, 
allowing for stockpiling of control samples. In practice, we 
generally only use this for M/M and N/N controls, since the 
M/N sample will also be analyzed fully, not merely used to set 
gains and gates on the fl ow cytometer (this must be adapted if 
sets of non-M/N samples are to be analyzed;  see   Note 12 ).   

   16.    If the fi xed spheres are not to be stained immediately, they can 
be kept in the refrigerator (after their overnight incubation) for 
up to a month with little effect on the performance of the  GPA  
assay (although the extra wash described in  Note 20  is recom-
mended if the samples are not processed immediately). 
Alternatively, these spheres may be frozen for later processing, 
for stockpiling of samples, or for shipment. To freeze, samples 
from Subheading  3.3  are centrifuged at 450 ×  g  (2,000 rpm on 
suggested centrifuge) for 1 min, and the supernatant is 
removed by aspiration. The fi xed cells are then resuspended by 
vortexing in 1 mL of freeze media (RPMI 1640 [Invitrogen, 
Carlsbad, CA] containing 5 % dimethyl sulfoxide [DMSO, 
Sigma]), separated into 200 μL aliquots in cryovials (250-μL 
tubes, Bio-Rad, Hercules, CA), and frozen at −80 °C.   

   17.    Staining of the experimental samples ( see  Subheading  3.4 ) and 
the controls ( see  Subheading  3.5 ) should be done in parallel, if 
the differences in sample volumes are not too confusing.   

   18.    Since it is essentially useless to run experimental samples if the 
control is not performed, we often prepare the control in 
duplicate in case one is dropped or misprocessed.   

   19.    Not all blood samples have the same concentration of red 
blood cells. Too few cells result in excessively long or incom-
plete assays, whereas too many cells result in too many cell 
doublets or even agglutination, which can clog the fl ow cytom-
eter. We usually compare the cloudy orange color of this sus-
pension (after mixing) to that of the control, which should 
represent a sample that is known to run well, and adjust red 
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cell number by adding blood or removing volume (making it 
up again with staining buffer).   

   20.    An optional wash of the fi xed cells can be performed at this 
stage by centrifuging again at 1,750 ×  g  (3,000 rpm on sug-
gested centrifuge) for 5 min, pouring off the supernatant, and 
resuspending the pellet in 3 mL staining buffer with vortexing. 
This step is recommended if the form spheres have been in the 
refrigerator overnight or longer, or if they were frozen.   

   21.    Ideally, the four-cell control should form a perfect square, but 
it is deformed into a tall rectangle because of cross-reaction of 
the N-specifi c antibody with another abundant red cell surface 
protein, glycophorin B, a member of the same gene family as 
 GPA  [ 3 – 5 ]. The box may be further distorted by overlap of the 
two fl uorophores, causing cells with both alleles to exhibit arti-
factually high fl uorescence for both markers. This causes the 
angle of the corner of the box marked by the M/N cells to 
become acute, and interferes with the correct positioning of 
the windows for the variant cells. Likewise, overcompensation 
causes an obtuse angle at M/N and, again, the mispositioning 
of the windows for the phenotypic variants.   

   22.    Since the GPB protein is about one-third as abundant on the 
red cell surface as the GPA protein, a cell expressing a single M 
allele (an alternate allele-loss phenotype) still exhibits one- 
third of the GPA(N)-specifi c fl uorescence of a parental M/N 
cell, rather than less than 1 % of GPA(M)-specifi c fl uorescence, 
as does a cell that has lost an M allele. Although N allele loss 
(or loss and duplication) is just as valid a genetic endpoint as M 
allele loss, this technical difference in their detection has led us 
to quantify only M allele-loss variants (it would be informative 
to see when the frequencies of mutation are similar at both 
alleles, and when they are not). Other groups have established 
their own versions of the  GPA  assay that includes quantitation 
of N allele-loss variants, however [ 54 ], and we have quantifi ed 
a combined N allele-loss/loss-and-duplication window when a 
sample has exhibited an unusually high mutation frequency at 
the M allele ( see   Note 25 ).   

   23.    The M/N peak has a tendency to “drift” towards the ordinate 
over time.   

   24.    Some adjusting may be necessary due to changes in denomina-
tor if there are obviously scored events that are not possible 
progenitors of phenotypic variants, such as unusually high 
number of lymphocytes (in the DB6 assay these appear above 
and to the left of the main peak,  see  Fig.  2 ) or cells from a 
recent transfusion [ 39 ].   

   25.    When the number of variant cells increases it may become evi-
dent that not all events are contained within the variant win-
dows as originally set. Although the background in this area of 
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the fl ow histogram is essentially zero, we have avoided simply 
expanding the windows to accommodate all events. Rather, we 
have adjusted the positioning of the existing windows so that 
they are centered on the variant cell peak(s). This avoids the 
situation where events from one window overlap the second, 
producing an artifactual increase in both.     

    As shown in Figs.  1  and  3 , in some cases further character-
ization of the mutational events can be provided by determin-
ing whether there are reciprocal products, i.e., a high incidence 
of N allele loss in samples where there are abnormally high 
frequencies of M allele loss. In these cases, we have set a win-
dow for variants affecting the N allele empirically, with no 
attempt to discriminate allele loss from loss and duplication 
(Fig.  2 ). This is done for all “outliers,” i.e., samples with fre-
quencies in either window of 3 × 10 −5  or over or 5 × 10 −5  com-
bined [ 38 – 40 ]. We have found that populations generated 
from these reciprocal events are only evident in the event of a 
recent or an ongoing exposure; when the exposure is distant in 
time, as in the Hiroshima survivors, there is often no clear asso-
ciation between the M and N allele-loss populations. We attri-
bute this difference to the differences in cell types contributing 
to the variant cell populations: when the exposure is recent, 
most of the mutations are occurring in the highly proliferative, 
differentiating cell population, and the reciprocal daughter 
cells contribute equally to the peripheral blood. However, 
when a variant peak is caused by an exposure that occurred 
long ago, it must have affected a hematopoietic stem cell, and 
the putative reciprocal event likely resulted in a daughter cell 
that has long since terminally differentiated and disappeared. 

    All “outlier” samples should be rerun for confi rmation of 
the abnormal phenotype as well as those rare samples (<1 %) 
where no variant cells are observed in a standard assay (after 
ensuring that the sample is not really M/M).     
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    Chapter 19   

 Flow Cytometric Quantifi cation of Mutant T Cells 
with Altered Expression of the T-Cell Receptor: 
Detecting Somatic Mutants in Humans and Mice 

           Seishi     Kyoizumi     ,     Yoichiro     Kusunoki    , and     Tomonori     Hayashi   

    Abstract 

   Spontaneously generated mutant T cells defective in T-cell receptor ( TCR ) gene expression are detectable 
at the frequency of 2×10 −4  in vivo, and the mutant fractions are dose dependently increased by exposure 
to genotoxic agents such as ionizing radiation. Mutant cells with altered expression of TCRα or -β among 
CD4 +  T cells can be detected as CD3 − /CD4 +  cells by two-color fl ow cytometry using anti-CD3 and anti-
 CD4 monoclonal antibodies labeled with different fl uorescent dyes, because incomplete TCRαβ/CD3 
complexes cannot be transported to the cellular membrane. This fl ow cytometric mutation assay can be 
applied to CD4 +  T cells from human peripheral blood and mouse spleen. Methods for both preparation of 
target cells and detection of the mutant cells are described.  

  Key words     Somatic mutation  ,   Flow cytometry  ,   T-cell receptor ( TCR )  ,   CD4 +  T cell  ,   Human periph-
eral blood  ,   Mouse spleen  

1      Introduction 

 Monitoring of somatic mutation in vivo is useful for evaluating 
cancer risk from exposure to environmental genotoxic agents, such 
as ionizing radiation and mutagenic chemicals. Assays of in vivo 
somatic mutations have been established for a number of target 
“reporter” genes [ 1 ]. The fl ow cytometric T-cell receptor ( TCR ) 
mutation assay allows reproducible measurement of mutant frac-
tions (Mf) at the  TCRα  and - β  genes of peripheral mature CD4 +  T 
cells in individual humans [ 2 ] and mice [ 3 ]. 

 The TCRα and -β proteins are expressed on the cell surface of 
normal peripheral CD4 −  and CD8 +  T cells. In the majority of these 
T-cell populations, only one of the two alleles of each  TCR  chain 
gene is actively expressed, although it has been reported that a 
minor T-cell subpopulation co-expresses dual α or β chains [ 4 ,  5 ]. 
The second allele of these loci remains unexpressed because of a 
nonfunctional recombination or epigenetic inactivation, resulting in 
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allelic exclusion [ 6 ]. Thus, mutants that do not express a functional 
TCR surface protein can be generated in the majority of T-cell pop-
ulations by a single inactivation event, even though the  TCR  genes 
themselves are dizygous and autosomal. Furthermore, TCRα and -β 
chains can be expressed on the cell surface only after formation of 
large molecular complexes with CD3-γ, -δ, -ε, -ζ, and -η chains. If 
either of the  TCRα  or - β  chain genes are not expressed, the TCRαβ/
CD3 protein complex cannot be transported to the cellular mem-
brane and defective complexes accumulate in the cytoplasm [ 2 ,  7 ]. 
Thus, inactivating mutations in the  TCRα  or - β  genes among CD4 +  
T cells can be detected as CD3 − /CD4 +  mutant cells by two-color 
fl ow cytometry using monoclonal antibodies against the CD3 and 
CD4 molecules. Specifi cally, the fraction of CD3 −  cells in a popula-
tion of mature CD4 +  T cells is considered to be the total Mf for 
both the  TCRα  and  TCRβ  genes in CD4 + T cells. The background 
Mf of CD3 −  cells in populations of human and mouse mature CD4 +  
T cells increases signifi cantly with age [ 2 ,  8 ] but is about 2 × 10 −4  [ 2 , 
 3 ,  9 – 11 ].  TCR  mutants were found to be dose dependently induced 
in normal CD4 +  T cells and in a lymphoma cell line by in vitro expo-
sure to ionizing radiation [ 12 – 14 ] or chemicals [ 12 ]. 

 The  TCR  mutation assay can be used to monitor human expo-
sure to environmental mutagens. For example, it has been applied 
to lymphocytes from cancer patients who had recently received 
radiotherapy [ 9 ,  14 ,  15 ] or chemotherapy [ 16 ,  17 ], from patients 
who had been treated during the 1930s and 1940s with Thorotrast, 
a colloidal preparation of radioactive thorium-232 used as a radio-
logical contrast medium [ 9 ,  18 ], from a person who was heavily 
exposed to radiation during the 1986 Chernobyl accident [ 9 ], 
from cleanup workers in the Chernobyl accident [ 10 ], and from 
the residents in a radioactively contaminated area near Chelyabinsk 
in Russia [ 19 ,  20 ] and Semipalatinsk in Kazakhstan [ 21 ]. Although 
statistically signifi cant dose-dependent increase of  TCR  Mf was 
found in these individuals, no signifi cant elevation was detected in 
atomic bomb survivors who were exposed to radiation many years 
before [ 9 ]. This is consistent with the observation that the initially 
elevated Mf in radiotherapy patients decline gradually to back-
ground levels within about 10 years after exposure (half-life: about 
2–3 years) [ 15 ,  22 ,  23 ]. Although expression of a  TCR  mutant 
phenotype can require as long as several months in vivo, we have 
improved the assay to shorten the expression time by stimulating 
lymphocyte growth in culture [ 14 ]. The Mf of  TCR  was also found 
to be elevated in patients with autosomal recessive inherited dis-
eases with defective DNA repair and premature aging, such as 
ataxia telangiectasia [ 2 ,  11 ], Fanconi anemia [ 2 ], Werner syndrome 
[ 24 ], and Bloom syndrome [ 24 ,  25 ]. 

 We have used a mouse model to demonstrate the in vivo 
 kinetics and dose response of radiation-induced  TCR  mutations [ 3 ]. 
In this system, expression of the  TCR  mutant phenotype reached 

Seishi Kyoizumi et al.



247

a peak about 2 weeks after whole-body irradiation. The Mf 
subsequently decreased, with a half-life of about 2 weeks. We have 
also reported on the infl uence of the genetic background on both 
spontaneous and radiation-induced mutagenesis [ 3 ]. Using mutant 
mice, including bioengineered transgenic knockout mice, a role for 
the  p53  tumor-suppressor gene in  TCR  mutagenesis has been 
investigated [ 26 ,  27 ]. 

 Both human peripheral blood mononuclear cells and mouse 
T-cell-enriched splenocytes have been used as the target cells for 
the  TCR  mutation assay. This chapter gives precise methods for 
the preparation of these target cells and for the fl ow cytometric 
procedures used to detect and quantify CD3 −  cell fractions among 
CD4 +  T cell populations.  

2    Materials 

      1.    Heparinized peripheral blood (3–5 mL).   
   2.    Ficoll–Hypaque solution (specifi c density 1.077; e.g., Lymphocyte 

Separation Medium; ICN Biomedicals, Irvine, CA).   
   3.    15-mL Polypropylene centrifuge tube.   
   4.    Phosphate-buffered saline (PBS; e.g., Sigma, St. Louis, MO).   
   5.    PBS containing 2.5 % fetal calf serum (FCS; e.g., Invitrogen, 

Grand Island, NY); heat-inactivated for 30 min at 56 °C 
(PBS-S).   

   6.    Hemacytometer (e.g., BD: Becton Dickinson, Franklin 
Lakes, NJ).   

   7.    Turk’s solution (e.g., Merck, Darmstadt, Germany).   
   8.    0.4 % Trypan blue stain (e.g., Invitrogen).      

      1.    60 × 15 mm plastic Petri dish (e.g., BD: Becton Dickinson, 
Franklin Lakes, NJ).   

   2.    Iris scissors and forceps.   
   3.    Frosted glass slides.   
   4.    RPMI1640 (e.g., Sigma) containing 10 % heat-inactivated 

FCS, 2 mM  L -glutamine, 100 U/mL penicillin, and 100 μg/
mL streptomycin (complete RPMI).   

   5.    15-mL Polypropylene centrifuge tube.   
   6.    200-μm Mesh nylon screen.   
   7.    Hemacytometer.   
   8.    0.4 % Trypan blue stain.   
   9.    Nylon wool (e.g., Polysciences, Warrington, PA).   
   10.    5-mL Disposable syringe.   

2.1  Preparation 
of Human Peripheral 
Blood Mononuclear 
Cells

2.2  Preparation 
of T-Cell-Enriched 
Mouse Splenocytes
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   11.    3-way disposable stopcock.   
   12.    19- and 23-gage needles.   
   13.    Cell culture incubator.   
   14.    Parafi lm (Saran Wrap).      

      1.    Fluorescein isothiocyanate (FITC)-labeled anti-human CD4 
monoclonal antibody (SK3 antibody, BD Biosciences, San 
Jose, CA).   

   2.    Phycoerythrin (PE)-labeled anti-human CD3ε monoclonal 
antibody (SK7 antibody, BD Biosciences).   

   3.    FITC-labeled antimouse CD4 monoclonal antibody (GK1.5 
antibody, BD Biosciences).   

   4.    PE-labeled antimouse CD3ε monoclonal antibody (145-
2C11 antibody, BD Biosciences).   

   5.    PBS containing 0.01 % NaN 3  and 1 % FCS (PBS-NS).   
   6.    PBS-NS containing 10 μg/mL propidium iodide.   
   7.    1.5-mL Eppendorf tube.   
   8.    5-mL Polystyrene round-bottomed tube (e.g., BD).      

      1.    Flow cytometer (e.g., FACSCalibur; BD Biosciences) installed 
with computer software for data acquisition and analysis (e.g., 
FACStation; BD Biosciences).       

3    Methods 

      1.    Place heparinized blood (3–5 mL) into a 15-mL centrifuge 
tube.   

   2.    Add an equal volume of PBS at room temperature and mix 
well.   

   3.    Slowly layer the Ficoll–Hypaque solution underneath the 
blood/PBS mixture by placing the tip of the pipet containing 
the Ficoll–Hypaque at the bottom of the sample tube. Use 
3 mL Ficoll–Hypaque per 10 mL blood/PBS mixture.   

   4.    Centrifuge for a total of 30 min at 400 ×  g  at room  temperature 
with no brake (slowly raise the centrifuge speed to 400 ×  g ).   

   5.    Using a pipet, remove the upper layer containing the plasma 
and platelets. Using another pipet, transfer the mononuclear 
cell layer (interface between the upper and Ficoll–Hypaque 
layers) to a new 15-mL centrifuge tube.   

   6.    Wash cells by adding excess PBS-S (about three times the vol-
ume of the mononuclear cell layer) at room temperature and 
centrifuging for 10 min at 510 ×  g .   

2.3  Immunofl uores-
cence Staining

2.4  Flow Cytometry

3.1  Preparation 
of Human Peripheral 
Blood Mononuclear 
Cells ( See   Note 1 )
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   7.    Discard supernatant, resuspend cells in 10 mL PBS-S, and 
centrifuge for 10 min at 240 ×  g .   

   8.    Repeat  step 7 .   
   9.    Discard supernatant, and resuspend cells in 1 mL PBS-S.   
   10.    Count mononuclear cells in Turk’s solution using a 

hemacytometer, and calculate cell yield. Use trypan blue 
exclusion to determine cell viability. Average yield is about 
1 × 10 6  viable mononuclear cells from 1 mL blood.      

      1.    Sacrifi ce mice in a humane manner. Make a 1.5-cm incision at 
the left of the peritoneal wall with scissors. Gently pull the 
spleen free of the peritoneum, tearing the connective tissue 
behind the spleen.   

   2.    Place the spleen in a 60 × 15-mm plastic Petri dish containing 
3 mL complete RPMI. With scissors, cut the spleen into sev-
eral pieces.   

   3.    By rubbing between the frosted faces of two glass slides, mash 
the spleen pieces until mostly fi brous tissue remains.   

   4.    Expel cell suspension into a 15-mL plastic centrifuge tube 
through a 200-μm-mesh nylon screen. Wash Petri dish with 
about 4 mL complete RPMI.   

   5.    Centrifuge cell suspension at 240 ×  g  for 10 min. Resuspend 
cell pellet in 10 mL complete RPMI, and count cells with try-
pan blue exclusion using a hemacytometer to determine cell 
yield and viability. The viable cell yield per normal spleen is 
5–20 × 10 7 , depending on the mouse strain and age.   

   6.    Centrifuge again and resuspend in 0.5 mL complete RPMI.   
   7.    Prepare a nylon wool column by packing 0.3 g nylon wool in 

a 5-mL disposable syringe ( see   Note 2 ). Insert the plunger and 
press fi rmly to compact the nylon wool.   

   8.    Clamp the sterilized nylon wool column to a ring stand. Attach 
both to a three-way stopcock in an open position and a 
19-gage needle.   

   9.    Equilibrate the column by running 10 mL of 37 °C-warmed 
complete RPMI through the column. Remove trapped air bub-
bles by fi rmly tapping on the sides of the column until no dry 
areas are visible. Finally, tamp down the nylon wool with a pipet 
to compact the nylon and extrude any additional trapped air.   

   10.    Close the stopcock, and cover the nylon wool with 1–2 mL 
warmed complete RPMI to prevent drying. Incubate the col-
umn in an upright position for 45 min in a 37 °C, 5 % CO 2 , 
humidifi ed incubator.   

   11.    Warm cell suspension at 37 °C.   
   12.    Open the stopcock, and allow the medium to drain com-

pletely. Using a Pasteur pipet add dropwise 0.5 mL warmed 

3.2  Preparation 
of T-Cell-Enriched 
Mouse Splenocytes
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cell suspension onto the nylon wool and allow again to drain 
completely. Close the stopcock, and cover the top of the col-
umn with plastic (Parafi lm or Saran Wrap).   

   13.    Incubate the column for 1 h in an upright position in a 37 °C, 
5 % CO 2 , humidifi ed incubator.   

   14.    Remove the column from the incubator and clamp to the ring 
stand. Replace the 19-gage needle with a 23-gage needle.   

   15.    Open the stopcock, and elute the column with 10 mL total 
warmed complete RPMI. Collect the effl uent (nonadherent) 
cells in a 15-mL centrifuge tube.   

   16.    Centrifuge harvested cells at 240 ×  g , 4 °C, for 10 min.   
   17.    Discard supernatant, and resuspend cells in 10 mL complete 

RPMI.   
   18.    Count cells with trypan blue exclusion using a hemacytometer 

to determine cell yield and viability. Average yield is about 
2–3 × 10 7  T-cell-enriched cells per spleen ( see   Notes 3  and  4 ).      

      1.    Transfer 2 × 10 6  human peripheral blood mononuclear cells or 
mouse T-cell-enriched splenocytes suspended in PBS-NS to a 
1.5 mL Eppendorf tube and centrifuge at 340 ×  g , 4 °C, for 
2 min.   

   2.    Discard supernatant, and add 2 μg each of FITC-labeled anti- 
human or -mouse CD4- and PE-labeled anti-human or -mouse 
CD3 antibodies to the cell pellet, mix well, and incubate for 
30 min on ice.   

   3.    Wash cells by adding 0.75 mL PBS-NS and centrifuging at 
340 ×  g , 4 °C, for 2 min.   

   4.    Discard supernatant, and resuspend cells in 0.5 mL PBS-NS 
containing propidium iodide to stain dead cells. Transfer cell 
suspension to a 5 mL polystyrene tube for fl ow cytometry.      

      1.     TCR  mutant CD4 +  T cells (CD3 − /CD4 + ) can be measured 
using a fl ow cytometer installed with standard operation and 
analysis software. Set up the fl ow cytometer, and optimize set-
tings according to the manufacturer’s instructions.   

   2.    First, run a small number of labeled lymphocytes (about 1,000 
events) through the fl ow cytometer. Set a gate for the lympho-
cyte fraction using the forward and side light scatter (FSC and 
SSC) profi le (Fig.  1a, b ).

       3.    Acquire and store FL1 (CD4 FITC fl uorescence) and FL2 
(CD3 PE fl uorescence) data for a minimum of 500,000 
lymphocyte- gated events ( see   Note 6 ).   

   4.    Display acquired data on the screen in histograms of FL1 
(CD4) and FL2 (CD3) and in density plot of FL1 vs. FL2 
(Fig.  1b, c , e, f). Obtain the peak fl uorescence intensities 

3.3  Immunofl uores-
cence Staining

3.4  Flow Cytometry 
( See   Note 5 )
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(channel number) of the FL1 (CD4) and FL2 (CD3) of 
 normal CD3 + /CD4 +  cell population in the histograms by gat-
ing this population in the density plot (gate out propidium 
iodide-stained dead cells from the population) (Fig.  1b, c , e, f).   

   5.    Set a mutant window on the region for CD3 − /CD4 +  in the 
density plot as follows. Set the left and right limits of FL1 at 
the half and twice values of the peak intensity of FL1 (CD4) 
for normal CD3 + /CD4 +  cells, respectively. Set the upper limit 
of the FL2 for the mutant window at 1/25th of the peak 
intensity of CD3 for normal CD3 + /CD4 +  cells as determined 
above, and set the lower limit at 10 0  ( see   Note 7 ).   

   6.    Calculate the Mf as the number of events in the mutant win-
dow (Fig.  1  b, c, e, f) divided by the total number of events 
corresponding to CD4 +  cells.       
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  Fig. 1    Representative fl ow cytograms of human peripheral blood mononuclear cells ( a – c ) and nylon wool- 
passed mouse splenocytes ( d – f ) stained with FITC-labeled anti-CD4 (FL1) and PE-labeled anti-CD3 (FL2) 
monoclonal antibodies. ( a ,  d)  Gates for lymphocytes on forward and side light scatter (FSC and SSC) profi les 
(dot plot). ( b ,  c ,  e , and  f)  Windows for total CD4 +  and mutant CD3 − /CD4 +  T cells on fl uorescence profi les (density 
plot). The number of events in each window is shown in each panel. The mutant fraction (Mf) was calculated as 
the number of events in the mutant window divided by the number of events in the total CD4 +  T cells. Events 
representing the highest FL2 fl uorescence (nearly 10 4 ) are dead cells stained with propidium iodide. ( a ,  b ) 
Laboratory control (48-year-old male). ( c ) A patient who had received Thorotrast. ( d ,  e ) C57BL/6 mouse 
(4-month-old female). ( f ) C57BL/6 mouse irradiated with 2.5 Gy X-rays (2 weeks after whole-body irradiation)       
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4    Notes 

     1.    Tubes for one-step mononuclear cell separation from whole 
blood are commercially available (e.g., BD Vacutainer CPT 
tube). These tubes contain anticoagulant (sodium heparin or 
sodium citrate) and the cell separation medium, which is com-
posed of a polyester gel and a density gradient liquid.   

   2.    Prepacked nylon wool fi ber columns are also commercially 
available (e.g., Polysciences).   

   3.    Generally, effl uent cells are 80–90 % T cells and 10–20 % B 
cells and macrophages. Viable cell yield after nylon column 
passage is generally 15–20 % of the initial number of cells 
loaded on the column.   

   4.    T-cell-enriched mouse splenocytes can also be prepared using 
a magnetic cell sorting system (MACS) for the  TCR  mutation 
assay. A pan-T-cell isolation kit containing a cocktail of mag-
netic beads for depleting non-T cells is commercially available 
(Miltenyi Biotec, Bergisch-Gladbach, Germany).   

   5.    The general principles of methodological fl ow cytometry have 
been described elsewhere [ 28 ].   

   6.    Data correlated by four parameters (FSC, SSC, FL1, and FL2) 
can be acquired and stored if disk storage space is large enough. 
The lymphocyte gate should be set on the light scatter profi le 
for the mutant analyses of the stored four-parameter data.   

   7.    The mutant window may be set by other reasonable rules. For 
example, the upper limit of the mutant window can be set at 
the value of the mean plus 3 standard deviations of PE fl uores-
cence intensity (FL2) of CD3 − /CD4 −  cells [ 10 ].         
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    Chapter 20   

 Analysis of In Vivo Mutation in the  Hprt  and  Tk  Genes 
of Mouse Lymphocytes 

           Vasily     N.     Dobrovolsky     ,     Joseph     G.     Shaddock    , and     Robert     H.     Hefl ich   

    Abstract 

   Assays measuring mutant frequencies in endogenous reporter genes are used for identifying potentially 
genotoxic environmental agents and discovering phenotypes prone to genomic instability and diseases, 
such as cancer. Here, we describe methods for identifying mouse spleen lymphocytes with mutations in the 
endogenous X-linked hypoxanthine guanine phosphoribosyl transferase ( Hprt ) gene and the endogenous 
autosomal thymidine kinase ( Tk ) gene. The selective clonal expansion of mutant lymphocytes is based 
upon the phenotypic properties of HPRT- and TK-defi cient cells. The same procedure can be utilized for 
quantifying  Hprt  mutations in most strains of mice (and, with minor changes, in other mammalian spe-
cies), while mutations in the  Tk  gene can be determined only in transgenic mice that are heterozygous for 
inactivation of this gene. Expanded mutant clones can be further analyzed to classify the types of mutations 
in the  Tk  gene (small intragenic mutations vs. large chromosomal mutations) and to determine the nature 
of intragenic mutation in both the  Hprt  and  Tk  genes.  

  Key words     Hypoxanthine-guanine phosphoribosyltransferase ( Hprt )  ,   Thymidine kinase ( Tk )  ,   
alamarBlue™  ,   Mutation  ,   Loss of heterozygosity (LOH)  

1      Introduction 

 Mutations in key genes may signifi cantly alter signal processing 
cascades and control of cellular proliferation and contribute to the 
initiation and progression of cancer [ 1 ]. Intragenic mutations, 
such as base substitutions, small deletions, and insertions, can 
result in permanent activation of proto-oncogenes and inactivation 
of cell cycle regulators. Large-size mutations, such as multilocus 
deletions and homologous and nonhomologous recombination 
events, can result in loss of heterozygosity (LOH) of tumor- 
suppressor genes. As it is often diffi cult to quantify mutant fre-
quencies in genes directly relevant to carcinogenesis, surrogate 
targets (reporter genes) are used that have easily selectable mutant 
phenotypes. A signifi cant body of knowledge has accumulated 
from studies of mutation in vitro, although the kinetics and speci-
fi city of metabolic processing and DNA repair in cultures of 
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established cell lines may not be the same as those occurring in 
vivo. The endogenous hypoxanthine-guanine phosphoribosyltrans-
ferase ( Hprt ) and thymidine kinase ( Tk ) genes were among the fi rst 
reporter genes used for detection of mutation in vitro [ 2 – 6 ]. Later, 
a number of models were proposed for studying in vivo mutation 
in  Hprt  [ 7 – 9 ] and other endogenous genes [ 10 – 16 ] as well as in 
transgenic targets in genetically manipulated laboratory rodents 
[ 17 – 23 ]. 

 The endogenous X-linked  Hprt  gene participates in the purine 
nucleotide salvage pathway. Mammalian somatic cells have a single 
functional copy of the  Hprt  gene, since the gene is not present on 
the Y chromosome and participates in X-chromosome inactivation. 
Cells having a mutation in the gene that inactivates HPRT func-
tion can be grown in the presence of the toxic purine analogue 
6-thioguanine (6TG). In nonmutant cells, the wild-type HPRT 
enzyme converts 6TG into a product that incorporates into DNA, 
interfering with DNA synthesis and killing the cells. 

 The product of the endogenous autosomal  Tk  gene is another 
participant in nucleotide salvage and also can be used as a target for 
detecting of mutation. However, since  Tk  is an autosomal gene,  Tk  
mutations can be effectively detected only in cells that are initially 
heterozygous for inactivation of this gene. Homozygous defi cient 
 Tk  mutants grow in the presence of the thymidine analogue, 5-bro-
modeoxyuridine (BrdUrd), whereas nonmutant cells die because 
the functional TK enzyme metabolizes BrdUrd into a toxic nucle-
otide analogue that incorporates into nascent DNA. An in vivo 
model for mutation detection in the mouse  Tk  gene was developed 
by disrupting one copy of the endogenous wild-type gene in 
embryonic stem cells and producing  Tk  +/−  transgenic mice [ 21 ] 
( see   Note 1 ). 

 Although in vivo  Tk  mutation can be effectively detected only 
in heterozygous transgenic mice,  Hprt  mutation can be detected 
and studied in a variety of transgenic and nontransgenic mamma-
lian species, including laboratory rodents and man [ 7 – 9 ]. The 
autosomal  Tk  gene is sensitive to mutations resulting in LOH 
[ 24 ,  25 ], whereas the  Hprt  gene and most transgenic reporter 
gene models are not. Unfortunately, the detection of in vivo muta-
tion in the  Tk  and  Hprt  genes is limited to tissues that produce 
primary cell cultures with a reasonable potential for clonal expan-
sion, and for this reason spleen lymphocytes have been used in the 
overwhelming majority of studies in the mouse. 

 One-step selection for mutation at the hemizygous X-linked 
mammalian  Hprt  gene can be accomplished in virtually all cells that 
can be cultured [ 26 ], including extensive studies in human lympho-
cytes [ 27 ]. Thus, the same selection system and target gene can be 
used in human and mammalian cells in vitro as well as human and 
mammalian cells in vivo.  Hprt  mutation is dominated by gene-specifi c 
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mechanisms due to the unique characteristics of the mammalian X chro-
mosome [ 28 ], including mechanisms unique to the target cells in 
humans [ 29 ]. The requirement for initial heterozygosity limits appli-
cation of the  Tk  selection system (to once again provide “single-hit” 
kinetics for the selection of the mutant phenotype), although it is 
based on the commonly used in vitro mouse lymphoma assay (MLA) 
[ 5 ,  30 ]. Other heterozygous systems have been developed for muta-
tion analysis in vitro, e.g., using the  Tk  and  Aprt  genes [ 31 – 33 ], and 
these assays can also be used in rare humans naturally carrying hetero-
zygous mutations at the  APRT  locus [ 34 ] as well as in genetically engi-
neered mouse models [ 22 ,  23 ,  35 ]. The best in vivo human analogues 
for detection of gene mutation and LOH at the  TK  locus include 
systems analyzing mutation at the HLA-A locus [ 12 ,  28 ], which also 
has a mouse counterpart [ 36 ], and at the glycophorin A (GPA) locus 
([ 15 ,  28 ] Chapter   18     [Myers and Grant]). “Gene-specifi c” mecha-
nisms are active in these human systems, i.e., higher frequency of chro-
mosomal rearrangements and the potential involvement of epigenetic 
mechanisms to the development of defi cient phenotype, meaning that 
the concurrent rodent  Hprt  and  Tk  assays may or may not yield similar 
results, and the similarities and differences are interpretable with regard 
to the effects of the test agents and/or susceptibility genotypes [ 28 ]. 

 In general, the procedure for determining the frequency and 
types of mutations in the  Hprt  and  Tk  genes of spleen lymphocytes 
from  Tk  +/−  mice consists of the following steps:

    1.    T lymphocytes are isolated from the spleen, purifi ed by density 
gradient centrifugation, and stimulated to proliferate with the 
mitogen concanavalin A (Con A).   

   2.    Cultures of lymphocytes are established in 96-well plates using 
selective medium (for selection of mutant clones) and nonse-
lective medium (for determining cloning effi ciencies).   

   3.    Surviving clones are scored (using either an inverted micro-
scope for visual counting or a fl uorescent plate reader for 
computer- assisted automated counting [ 25 ]), and the fre-
quencies of mutant cells are calculated.   

   4.    Mutations in the  Hprt  and  Tk  genes of drug-resistant clones are 
characterized using molecular techniques, such as allele-specifi c 
polymerase chain reaction (PCR) for determining LOH at the 
 Tk  gene or reverse-transcriptase (RT)-PCR/sequencing for 
analysis of intragenic mutation in both the  Hprt  and  Tk  genes.    

  Primary T cells have limited proliferation potential in vitro; 
nevertheless, a signifi cant fraction (30–70 %) of  Hprt  mutant 
clones can be expanded beyond 96-well plates to produce up to 
1 × 10 6  cells. The expanded cell populations make a better template 
for the RT-PCR amplifi cation of  Hprt  mRNA and sequencing of 
the resulting cDNA fragments.  

Molecular Analysis of In Vivo Mutations in Mouse Lymphocytes
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2    Materials 

      1.    RPMI-1640 (Gibco, Carlsbad, CA).   
   2.    1 M HEPES (Gibco).   
   3.    200 mM  L -Glutamine (Gibco).   
   4.    10 mM Minimum essential medium (MEM) nonessential 

amino acids (Gibco).   
   5.    100 mM Sodium pyruvate (Gibco).   
   6.    100× Penicillin–streptomycin (Gibco).   
   7.    143 mM 2-Mercaptoethanol (Sigma, St. Louis, MO).   
   8.    HL-1™ medium (Lonza, Anahiem, CA).   
   9.    Fetal bovine serum (FBS; Atlanta Biologicals, Norcross, GA).   
   10.    10,000 U/mL Mouse interleukin-2 (IL-2; Roche, Basel, 

Switzerland).   
   11.    Rat T-STIM™ culture supplement (BD Biosciences, Franklin 

Lakes, MA).      

      1.    Surgical instruments: Two 4-in. curved microdissecting scis-
sors (sharp), two 4-in. Adson forceps (with teeth), and one 
pair of 4-in. curved microdissecting forceps.   

   2.    Laminar fl ow hood.   
   3.    75-cm 2  tissue culture fl asks.   
   4.    Phosphate buffered saline (PBS) (Gibco).   
   5.    Con A (Worthington Biochemical, Lakewood, NJ); prepare a 

1 mg/mL stock solution in PBS, fi lter sterilize, and store in 
2-mL aliquots at −20 °C.   

   6.    12-Well tissue culture plates.   
   7.    15-mL Disposable polystyrene tubes.   
   8.    Lympholyte ® -M (Cedarlane, Burlington, Canada).   
   9.    Spray bottle with 70 % ethanol.   
   10.    10-mL individually packaged disposable syringes with serrated 

plungers (BD Biosciences; cat. no. 309604).   
   11.    25-Gage syringe needles.   
   12.    Benchtop centrifuge (e.g., Beckman TJ-6 Centrifuge, 

Beckman, Fullerton, CA).   
   13.    5- and 10-mL pipets.   
   14.    Humidifi ed CO 2  cell culture incubator (37 °C, 95 % humidity, 

5 % CO 2 ; e.g., Forma 3120, Forma Scientifi c, Marietta, OH).      

      1.    6TG (Sigma, cat. no. A-4882).   
   2.    BrdUrd (Calbiochem, San Diego, CA).   

2.1  Medium 
for Culture and 
Propagation of T 
Lymphocytes 
( See   Note 2  and Ref.  37 )

2.2  Isolation 
and Priming of T 
Lymphocytes

2.3  Lymphocyte 
Primary Culture
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   3.    Disposable 15-mL polystyrene tubes.   
   4.    1-, 0.2-, and 0.02-mL micropipettors and appropriate tips.   
   5.    Counting vials.   
   6.    Isotonic diluent, e.g., Hematall ®  (Fisher Scientifi c, Pittsburgh, PA).   
   7.    Zap-oglobin ® II lytic reagent (Coulter, Miami, FL).   
   8.    Coulter ® Z1 cell counter (Coulter).   
   9.    Disposable 50-mL polypropylene tubes.   
   10.    Ionizing radiation source, e.g., RS-2000 Biological Irradiator 

(RadSource, Atlanta, GA).   
   11.    Impact2™ 12-channel pipettor, matching tips, and 100-mL 

reagent reservoirs (Matrix Technologies, Lowell, MA).   
   12.    96-Well round bottom tissue culture plates (Corning, Acton, MA).      

      1.    Inverted microscope, 40–100× magnifi cation, e.g., TMS 
(Nikon, Melville, NY).   

   2.    12-Channel pipettor, tips, and reagent reservoirs.   
   3.    alamarBlue™ viability indicator (Trek Diagnostics, Chicago, IL).   
   4.    SPECTRAFluor fl uorometer (Tecan, Research Triangle 

Park, NC).   
   5.    1.5-mL Microcentrifuge tubes.   
   6.    Dry ice.   
   7.    −70 °C freezer.   
   8.    24-Well tissue culture plates (Corning).   
   9.    Benchtop centrifuge.      

      1.    Cell lysis buffer: 10 mM Tris–HCl, pH 7.5, 2.5 mM MgCl 2 , 
0.5 % Triton X-100 (Sigma), 0.5 % Tween ®  20 (Sigma), and 
0.4 mg/mL Proteinase K (Gibco).   

   2.    Disposable PCR tubes.   
   3.    HotStarTaq™ DNA polymerase kit (Qiagen, Valencia, CA).   
   4.    dNTP mix (10 mM) (Applied Biosystems, Foster City, CA).   
   5.    Primers for  Tk  LOH analysis:
    (a)    TK14: 5′-CTTGTAACTGTGTAGCTGCCTCGAG-3′.   
   (b)    TK16: 5′-GGTGCAAGGCTGGGGGTCCTT-3′.   
   (c)    NEO4: 5′-GGAGAACCTGCGTGCAATCCATCTT-3′.    
      6.    Primers for  Hprt  cDNA amplifi cation:
    (a)    HPRT1: 5′-CTCACTGCTTTCCGGAGC-3′.   
   (b)    HPRT2: 5′-GGCCACAGGACTAGAACACC-3′.    

2.4  Scoring Clones 
and Determining 
Mutant Frequencies

2.5  Molecular 
Analysis of Mutations

Molecular Analysis of In Vivo Mutations in Mouse Lymphocytes
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      7.    Primers for  Hprt  nested PCR:
    (a)    Zee1: 5′-GGCTTCCTCCTCAGACCGCT-3′.   
   (b)    M902R: 5′-GGCAACATCAACAGGACTCC-3′.    
      8.    Primers for  Tk  cDNA amplifi cation:
    (a)    FwdTK-RTPCR: 5′-TAACTAAGGTTTGCACAGCAG-3′.   
   (b)    TK10: 5′-GGTACATTGTCCATTAGGAATG-3′.    
      9.    Primers for  Tk  nested PCR:
    (a)    FwdTK-RTPCR: 5′-TAACTAAGGTTTGCACAGCAG-3′.   
   (b)    RevTK-RTPCR: 5′-AGTCCAACCTGGGTAGGAG-3′.    
      10.    Primers for actin cDNA amplifi cation:
    (a)    m-Actin-F: 5′-TGGGTCAGAAGGACTCCTATG-3′.   
   (b)    m-Actin-R: 5′-CAGGCAGCTCATAGCTCTTCT-3′.       
   11.    PCR Thermocycler, e.g., GeneAmp ®  PCR System 9700 

(Applied Biosystems).   
   12.    Nonidet P40 (Gibco).   
   13.    RNasin ®  ribonuclease inhibitor (Promega, Madison, WI).   
   14.    Access RT-PCR System (Promega).   
   15.    Purescript ®  RNA Isolation Kit (Gentra, Minneapolis, MN).   
   16.    Disposable 1.5-mL microcentrifuge tubes.   
   17.    Microcentrifuge.   
   18.    Oligo(dT) primer (Ambion, Austin, TX).   
   19.    Isopropanol.   
   20.    70 and 100 % ethanol.   
   21.    RETROScript™ RT buffer (Ambion).   
   22.    RNaseOUT™ ribonuclease inhibitor (Gibco).   
   23.    SuperScript™ reverse transcriptase (Gibco).   
   24.    Proteinase K (Gibco).   
   25.    Electorphoresis grade agarose gels (Gibco, cat. no. 15510-027).   
   26.    Horizontal gel electrophoresis apparatus (e.g., Horizon 58; 

Gibco) and power supply (e.g., PowerPac 300, Bio-Rad, 
Hercules, CA).       

3    Methods 

              1.    Prior to necropsy, sterilize the surgical instruments and pre-
pare sterile growth medium containing IL-2 and T-STIM™ 
(at least 20 mL of medium for each animal assayed;  see   Note 2 ).   

3.1  Isolation 
of Lymphocytes

Vasily N. Dobrovolsky et al.
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   2.    In a laminar fl ow hood:
    (a)    Dispense 15 mL of growth medium into 75-cm 2  tissue 

culture fl asks (one fl ask for each animal), and add 80 μL of 
sterile 1 mg/mL Con A to each fl ask.   

   (b)    Dispense 3 mL RPMI-1640 into each well of 12-well 
plates (one well for each animal).   

   (c)    Dispense 3 mL of Lympholyte ® -M into sterile 15-mL 
tubes (one tube for each animal).   

   (d)    Dispense 5 mL of RPMI-1640 into sterile 15-mL tubes 
(one tube for each animal).       

   3.    Sacrifi ce animals using methods approved by your Institutional 
Animal Care and Use Committee (e.g., CO 2  asphyxiation).
    (a)    In an aseptic environment on the lab bench, place sacri-

fi ced animal on its right side, and soak the left side with 
70 % ethanol.   

   (b)    Pinch the skin below the rib cage on the left side with 
forceps, and make a small lateral incision.   

   (c)    Using a pair of Adson forceps, grasp the skin above and 
below the incision and pull apart toward head and tail to 
expose the abdominal cavity.   

   (d)    Identify the spleen under the body wall by its characteris-
tic dark red color.   

   (e)    Caution: Use separate sets of scissors and forceps for 
external and internal surgical procedures.   

   (f)    Lift the peritoneum with small curved forceps and make a 
5–7 mm incision over the area where the spleen is located.   

   (g)    Gently pull the spleen from the abdomen through the 
incision with small forceps; cut out the intact spleen, trim-
ming off as much connecting tissue and fat as possible.   

   (h)    Place the spleen into an individual well of a 12-well plate 
containing RPMI-1640. Move the plate with the spleens 
to the laminar fl ow hood.    

      4.    Crush the spleen, using several squeeze-and-twist motions 
with the serrated butt end of the syringe plunger.
    (a)    Slowly aspirate the cloudy medium containing released 

lymphocytes into a sterile 10-mL syringe fi tted with a 
25-gage needle.   

   (b)    Holding the needle against the tube wall, slowly layer the 
contents of the syringe on top of Lympholyte ® -M in a 
15-mL tube.       

   5.    Centrifuge the tubes for 20 min at 1,500 ×  g  at room tempera-
ture. T lymphocytes will concentrate at the interface of the 

Molecular Analysis of In Vivo Mutations in Mouse Lymphocytes
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clear Lympholyte ® -M and the pink RPMI-1640 medium. 
Transfer the lymphocyte fraction into the tube with 5 mL of 
RPMI- 1640, mix the contents by a few gentle inversions, and 
centrifuge for 10 min at 800 ×  g  at room temperature.   

   6.    Discard the supernatant, resuspend the cell pellet in 5 mL of 
complete growth medium, and transfer the entire contents into 
a 75-cm 2  tissue culture fl ask containing 15 mL of growth 
medium and Con A. The fi nal Con A concentration is 4 μg/mL.   

   7.    Place the fl asks into the CO 2  incubator, standing them at a 45° 
angle to allow the cells to concentrate in the corner of the fl ask 
between the wall and bottom. Leave screw caps loose, and 
incubate at 37 °C overnight.      

      1.    Continuing from Subheading  3.1 ,  step 7 , the next morning, 
prepare up to 100 mL of growth medium for each mouse 
assayed. Depending on the assays to be performed, make 5 mL 
of fresh 1,000× 6TG stock solution at 2 mg/mL in RPMI-
1640 (weigh 10 mg of powdered 6TG, dissolve in two to 
three drops of 5N aqueous NaOH, and add 5 mL of RPMI-
1640 to reach the fi nal concentration) and 10 mL of fresh 
200× BrdUrd stock solution in RPMI-1640 at 10 mg/mL ( see  
 Note 3 ). Sterilize both stock solutions by fi ltration.   

   2.    Dispense 3 mL of growth medium into 15-mL tubes (one 
tube for each animal).   

   3.    Remove the fl asks with the splenocyte cultures from the CO 2  
incubator.
    (a)    Resuspend the settled cells by gentle agitation, and trans-

fer 0.5 mL of the cell suspension into a counting vial fi lled 
with 24.5 mL of isotonic diluent.   

   (b)    Add a few drops of Zap-oglobin ® II to the vial, cap the 
vial, and mix the contents by vigorous inversion.   

   (c)    Determine the cell concentration in the overnight cultures 
using the counts returned by the counter and the dilution 
factors ( see   Note 4 ).    

      4.    Transfer 30 μL of the cell suspension from the fl ask into the 
15-mL tube containing 3 mL of growth medium to make a 
1:100 dilution of cells for determining cloning effi ciency (CE) 
in the absence of selective agents.   

   5.    In 50-mL tubes (one tube for each animal), mix 13.2 × 10 6  cells 
from each overnight culture (Subheading  3.1 ,  step 7 ) with 
fresh growth medium to make up a cell suspension with a fi nal 
concentration of 4 × 10 5  cells/mL in a fi nal volume of 33 mL 
(these cells will be used for  Hprt  mutation detection). Add 
33 μL of the 1,000× stock of 6TG to each tube with 33 mL of 
cells to give a fi nal 6TG concentration in the selection cultures 
of 2 μg/mL. Cap the tubes and mix by inversion.   

3.2  Limiting Dilution 
Culture of 
Lymphocytes
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   6.    In another 50-mL tube, make 53 mL of a 1 × 10 5  cells/mL cell 
suspension for each overnight culture in Subheading  3.1 ,  step 7  
(these cells will be used for  Tk  mutation detection; this step is 
omitted if mutation is to be determined only for the  Hprt  gene). 
Add 265 μL of the 200× stock of BrdUrd to each tube with 
53 mL of cells, giving a fi nal BrdUrd concentration in these selec-
tion cultures of 50 μg/mL. Cap the tubes and mix by inversion.   

   7.    Combine the unused cells from the overnight cultures ( see  
Subheading  3.1 ,  step 7 ) into one 75-cm 2  fl ask, and determine 
the resulting cell concentration as described above (these cells 
will be used as feeders for the CE plates; alternatively, a few 
dedicated mice can be used as a source of feeder cells).
    (a)    Irradiate these cells with 90 Gy using RS-2000 irradiator 

or another source of ionizing radiation.   
   (b)    In a 50-mL tube, mix growth medium, cells from the tube 

with the 1:100 dilution ( see  Subheading  3.1 ,  step 4 ), and 
irradiated feeder cells to make up a fi nal volume of 23 mL 
with a nonirradiated, target cell concentration of 80 cells/mL 
and an irradiated, feeder cell concentration of either 4 × 10 5  
cells/mL (if only  Hprt  mutant frequency is determined) or 
1 × 10 5  cells/mL (if  Tk  mutant frequency is to be determined 
separately or concurrently with  Hprt  mutant frequency).    

      8.    Pour the cell suspension for determining CE ( see  
Subheading  3.2 ,  step 7 ) from its 50-mL tube into a 100-mL 
reagent reservoir.
    (a)    Using the 12-channel pipettor, dispense 100 μL of cell 

suspension into each well of the two 96-well plates. 
Discard any leftovers. Continue processing the remaining 
CE cultures.   

   (b)    Caution: Replace the reservoirs and pipette tips between 
the dispensing of the CE, 6TG, and BrdUrd cultures.   

   (c)    Using the same approach, dispense each 6TG-containing 
culture ( see  Subheading  3.2 ,  step 5 ) into three 96-well 
plates.   

   (d)    Similarly, dispense each BrdUrd-containing culture ( see  
Subheading  3.2 ,  step 6 ) into fi ve 96-well plates.   

   (e)    With the suggested concentrations of cells and dispensing 
volumes, each well in the CE plates will contain eight 
target cells ( N  CE ) and either 4 × 10 4  or 1 × 10 4  irradiated 
feeder cells; each well in the 6TG selection plates will 
contain 4 × 10 4  cells ( N  TG ); and each well in the BrdUrd 
selection plates will contain 1 × 10 4  cells ( N  BU ;  see   Note 5 ).    

      9.    Load the 96-well plates into the CO 2  incubator and incubate 
for 10–11 days at 37 °C.      
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          1.    After 11 days of culture ( see   Note 6 ), inspect all wells of each 
plate using an inverted microscope at 40× magnifi cation.   

   2.    Mark wells that contain growing clones (positive wells). 
Growing clones have common characteristic features: the 
overall size of the cell mass in positive wells is relatively large; 
elongated or rounded cells are present on the periphery of the 
cell mass; and the majority of individual cells on the periphery 
have sharp refractive membranes. Dead cells are small, without 
a distinct refractive membrane; and the overall amount of the 
cell mass in a negative well is smaller.   

   3.    Switch the microscope to 100× magnifi cation if needed for 
detailed examination of the cells on the periphery of the 
cell mass.      

      1.    After 10 days of culture, make a 5 % solution of alamarBlue™ 
(v/v) in growth medium (2.5 mL for each plate).   

   2.    Using the 12-channel pipettor, add 25 μL of alamarBlue™-
containing medium to each well of all plates ( see   Note 7 ).   

   3.    Return plates to the CO 2  incubator for an additional over-
night culture.   

   4.    The next day, read all plates with the fl uorometer using a 530- 
nm excitation fi lter and a 590-nm emission fi lter, a gain of 47, 
and four fl ashes per well.   

   5.    Using the fl uorescence data array generated by the reader, 
identify the well with the minimum fl uorescence (MIN) for 
each plate.   

   6.    Determine the wells that produce fl uorescence at least twofold 
higher than the MIN; these are scored as positive wells for this 
plate.   

   7.    Determine a MIN value for each plate, and use it to identify 
the number of positive wells on the plate using the 2 × MIN 
criterion ( see   Note 8 ).       

      1.    For each animal, count the total number of positive wells in 
two CE plates ( P  CE ), the total number of positive wells in three 
6TG selection plates ( P  TG ), and the total number of positive 
wells in fi ve BrdUrd selection plates ( P  BU ).   

   2.    Calculate the CE of cells without selection (CE 0 ) using the 
formula CE 0  = −1/ N  CE  × ln([ T  CE  −  P  CE ]/ T  CE ), where  T  CE  is the 
total number of wells seeded with target cells in the medium 
without selection (the number of CE plates multiplied by 96 
wells per plate, or 2 × 96 in our case).   

   3.    Calculate the CE of cells grown in 6TG selection medium 
(CE TG ) using the formula CE TG  = −1/ N  TG  × ln([ T  TG  −  P  TG ]/ T  TG 
), where  T  TG  is the number of 6TG selection plates multiplied 
by 96 (3 × 96 in our case).   

3.3  Scoring 
Lymphocyte Clones 
in 96-Well Plates

3.3.1  Manual Method

3.3.2  Automated Method

3.4  Calculating 
Mutant Frequencies
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   4.    Calculate the CE of cells grown in BrdUrd selection medium 
(CE BU ) using the formula CE BU  = −1/ N  BU  × ln([ T  BU  −  P  BU ]/ T  BU 
), where  T  BU  is the number of BrdUrd selection plates multi-
plied by 96 (5 × 96 in our case).   

   5.    Determine the  Hprt  mutant frequency (MF Hprt ) using the for-
mula MF Hprt  = CE TG /CE 0 .   

   6.    Determine the  Tk  mutant frequency (MF Tk ) using the formula 
MF Tk  = CE BU /CE 0  ( see   Note 9 ).      

      1.    Resuspend the cells in individual wells of the 96-well plate by 
gentle pipetting, and divide the cell suspension from each well 
between two 1.5-mL microcentrifuge tubes fi lled with 0.5 mL 
PBS (one tube will contain cells for RT-PCR analysis, while 
the other will contain cells for LOH analysis).   

   2.    Centrifuge the tubes for 10 min at 800 ×  g , remove the 
supernatant without disturbing the cell pellets (often almost 
invisible), quick freeze the pellets on dry ice, and store the 
tubes at −70 °C.      

      1.    Transfer the entire contents of a positive well into an individ-
ual well of a 24-well tissue culture plate containing 0.5 mL of 
growth medium supplemented with 4 μg/mL Con A.   

   2.    After incubating the plate in the CO 2  incubator overnight 
(angled at 30°), add another 0.5 mL of growth medium (with-
out Con A) and continue the incubation for an additional 2–5 
days. Examine the wells each day for cell growth.   

   3.    For freezing expanded cells, resuspend the cells in the well 
medium by pipetting and transfer the cell suspension into two 
1.5-mL microcentrifuge tubes containing 0.5 mL PBS. Spin 
the tubes for 10 min at 800 ×  g , remove the supernatant, freeze 
the cell pellets on dry ice, and store the tubes at −70 °C.      

       1.    Thaw one of the two tubes containing the cell aliquots derived 
from each mutant clone (produced in Subheading  3.5 ,  step 2 ) at 
room temperature and resuspend in 50 μL of cell lysis buffer.   

   2.    Incubate cell pellets for 1 h at 60 °C and 15 min at 95 °C.   
   3.    For three primer allele-specifi c PCR using the HotStarTaq™ 

DNA polymerase kit, combine 2 μL of 10× buffer, 4 μL of 
Q-solution, 1 U of HotStarTaq™ DNA polymerase, 2 μL of 
dNTP mix, 2 μL of 10× primer mixture (TK14, TK16, NEO4, 
10 μM each), 4 μL of released genomic DNA, and water to a 
fi nal volume of 20 μL in a PCR tube.   

   4.    Process the samples using a temperature profi le of 95 °C × 15 
min + (95 °C × 1 min + 65 °C × 1 min + 72 °C × 3 min) × 35.   

   5.    Analyze 6 μL of PCR products by electrophoresis on a 1 % 
agarose gel ( see   Note 10 ) [ 38 ].      

3.5  Preservation 
of Cells for Molecular 
Analysis

3.6  Expansion 
of 6TG-Resistant 
Lymphocytes Beyond 
96-Well Plates

3.7  Molecular 
Analysis of Isolated 
Mutants

3.7.1  Tk LOH Analysis
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      1.    For amplifi cation of the  Hprt  cDNA, use primers HPRT1 and 
HPRT2; for amplifi cation of the  Tk  cDNA, use primers 
FwdTK- RTPCR and TK10.   

   2.    Thaw one of the cell pellets aliquoted from each mutant clone 
(from Subheading  3.5 ,  step 2 ) to be analyzed on ice, resus-
pend each in 50 μL of cold PCR buffer containing 2.5 % 
Nonidet P40 and 0.4 U/μL RNasin ® , and release total RNA 
on ice for 20 min.   

   3.    In fresh tubes, combine the cell lysate and primers with the 
components of the access RT-PCR system: 4 μL of reaction 
buffer, 0.4 μL of dNTP mix, 0.8 μL of MgSO 4  stock, 0.4 μL 
AMV reverse transcriptase, 0.4 μL  Tfl   DNA polymerase, 4 μL 
of released total RNA, each of the two primers to a concentra-
tion of 1 μM, and water to fi nal volume of 20 μL.   

   4.    Process the mixtures using a temperature profi le of 48 °C 
× 45 min + 94 °C × 2 min + (94 °C × 30 s + 60 °C × 1 min + 68 °C 
× 2 min) × 40 + 68 °C × 7 min.   

   5.    Analyze 5 μL of the RT-PCR products on a 1 % agarose gel 
[ 27 ]. The full size of the amplifi ed  Hprt  cDNA fragment is 
823 bp, and the full-sized  Tk  cDNA fragment is 815 bp.      

      1.    Prepare RNA using the Purescript ®  RNA isolation kit follow-
ing the manufacturer’s instructions.   

   2.    Resuspend the cell pellet ( see  Subheading  3.6 ,  step 3 ) in 
100 μL of cell lysis solution, add 33 μL of protein–DNA 
 precipitation solution, and leave on ice for 5 min.   

   3.    Microcentrifuge for 3 min at full speed, transfer the superna-
tant into a new tube, and precipitate the RNA with 100 μL of 
isopropanol.   

   4.    Pellet the RNA by spinning the tube for 3 min at full speed, 
remove the supernatant fl uid, and wash the pellet with 100 μL 
of 70 % ethanol.   

   5.    Air-dry the pellet, and rehydrate the RNA in 15 μL of hydration 
solution from the kit; store the RNA at −70 °C ( see   Note 12 ).   

   6.    For cDNA synthesis, combine 2 μL oligo(dT), 4 μL of dNTP 
mix, 8 μL of water, and 2 μL of RNA.   

   7.    Denature the RNA at 75 °C for 3 min, followed by cooling on ice.   
   8.    Add 2 μL of RETROScript™ buffer, 1 μL of RNaseOUT™ 

inhibitor, and 1 μL of SuperScript™ polymerase. Incubate for 
1 h at 42 °C and 3 min at 97 °C; store the cDNA at −20 °C.   

   9.    Amplify the  Hprt  cDNA using the HotStarTaq™ kit:
    (a)    In a PCR tube, combine 3 μL of the 10× buffer, 6 μL of 

Q-solution, and 0.3 μL HotStarTaq™ polymerase; add 3 μL 
of dNTP mix, 3 μL of HPRT1 primer (10 μM), 3 μL of 
HPRT2 primer (10 μM), 8.7 μL water, and 3 μL of cDNA.   

3.7.2  Hprt and Tk 
RT-PCR Analysis 
( See   Note 11 )

3.7.3  RT-PCR Analysis 
of Expanded Hprt Mutant 
Clones
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   (b)    Process the samples using a temperature profi le of 95 °C ×
15 min + (95 °C × 1 min + 52 °C × 1 min + 72 °C × 3 min) ×
35 + 72 °C × 7 min. As a template quality control, mouse 
β-actin cDNA may be amplifi ed in parallel using primers 
m-actin-F and m-actin-R. The expected size of the 
amplifi ed actin cDNA product is 591 bp.    

      10.    Perform sequencing of amplifi ed cDNA products using your 
favorite protocol [ 39 ].        

4    Notes 

     1.     Tk  +/−  heterozygous knockout mice are available from the 
Jackson Laboratory through the Mutant Mouse Regional 
Resource Centers (MMRRC) program (  http://www.mmrrc.
org/strains/14/0014.html    ).   

   2.    Prepare growth medium from sterile components or sterilize 
by fi ltration through a 0.2-μm fi lter; you may keep at 4 °C for 
up to 2 weeks before use.
   For 500 mL:  

  Combine 249 mL RPMI-1640, 12.5 mL 1 M HEPES 
(fi nal concentration 25 mM), 12.5 mL L-glutamine (fi nal 
concentration 5 mM), 5 mL MEM nonessential amino acids 
(fi nal concentration 0.1 mM), 5 mL sodium pyruvate (fi nal 
concentration 1 mM), 1 mL penicillin–streptomycin (fi nal 
concentration 1×), 0.175 mL 2- mercaptoethanol (fi nal con-
centration 50 μM), 100 mL HL-1™ medium (fi nal concentra-
tion 20 %), 65 mL FBS (fi nal concentration 13 %), 0.5 mL 
IL-2 (fi nal concentration 10 U/mL), and 50 mL rat T-STIM™ 
culture supplement (fi nal concentration 10 %).      

   3.    Use yellow light while handling solutions containing BrdUrd.   
   4.    Most automated cell counters are confi gured to count cells in 

a 0.5 mL volume. The cell count for 0.5 mL should be multi-
plied by 2 and then by the dilution factor 50 (0.5 mL of cell 
suspension in 24.5 mL of isotonic diluent). The resulting cell 
concentration is expressed in cells/mL. A range of 1–3 × 10 6  
cells/mL is typical for untreated mice. Cell counts may be 
lower in animals affected by a specifi c genotype or the experi-
mental regimen.   

   5.    Example: The counter detected 10,500 events for an experi-
mental sample and 15,600 for the feeder cells. The concentra-
tions are calculated to be 1.05 × 10 6  cells/mL for the 
experimental cells and 1.56 × 10 6  cells/mL for the feeder cells. 
A 1:100 dilution of the experimental cells is 1.05 × 10 4  cells/
mL. For three plates with 6TG selection, use 12.57 mL of 
cells and 20.43 mL of medium. For fi ve plates with BrdUrd 
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selection, use 5.05 mL of cells and 47.95 mL of medium. For 
two CE plates, use 175 μL of the 1:100 dilution, 1.47 mL 
irradiated feeder cells, and 21.53 mL of medium (or 175 μL of 
dilution, 5.9 mL irradiated feeders, and 17.1 mL of medium, 
if only  Hprt  mutants are analyzed).   

   6.    If the animals are sacrifi ced on a Thursday, then cell plating 
occurs on Friday, alamarBlue™ is added on Monday (of the 
second week), and clone scoring is done on Tuesday.   

   7.    Final concentration of alamarBlue™ in the wells is 1 %.   
   8.    With computerized support, an 8 × 12 fl uorescence data array 

for each plate can be either processed by software supplied 
with the plate reader or exported to a spreadsheet processor. 
The plate reading, fi nding MIN, calculating the cutoff value, 
and determining the total number of positive wells on each 
plate are achieved in one step.   

   9.    Example: Two CE plates, three 6TG-containing plates, and fi ve 
BrdUrd-containing plates were established for an experimental 
animal, with the following concentrations of target cells: 8 
cells/well in CE plates, 4 × 10 4  cells/well in 6TG plates, and 
1 × 10 4  cells/well in BrdUrd plates. The total number of identi-
fi ed positive wells in the CE plates was 89, in the 6TG selection 
plates was 23, and in the BrdUrd selection plates was 32. The 
T-cell cloning effi ciency in the absence of selection was calcu-
lated to be 7.78 %, the frequency of  Hprt  mutants was 
26.7 × 10 −6 , and the frequency of  Tk  mutants was 88.6 × 10 −6 .   

   10.    Dead  Tk  +/−  cells are always present in the wells containing 
growing  Tk -defi cient mutants. In allele-specifi c PCR, these 
dead cells produce a background amplifi cation of both the  Tk  +  
and  Tk  −  alleles, even when cells from negative wells are ana-
lyzed. A BrdUrd-resistant clone that produces PCR products 
having two distinct bands with sizes of approx. 350 and 700 bp 
is classifi ed as having an intragenic  Tk  mutation. A clone that 
produces a faint 700-bp band and a distinct 350-bp band is 
classifi ed as having undergone LOH at the  Tk  locus. Cells 
from negative wells produce two faint bands. The number of 
cycles in allele-specifi c PCR can be decreased in order to 
diminish the background level of allele amplifi cation from 
the dead cells.   

   11.    If the amount of amplifi ed cDNA appears to be low, a nested 
PCR can be performed. Dilute the RT-PCR product 1:100 with 
water, and use 1 μL in the second round of PCR with primers 
Zee1 and M902R for the  Hprt  gene and FwdTK- RTPCR and 
RevTk-RTPCR for the  Tk  gene. The expected sizes of the 
amplifi ed products are 754 and 764 bp, respectively.   

   12.    This is a scaled down version of the protocol suggested by the 
manufacturer.         

Vasily N. Dobrovolsky et al.



269

   References 

    1.    Bertram JS (2000) The molecular biology of 
cancer. Mol Aspects Med 21:167–223  

    2.    Szybalski W (1959) Genetics of human cell 
lines. II. Methods for determination of muta-
tion rates to drug resistance. Exp Cell Res 
18:588–591  

   3.    Chu EHY, Malling HV (1968) Mammalian 
cell genetics. II. Chemical induction of specifi c 
locus mutations in Chinese hamster cells 
in vitro. Proc Natl Acad Sci U S A 61: 
1306–1312  

   4.    Chasin LA (1972) Non-linkage of induced 
mutations in Chinese hamster cells. Nature 
240:50–52  

    5.    Clive D, Flamm WG, Machesko MR, Bernheim 
NJ (1972) A mutational assay system using the 
thymidine kinase locus in mouse lymphoma 
cells. Mutat Res 16:77–87  

    6.    Adair GM, Carver JH, Wandres DL (1980) 
Mutagenicity testing in mammalian cells. I. 
Derivation of a Chinese hamster ovary cell line 
heterozygous for the adenine phosphoribosyl-
transferase and thymidine kinase loci. Mutat 
Res 72:187–205  

     7.    Jones IM, Burkhart-Schultz K, Carrano AV 
(1985) A method to quantify spontaneous and 
in vivo induced thioguanine-resistant mouse 
lymphocytes. Mutat Res 147:97–105  

   8.    Aidoo A, Morris SM, Casciano DA (1997) 
Development and utilization of the rat lym-
phocyte  hprt  mutation assay. Mutat Res 
387:69–88  

     9.    Albertini RJ, Castle KL, Borcherding WR 
(1982) T-cell cloning to detect the mutant 
6-thioguanine-resistant lymphocytes present 
in human peripheral blood. Proc Natl Acad Sci 
U S A 79:6617–6621  

    10.    Mendelsohn ML, Bigbee WL, Branscomb EW, 
Stamatoyannopoulos G (1980) The detection 
and sorting of rare sickle-hemoglobin contain-
ing cells in normal human blood. In: Laerum 
OD, Lindmo T, Thorud E (eds) Flow cytome-
try IV. Universitetsforlaget, Oslo, pp 311–313  

   11.    Griffi ths DFR, Davies SJ, Williams D, Williams 
GT, Williams ED (1988) Demonstration of 
somatic mutation and colonic crypt clonality 
by X-linked enzyme histochemistry. Nature 
333:461–463  

    12.    Janatipour M, Trainor KJ, Kutlaca R et al 
(1988) Mutations in human lymphocytes 
studied by an HLA selection system. Mutat 
Res 198:221–226  

   13.    Kyoizumi S, Akiyama M, Hirai Y, Kusunoki Y, 
Tanabe K, Umeki S (1990) Spontaneous loss 
and alteration of antigen receptor expression 
in mature CD4 +  T cells. J Exp Med 171: 
1981–1999  

   14.    Hakoda M, Yamanaka H, Kamatani N, 
Kamatani N (1991) Diagnosis of heterozygous 
states for adenine phosphoribosyltransferase 
defi ciency based on detection of in vivo 
somatic mutants in blood T cells: application 
to screening of heterozygotes. Am J Hum 
Genet 48:552–562  

    15.    Grant SG, Bigbee WL (1993)  In vivo  somatic 
mutation and segregation at the human gly-
cophorin A ( GPA ) locus: phenotypic variation 
encompassing both gene-specifi c and chromo-
somal mechanisms. Mutat Res 288:163–172  

    16.    Meydan D, Nilsson T, Tornblom M et al 
(1999) The frequency of illegitimate 
TCRbeta/gamma gene recombination in 
human lymphocytes: infl uence of age, environ-
mental exposure and cytostatic treatment, and 
correlation with frequencies of t(14;18) and 
hprt mutation. Mutat Res 444:393–403  

    17.    Okada N, Masumura K, Nohmi T, Yajima N 
(1999) Effi cient detection of deletions induced 
by a single treatment of mitomycin C in trans-
genic mouse  gpt  delta using the Spi -  selection. 
Environ Mol Mutagen 34:106–111  

   18.    Burkhart JG, Burkhart BA, Sampson KS, 
Malling HV (1993) ENU-induced mutagene-
sis at a single A:T base pair in transgenic mice 
containing phi X174. Mutat Res 292:69–81  

   19.    Dycaico MJ, Provost GS, Kretz PL, Ransom 
SL, Moores JC, Short JM (1994) The use of 
shuttle vectors for mutation analysis in trans-
genic mice and rats. Mutat Res 307:461–478  

   20.    Gossen J, Vijg J (1993) Transgenic mice as 
model systems for studying gene mutations in 
vivo. Trends Genet 9:27–31  

    21.    Dobrovolsky VN, Casciano DA, Hefl ich RH 
(1999)  Tk  +/−  mouse model for detecting in 
vivo mutation in an endogenous, autosomal 
gene. Mutat Res 423:125–136  

    22.    Wijnhoven SW, Van Sloun PP, Kool HJ et al 
(1998) Carcinogen-induced loss of heterozy-
gosity at the  Aprt  locus in somatic cells of the 
mouse. Proc Natl Acad Sci U S A 95: 
13759–13764  

     23.    Liang L, Deng L, Shao C, Stambrook PJ, 
Tischfi eld JA (2000) In vivo loss of heterozy-
gosity in T-cells of B6C3F1 Aprt +/−  mice. 
Environ Mol Mutagen 35:150–157  

    24.    Dobrovolsky VN, Chen T, Hefl ich RH (1999) 
Molecular analysis of in vivo mutations induced 
by  N -ethyl- N -nitrosourea in the autosomal  Tk  
and the X-linked  Hprt  genes of mouse lym-
phocytes. Environ Mol Mutagen 34:30–38  

     25.    Dobrovolsky VN, Shaddock JG, Hefl ich RH 
(2000) 7,12-Dimethylbenz[ a ]anthracene- 
induced mutation in the  Tk  gene of  Tk  +/−  mice: 
automated scoring of lymphocyte clones using 

Molecular Analysis of In Vivo Mutations in Mouse Lymphocytes



270

a fl uorescent viability indicator. Environ Mol 
Mutagen 36:283–291  

    26.    Johnson GE (2012) Mammalian cell  HPRT  
gene mutation assay: test methods. Methods 
Mol Biol 817:55–67  

     27.    Allegretta M, Ardell SK, Sullivan LM et al 
(2005)  HPRT  mutations, TCR gene rear-
rangements, and HTLV-1 integration sites 
defi ne in vivo T-cell clonal lineages. Environ 
Mol Mutagen 45:326–337  

       28.    Grant SG, Jensen RH (1993) Use of hemato-
poietic cells and markers for the detection and 
quantitation of human  in vivo  somatic muta-
tion. In: Garratty G (ed) Immunobiology of 
transfusion medicine. Marcel Dekker, New 
York, pp 299–323  

    29.    Scheerer JB, Xi L, Knapp GW, Setzer RW, 
Bigbee WL, Fuscoe JC (1999) Quantifi cation 
of illegitimate V(D)J recombinase-mediated 
mutations in lymphocytes of newborns and 
adults. Mutat Res 431:291–303  

    30.    Lloyd M, Kidd D (2012) The mouse lym-
phoma assay. Methods Mol Biol 817:35–54  

    31.    Bradley WEC, Dinelle C, Charron J, Langelier 
Y (1982) Bromodeoxyuridine resistance in 
CHO cells occurs in three discrete steps. 
Somatic Cell Genet 8:207–222  

   32.    Li CY, Tandell DW, Little JB (1992) Molecular 
mechanisms of spontaneous and induced loss 

of heterozygosity in human cells in vitro. 
Somat Cell Mol Genet 18:77–87  

    33.    Bradley WEC, Belouchi A, Messing K (1988) 
The  aprt  heterozygote/hemizygote system 
for screening mutagenic agents allows 
 detection of large deletions. Mutat Res 199: 
131–138  

    34.    Gupta PK, Sahota A, Boyadjiev SA et al (1997) 
High frequency in vivo loss of heterozygosity 
is primarily a consequence of mitotic recombi-
nation. Cancer Res 57:1188–1193  

    35.    Turker MS (2003) Autosomal mutation in 
somatic cells of the mouse. Mutagenesis 
18:1–6  

    36.    Dempsey JL, Odagiri Y, Morley AA (1993) In 
vivo mutations at the H-2 locus in mouse lym-
phocytes. Mutat Res 285:45–51  

    37.    Meng Q, Skopek TR, Walker DM et al (1998) 
Culture and propagation of  Hprt  mutant 
T-lymphocytes isolated from mouse spleen. 
Environ Mol Mutagen 32:236–243  

    38.    Voytas D (1988) Resolution and recovery of 
large DNA fragments. In: Jannssen K (ed) 
Current protocols in molecular biology, vol 1. 
Wiley, New York, pp 2.5.1–2.5.9  

    39.    Ausubel FM, Albright LM, Slatko BE et al 
(1988) DNA sequencing. In: Jannssen K (ed) 
Current protocols in molecular biology, vol 1. 
Wiley, New York, pp 7.0.1–7.7.31    

Vasily N. Dobrovolsky et al.



271

Phouthone Keohavong and Stephen G. Grant (eds.), Molecular Toxicology Protocols, Methods in Molecular Biology,
vol. 1105, DOI 10.1007/978-1-62703-739-6_21, © Springer Science+Business Media New York 2014

    Chapter 21   

 Quantifying In Vivo Somatic Mutations Using Transgenic 
Mouse Model Systems 

           Roy     R.     Swiger    

    Abstract 

   This chapter describes the use of the bacteriophage  cII  positive selection somatic mutational assay with the 
Muta™Mouse transgenic model system. The assay is similar to others involving a transgenic target, includ-
ing the  cII  and  lacI  assays in the Big Blue ®  Mouse,  lacZ  in the MutaMouse, and the  gpt  delta assay. Briefl y, 
high-molecular-weight DNA is purifi ed from the tissue of interest and used as substrate during in vitro 
packaging reactions, where the λ transgenes are excised from the genome and assembled into viable phage. 
Phage containing the mutational targets is then adsorbed into an appropriate bacterial host, and mutations 
sustained in vivo are detected and quantifi ed by either standard recombinant screening or selection assays. 
Mutant frequencies are reported as the ratio of mutant phage to total phage units analyzed. The λ-based 
transgenic mouse assays are used to study and characterize in vivo mutagenesis as well as for mutagenicity 
assessment of chemicals and other agents. These models permit the enumeration of mutations sustained in 
virtually any tissue of the mouse and are both sensitive and robust. Application of the assays is simple, not 
requiring resources beyond those commonly found in most academic laboratories.  

  Key words      cII   ,    gpt   ,    lacZ   ,    lacI   ,   Mutation assay  ,   Genotoxicity  ,   Big Blue  ,   Induced  ,   MutaMouse  , 
  Mutagen  ,   Mutation  ,   Somatic  ,   Spontaneous  ,   Tissue  

1      Introduction 

 In diploid organisms such as mammals, including man, few endog-
enous loci are suitable for in vivo mutational analysis. Furthermore, 
those that are used for such purpose are limited with respect to 
quantifi cation, tissue in which analysis can be conducted (tissue 
type), and/or developmental stage. The mouse is recognized as a 
useful experimental surrogate for human beings. Transgenic tech-
nology has revolutionized many areas of biological research, 
including molecular toxicology. To date, several λ-based transgenic 
mouse mutational model systems have been described, involving 
the  SupF  and  lacZ  genes (MutaMouse), the  lacI  gene (Big Blue 
Mouse), and the  gpt  gene [ 1 – 4 ]. 

 These in vivo models were founded on different genetic back-
ground strains, have transgenic loci mapping to different 
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chromosomes, and differ in transgene copy number. Additionally, 
the size of the target loci differs by nearly an order of magnitude, 
typically consisting of bacterial sequences (such as  cII  and  lacZ ) 
cloned into λ phage arms. The λ sequences are heavily methylated; 
exist as high-copy-number, reiterated sequences, integrated at a 
single site; and are organized in the so-called head-to-tail arrays. 

 These transgenic mutation assays are quantitative. Despite 
their differences, the systems have been characterized as having 
similar spontaneous mutant frequencies in most tissues, with the 
notable exception of the gametes [ 5 – 7 ]. The assays are robust and 
sensitive, having the ability to quantify rare spontaneous events 
occurring at a frequency no greater than 3–9 in every 100,000 loci 
screened. Additionally, the dynamic range of detection exceeds 
three orders of magnitude. 

 Transgene expression in the small intestine and in blood lym-
phocytes permit the comparison of mutant frequency between 
transgenes and the endogenous X-linked hemizygous loci  Dlb-1  
and  Hprt  ( see     Chapter 20 [Dobrovolsky]), respectively. When such 
comparisons have been conducted, the loci are reported as having 
generally similar spontaneous and induced mutant frequencies 
[ 8 – 10 ], with some important exceptions [ 11 – 13 ]. 

 Application of transgenic mutation assays is elegant. The trans-
genic animals contain the bacteriophage transgene loci in all tis-
sues, so tissue-specifi c analysis or whole-animal analysis can be 
conducted. The process includes using standard mammalian 
genomic DNA purifi cation methods, followed by in vitro packag-
ing reactions. The packaging extract can be purchased or made in 
the laboratory and contains phage catalytic and structural proteins 
that selectively excise the λ sequences, pack the sequences into 
phage heads, and assemble viable phage. Subsequently, the phages 
are incubated and adsorbed into their bacterial hosts, usually in the 
presence of MgSO 4 . The bacterial mixture is then plated under 
nonselective (titers) and selective (or screening) conditions to iden-
tify mutants and enumerate total phage plated. The ratio of mutant 
to total phages plated is expressed as the mutant frequency. 

 The models are continually being characterized, validated for 
use, and improved. Notable improvements include better packag-
ing extracts, selection substrates, and reduction of the size (bp) of 
the mutational target to make molecular characterization more 
effi cient. The bacteriophages  cI  and  cII  loci are present on most λ 
cloning vectors. In wild-type bacteriophage λ, these loci are essen-
tial components in the lysogenic life cycle pathway. Although the 
structural lysogeny-specifi c sequences have been removed or 
replaced (with stuffer fragments) in many cloning vectors, the lytic 
vs. lysogenic decision-making pathways are still present. In the case 
of the λ  gt 10 vector used to construct the transgene in the 
MutaMouse system, the CI protein is inactivated by the insertion 
of the  lacZ  gene into the  cI- coding sequence. 
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 The phage lytic vs. lysogenic life cycle is codependent on 
bacterial host loci. Specifi c to this discussion are the high-frequency 
lysogeny  Hfl   A and B loci that code for proteins that, when func-
tioning properly, digest and hydrolyze the CI and CII phage pro-
teins. Bacteria containing mutations at these loci are referred to as 
lysogenic or  Hfl   strains and result in forfeiting the bacterial contri-
bution to the lytic vs. lysogenic pathway chosen by phage upon 
adsorption into the host. 

 The 294 bp  cII  locus was fi rst used as a mutational target in the 
Big Blue Mouse assay [ 14 ] and subsequently incorporated to the 
MutaMouse system [ 15 ]. Subsequently, a  cII  transgenic fi sh 
( medaka ) was developed for use in environmental toxicology [ 16 ]. 
The  cII  assay has been characterized as similar to the  lacI  assay 
in the Big Blue Mouse and Rat 2 cell line [ 17 – 20 ] and equivalent 
to the  lacZ  assay in the MutaMouse [ 7 ,  15 ,  21 – 23 ]. The use of  cII  
as the target gene addresses different defi ciencies associated with 
each system, notably the labor and cost of  lacI  analysis (Big Blue 
Mouse) and the large target size (3.1 kb) of the  lacZ  gene in 
MutaMouse, which is diffi cult to routinely sequence. Moreover, 
when the  cII  and either the  lacI  or the  lacZ  assays are applied to 
the same sample(s), “jackpot” mutations or outliers in data sets 
due to developmental mutations or artifacts can be identifi ed with-
out the use of sequencing [ 15 ]. Application of iMARS, a compre-
hensive mutation-spectrum analysis tool to these systems, revealed 
subtle differences in baseline mutation [ 24 ]. 

 In some cases, where tissue specifi city is inherent in the toxicity 
studied, explant cultures have been established from the target tis-
sues of mice carrying these transgenic reporter loci [ 25 ,  26 ]. Cell 
lines have also been established for standardized in vitro analysis 
[ 27 – 29 ]. 

 This chapter outlines the  cII  selection assay for use with the 
commercially available MutaMouse transgenic system (Covance, 
Princeton, NJ). The assay is similar to that described originally for 
the Big Blue Mouse system (Stratagene, La Jolla, CA).  

2    Materials 

      1.    Distilled water.   
   2.    Proteinase K (Sigma Aldrich, St. Louis, MO).   
   3.    Pro K lysis buffer containing 1 % sodium dodecyl sulfate (SDS) 

( see   Note 1 ).   
   4.    Water bath (55 °C).   
   5.    15-mL Serological screw-cap centrifuge tubes.   
   6.    Vortex.   

2.1  Preparation 
of High-Molecular- 
Weight DNA from 
Whole Tissue

 MutaMouse Transgenic Somatic Mutation Assay
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   7.    25:24:1 Phenol:chloroform:isoamyl alcohol (PCI), molecular 
grade, or DNA RecoverEase™ DNA isolation kit (Stratagene; 
 see   Note 2 ). PCI should be stored at 4 °C.  Caution : Phenol is 
caustic, and staffs should use double gloving, wear protective 
eyewear, and work in a chemical fume hood.   

   8.    Tabletop serological or equivalent centrifuge.   
   9.    Phenol waste disposal container.   
   10.    Ethanol, molecular grade.   
   11.    Glass hook (can be fashioned from standard glass pipet).   
   12.    1.5-mL Microcentrifuge tubes (sterile).   
   13.    Glass capillary tubes.   
   14.    Disposable 5-mL squeeze top pipets.   
   15.    25-mL disposable serological pipet and pipettor.   
   16.    UV-grade spectrophotometer cuvettes.   
   17.    P20, P100 or P200, P1000 micropipettor set and micropipet 

tips.   
   18.    Spectrophotometer.      

      1.    Packaging extract (e.g., Stratagene or Epicentre, Madison, 
WI;  see   Note 3 ).   

   2.    1.5-mL Microcentrifuge tubes (sterile).   
   3.    1.5-mL Microcentrifuge tube rack.   
   4.    Vortex.   
   5.    Phage SM buffer [ 30 ].   
   6.    30 °C water bath or incubator.   
   7.    Timer.   
   8.    P20, P100 or P200, P1000 micropipettor set and micropipet 

tips.      

      1.    High-frequency lysogenization bacteria strain ( Hfl   A/B;  
see   Note 4 ).   

   2.    TB media ( see   Notes 5 – 8 ):
    (a)     TB top agar plates containing 7.5 g/L agar. TB top agar 

may be made up to 2 weeks prior to use and stored at 
room temperature until needed.   

   (b)     TB bottom agar plates containing 15.0 g/L agar. TB bot-
tom plates should be made within days of plating.    

      3.    Microbiological grade agar.   
   4.    Standard bacterial 100-mm plates.   
   5.    Casein peptone (essential reagent;  see   Note 6 ).   

2.2  In Vitro 
Packaging Reaction

2.3  Bacterial Culture, 
Adsorption, and 
Plating
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   6.    Vitamin B 1  (thiamine; essential reagent).   
   7.    Kanamycin, molecular grade.   
   8.    100× (200 mM) MgSO 4  for preparation of TB media and agar 

( see   Notes 7  and  8 ).   
   9.    100× (20 %) Maltose for preparation of TB media and agar 

( see   Notes 8  and  9 ). If desired, you can also prepare a joint 
100× solution of 20 % maltose and 200 mM MgSO 4 .   

   10.    10 mM MgSO 4 , specifi cally for resuspension of bacterial pel-
lets. Should be made fresh weekly and sterilized prior to use.   

   11.    50-mL Serological screw-cap centrifuge tubes.   
   12.    15-mL Serological screw-cap centrifuge tubes.   
   13.    Disposable 1.0-mL or visible (VIS)-grade spectrophotometric 

cuvettes.   
   14.    Vortex.   
   15.    37 °C shaking water bath.   
   16.    15-mL Serological tube rack.   
   17.    Timer.   
   18.    Digital thermometer to record selection incubation temperature.   
   19.    P20, P100 or P200, P1000 micropipettor set and micropipet 

tips.       

3    Methods 

      1.    Place chopped, ground tissue into 15-mL serological screw- cap 
centrifuge tubes.   

   2.    Fill centrifuge tubes to 4–5 mL with Pro K lysis and digestion 
buffer containing Proteinase K and SDS ( see   Note 11 ).   

   3.    Vortex gently or invert to mix.   
   4.    Place at 55 °C for 1–2 h ( see   Note 12 ).   
   5.    Vortex gently or invert to mix every hour until complete solu-

bilization of tissue (may require 8 h to overnight).   
   6.    Perform PCI extraction in chemical fume hood:

    (a)    Place equal volume (4–5 mL) of PCI and vortex gently.   
   (b)    Spin in serological centrifuge at full speed for 5–10 min.   
   (c)    Remove aqueous phase (top) and place into new 15-mL 

serological screw-cap centrifuge tubes.   
   (d)    Repeat extraction with PCI up to four times, until aqueous 

phase is clear and the interface is no longer turbid.       
   7.    Perform one chloroform extraction phase to remove residual 

phenol (optional).   

3.1  Preparation 
of High-Molecular- 
Weight DNA from 
Whole Tissue 
( See   Note 10 )

 MutaMouse Transgenic Somatic Mutation Assay



276

   8.    Ethanol precipitate using twice the volume of sample (100 % 
ethanol).   

   9.    Invert tubes gently.   
   10.    Spool out DNA with glass hook.   
   11.    Place DNA in dry 1.5-mL centrifuge tube and dry for 5 min 

to remove volatile ethanol.   
   12.    Add 200–500 μL distilled water, or Tris–EDTA, pH 8.0 (TE), 

and resolubilize for 1 h at 50 °C or overnight on benchtop.   
   13.    Quantify OD 260  DNA concentration using spectrophotometric 

analysis ( see   Note 13 ).      

      1.    Place 5–10 μL resolubilized DNA into the fi rst reaction tube 
and mix with micropipettor.   

   2.    Place labeled reaction(s) at 30 or 37 °C as specifi ed by com-
mercial supplier of packaging extract for 1.5 h.   

   3.    Thaw second reaction just prior to adding, and place required 
specifi ed amount of second reaction to each packaging 
reaction.   

   4.    Place labeled reaction(s) at 30 or 37 °C as specifi ed by com-
mercial supplier of packaging extract for 1.5 h.   

   5.    Arrest the packaging reaction by adding 830 μL SM phage 
buffer and vortex immediately.   

   6.    Place reactions on ice, or store at 4 °C ( see   Note 15 ).   
   7.    Make titer tubes for each sample and label accordingly. Remove 

20 μL packaged phage in SM buffer, and conduct serial 
dilutions (1:10 and 1:100) using SM phage buffer. Vortex 
vigorously, and place on ice.      

      1.    Grow an overnight culture the night  before  plating ( see  
 Note 17 ).
    (a)    Place 5 mL TB media containing 25 μg/mL kanamycin, 

10 mM MgSO 4 , and 0.2 % maltose into a 15-mL serologi-
cal screw-cap centrifuge tube.   

   (b)    From a TB kanamycin (50 μg/mL) master plate, graze an 
 Hfl   colony using a sterile loop or pipet tip.   

   (c)    Place the colony into the 5 mL of liquid TB kanamycin 
(25 μg/mL), and place 15-mL serological centrifuge tube 
into shaking incubator at 30–37 °C.    

      2.    Pour TB top and bottom plates ( see   Note 18 ).   
   3.    Grow multiple same-day cultures:

    (a)    Place 20 mL TB media containing maltose and the 
lower concentration of kanamycin (25 μg/mL) into 

3.2  In Vitro 
Packaging Reaction 
( See   Note 14) 

3.3  Bacterial Culture, 
Adsorption, and 
Plating ( See   Note 16 )
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 multiple 50-mL serological screw-cap centrifuge tubes. 
Alternatively, kanamycin can be omitted from same-day 
cultures.   

   (b)    Add 200–400 μL of each overnight culture to 20 mL of 
TB media (containing 10 mL 10 mM MgSO 4  and 0.2 % 
maltose) in 4 × 50-mL serological screw-cap centrifuge 
tubes.   

   (c)    Place same-day cultures in 30 °C shaking water bath, at 
225 rpm for up to 5–6 h. The temperature may be raised 
to increase cell division.   

   (d)    Begin checking the optical density for the cultures (OD 600 ) 
after 4–5 h. Blank with media, and use disposable VIS-
grade 1.0 mL cuvettes.       

   4.    Adjust the OD 600  of the same-day cultures to 0.5 using 10 mM 
MgSO 4 .

    (a)    Remove the same-day cultures from the incubator when 
the OD 600  = 0.5–0.8.   

   (b)    Centrifuge cultures for 5–10 min using a tabletop sero-
logical (1/2 speed) or an equivalent centrifuge and spin at 
3,000 ×  g  to form a visible pellet, ensuring that the super-
natant is clear.   

   (c)    Decant media and dab dry with a Kimwipe.   
   (d)    Resuspend the bacterial pellets with 10 mM MgSO 4  to 

OD 600  = 0.5.   
   (e)    Place resuspended bacteria on ice.    

      5.    Perform phage adsorptions ( see   Note 18 ).
    (a)    Place ten labeled 15-mL screw-cap serological centrifuge 

tubes per animal into a rack.   
   (b)    Label titer tubes accordingly (two to four per animal).   
   (c)    Aliquot 200 μL of resuspended same-day culture into 

15-mL screw-cap serological centrifuge tubes.   
   (d)    Place 80–100 μL of packaged phage into each 15-mL 

screw-cap serological centrifuge tube containing 200 μL 
of resuspended same-day culture.   

   (e)    For titers, place 20–80 μL of diluted packaged phage into 
each labeled titer 15-mL screw-cap serological centrifuge 
tube.   

   (f)    Incubate at 30 °C or on benchtop for 15–30 min.    

      6.    Plate bacteria ( see   Note 19 ).

    (a)    Add 2–4 mL of top agar to each 15-mL screw-cap sero-
logical centrifuge tube containing 200 μL of resuspended 
same-day culture and phage aliquots.   

 MutaMouse Transgenic Somatic Mutation Assay
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   (b)    Quickly vortex, or invert twice and immediately pour 
onto TB bottom plates.   

   (c)    Let plates stand for 5–15 min with lid ajar to permit evap-
oration without condensation.   

   (d)    Invert plates, and place titers at 37 °C overnight.   
   (e)    Place selection plates at 23.5 °C for 48 h ( see   Note 20 ).    

            1.    Count the number of plaques in titer plates, and calculate the 
average. Multiply the average plaques/plate by the dilution 
factor and divide by the volume plated. The resulting value is 
the pfu/μL package reaction.   

   2.    The total pfu screened or plated on selection plates is deter-
mined by multiplying the pfu/μL package reaction by the 
total volume of the package reaction plated on selection plates.   

   3.    Mutant frequency is determined as the total pfu counted on all 
 selection  plates for a given sample divided by the total pfu 
screened for that sample.   

   4.    The relative packaging effi ciency is determined by multiplying 
the pfu/μL package reaction by the volume (in μL) of DNA 
sample packaged. If the  A  260  of the sample has been determined, 
then the packaging effi ciency, pfu/μg, can be determined.       

4    Notes 

     1.    Standard formulation: 100 mM NaCl, 25 mM EDTA, 10 mM 
Tris–HCl, pH 8 [ 31 ]. The NaCl concentration can be reduced 
to as low as 20 mM.   

   2.    RecoverEase™ DNA isolation kit is especially recommended 
for liver samples.   

   3.    Commercial extract is recommended and typically yields 
greater packaging effi ciencies and reproducibility. Although 
protocols for producing in vitro packaging extract are simple 
in principle, preparing high-quality packaging extract  repeat-
edly  is diffi cult and should not be taken lightly. It is highly 
recommended that different or new lots of packaging extract 
be compared. Test each new lot of packaging extract by select-
ing fi ve reactions randomly and packaging a DNA sample that 
has previously yielded high titers. If commercial extracts can-
not be used, the method of Poustka [ 32 ] is recommended for 
optimal isolation of packaging extract in the laboratory.   

   4.     Hfl   strains suitable for use are commercially available from 
Stratagene or Epicentre. To ensure that the strain is working 
properly, save cored  cII  mutant and  cII  wild-type plaques as 
controls. Routinely assay the bacteria with the stocks under 
selective and nonselective conditions.   

3.4  Calculating 
Mutant Frequency 
( See   Note 21 )
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   5.    TB recipes are provided with commercial bacterial strains and 
can be found in any microbiological methods manual or in 
most molecular biology protocol manuals [ 30 ].   

   6.    Casein peptone obtained from various sources should be 
assessed in the laboratory for effectiveness before selecting a 
supplier. If plates appear mottled, titers drop substantially, or 
if things “go wrong,” begin troubleshooting by purchasing 
fresh casein peptone, or switch suppliers.   

   7.    The use of 2 mM MgSO 4  in the preparation of TB media and 
TB bottom agar is optional and should be evaluated in the 
laboratory. It is essential in the preparation of TB top agar, 
however. MgSO 4 ·7H 2 O must be used. Stock solutions should 
be autoclaved. Stocks of 10× or 20× MgSO 4 ·7H 2 O are stable 
for months at room temperature.   

   8.    Do not add MgSO 4  or maltose to top agar until immediately 
prior to plating, after TB top agar has cooled to 55 °C and 
while it is still molten.   

   9.    A fi nal concentration of 0.2 % maltose in TB media and top 
agar is used to induce expression of the bacterial LamB recep-
tor, the port of entry for bacteriophage λ. Sterile sticks (100×) 
of maltose or maltose/MgSO 4  may be stored for several weeks 
at 4 °C. Maltose solutions are labile and therefore should be 
fi lter-sterilized and handled aseptically. Maltose is not gener-
ally required in the bottom agar.   

   10.    Tissue samples should be stored in 15-mL serological centri-
fuge tubes and placed in liquid nitrogen or ethanol/dry ice 
baths immediately upon dissection. All tissues should be stored 
at –80 °C until performing DNA extractions. Samples should 
be treated somewhat delicately while attempting to isolate 
high-molecular-weight DNA. It is essential to minimize 
“DNA shearing” during the preparation. The use of wide- 
bore pipets, and rocking, or inverting samples to mix, is 
recommended.   

   11.    Recommended proteinase K concentrations vary and may be 
adjusted according to the surface volume ratios of the tissue. 
A reasonable starting concentration is 0.1 mg/mL.   

   12.    Water bath temperatures may be increased to 60 °C to reduce 
incubation time.   

   13.    The quality of extractions may vary. Also, packaging effi ciency 
may not necessarily correspond to DNA quantity. Many 
researchers no longer bother to quantify DNA and instead 
have established standard operating procedures in their labo-
ratories based on historical observation. Remember that each 
sample has its own titer plate(s) set to verify pfu plated. Over- 
digesting with proteinase K may result in loss of packaging 
effi ciency. Dialysis of the DNA against TE buffer can often 
increase packaging effi ciency from poor packaging samples.   
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   14.    Packaging reactions are simple and require two successive 
1.5-h incubations. Therefore, fresh plates may be poured dur-
ing the morning while simultaneously packaging samples.   

   15.    The packaging reactions may be stored at 4 °C for days with-
out loss of viability. To extend the half-life, add a droplet of 
chloroform.   

   16.    No more than 300,000 pfu should be plated on a selection 
plate. Therefore, it is advisable to plate titer plates one day 
before plating selection plates (storing remaining packaging 
reactions at 4 °C). This will minimize waste, or overplating 
reactions with poor packaging effi ciency, and will optimize 
plate usage for high-titer samples. New titer dilutions should 
be made the following day at the time of plating the remaining 
reaction (selection plates).   

   17.    This culture may be stored at 4 °C and used for up to 1 week 
if necessary.   

   18.    The protocol assumes blind titers. Make appropriate adjust-
ment to the number of selection plates if titers have been 
determined prior to selection plating, as discussed in  Note 15 , 
above.   

   19.    Top agar may be stored at room temperature for up to 1–2 
weeks. Two hours prior to plating bacteria, microwave top 
agar to boil (place in secondary container in water) and vent 
often. Place melted liquid top agar in water bath at 55 °C until 
needed. Prior to plating top agar and after cooling to 55 °C, 
add fresh MgSO 4  and maltose. The fi nal concentrations should 
be 2 mM MgSO 4  and 0.2 % maltose.   

   20.    The selection temperature is critical, and therefore it is advis-
able to record it using a sensitive thermometer. Additionally, 
many groups fi nd that placing a water-jacketed incubator into 
a 4 °C walk-in cold room is optimal for maintaining selection 
temperature at 23.5 °C.   

   21.    Four titer plates at each dilution are desirable. Since spontane-
ous mutations occur far less frequently than induced muta-
tions, more plaques must be screened for spontaneous samples 
than induced.         
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    Chapter 22   

 The Human T-Cell Cloning Assay: Identifying Genotypes 
Susceptible to Drug Toxicity and Somatic Mutation 

           Sai-Mei     Hou    

    Abstract 

   Humans exhibit marked genetic polymorphisms in drug metabolism that contribute to high incidence of 
adverse effects in susceptible individuals due to altered balance between metabolic activation and detoxifi -
cation. The T-cell cloning assay, which detects mutations in the gene for hypoxanthine-guanine phospho-
ribosyl transferase (HPRT), is the most well-developed reporter system for studying specifi c locus mutation 
in human somatic cells. The assay is based on a mitogen- and growth factor-dependent clonal expansion 
of peripheral T-lymphocytes in which the 6-thioguanine-resistant HPRT mutants can be selected, enumer-
ated, and collected for molecular analysis of the mutational nature. The assay provides a unique tool for 
studying in vivo and in vitro mutagenesis, for investigating the functional impact of common polymor-
phism in metabolism and repair genes, and for identifying risk genotypes for drug-induced toxicity and 
mutagenicity. This chapter presents a simple and reliable method for the enumeration of HPRT mutant 
frequency induced in vitro without using any source of recombinant interleukin-2. The other main feature 
is that only truly induced and unique mutants are collected for further analysis.  

  Key words     Genetic polymorphism  ,   Human lymphocytes  ,   HPRT  ,   Gene mutation  ,   T-cell cloning assay  

1      Introduction 

 Adverse drug reactions often arise as the result of a shift in the 
 metabolic pathways responsible for the activation and detoxifi ca-
tion of the drug, resulting in an abnormal production of reactive 
metabolites and oxygen species that initiate radical chain reactions 
(e.g., lipid peroxidation) and covalently bind to macromolecules 
(DNA,  proteins). With the wide occurrence of genetic polymor-
phisms in  drug-metabolizing enzymes, the potential incidence for 
adverse drug reactions in susceptible individuals is considerable. 
Therefore, identifi cation of risk genotypes is important in the 
development of new drug entities. 

 The T-cell cloning assay, which enables the enumeration and 
molecular analysis of peripheral T-lymphocytes with mutations in 
the X-linked hypoxanthine-guanine phosphoribosyl transferase 
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( HPRT ) gene, has been extensively used for studying human 
somatic gene mutation in vivo. The assay combines mitogen- and 
growth factor-dependent expansion of lymphocyte clones with 
6-thioguanine (TG) selection of mutant cells. Resistance to TG 
identifi es cells lacking the  HPRT  enzyme due to inactivation or loss 
of the  HPRT  gene [ 1 ]. Knowledge of the entire human  HPRT  
gene sequence has further enabled analysis of the molecular nature 
of  HPRT  mutations and the establishment of background and 
induced mutational spectra in various cell types [ 2 ]. Inherited 
mutations in the  HPRT  gene can also be studied in patients with 
the Lesch–Nyhan syndrome, which makes it possible to compare 
the mechanisms for mutagenesis in somatic and germ-line cells. 
Methods for molecular analysis of  HPRT  mutations have been 
described in detail [ 3 ]. 

 A wide range of mean-background  HPRT  MFs have been 
reported for normal non-exposed adult donors (1.1–16.5 × 10 −6 ) 
[ 4 ]. Much of the considerable variation could be explained by 
interlaboratory variation in experimental methodologies and donor 
attributes such as age and smoking. The age effect may be associ-
ated with a decrease in DNA repair capacity, an increase in the 
mutation rate, or an accumulation of mutations over time. 
Differences in individual susceptibility to environmental mutagens 
due to common inherited polymorphism in drug metabolism may 
also contribute to such variation [ 5 ,  6 ]. 

 The assay may thus provide a unique tool for studying the 
 functional impact of common polymorphism in metabolism and 
repair genes, especially under controlled treatment conditions in 
vitro. For example, human  N -acetyltransferase (NAT2) and gluta-
thione  S -transferase mu (GST μ) are known to exhibit marked 
genetic  polymorphisms. At least 50 % of most Caucasian popula-
tions are slow acetylators or completely lack GST μ activity (GSTM1 
null genotype). NAT2 is involved in the metabolic activation of 
2-nitrofl uorene to the known carcinogen  N -acetyl-2- 
aminofl uorene. Further metabolism results in deactivation through 
glutathione conjugation. Treating mitogen-stimulated lympho-
cytes with 2-nitrofl uorene (up to fi vefold at 400 μg/mL, 24-h 
exposure) resulted in completely different dose–responses depend-
ing on the donor genotypes (Fig.  1   see   Note 1 ). Cells with the 
NAT2 rapid and GSTM1 null genotype combination (capable of 
 activation, with insuffi cient deactivation) showed a clear dose-
related increase in the HPRT mutant frequency, while cells with 
the NAT2 slow and GSTM1 positive genotype combination were 
fully resistant to mutant induction. This fi nding suggests that the 
in vitro HPRT gene mutation assay using human peripheral 
T-lymphocytes may help identify risk genotypes susceptible for 
drug toxicity and somatic mutations.

   The possibility of using primary T-lymphocytes for in vitro 
mutational analysis at molecular level has been utilized in a number 
of studies [ 7 – 10 ]. The procedure for the enumeration and  collection 

Sai-Mei Hou



285

of  HPRT  mutants induced in vitro has been described previously 
[ 10 ]. In brief, preexisting in vivo  HPRT  mutants are removed 
before in vitro treatment, and independent mutants are collected 
from different subcultures for molecular analysis. The mutational 
spectra obtained should thus be considered as the true in vitro 
spontaneous or induced spectra in the T-cells of the blood donor 
without any in vivo background mutants or in vitro sibling mutants. 

 Many attempts have been made to improve the T-cell cloning 
assay (reviewed in  5 ,  11 ). Most laboratories use different concentra-
tions of recombinant IL-2, with or without addition of  conditioned 
medium or lymphokine-activated killer (LAK) cell supernatant 
(10–20 % in GM). The LAK supernatant is the basically used cul-
ture medium with a large amount of recombinant interleukin-2 
(IL-2) added to stimulate proliferation of “killer” cells from cancer 
patients. However, this medium is not available in most laborato-
ries. This chapter describes a T-cell cloning protocol [ 5 ] that uses 
only a conditioned medium that is easily prepared from X-irradiated 
lymphocytes with lethally irradiated TK6 cells as allogenic stimula-
tors (modifi ed from  12 ).  

2    Materials 

      1.    Buffy coats (leukocyte preparations, each from 0.5 l whole blood 
centrifuged at 2,700 ×  g  for 10 min, hospital blood center).   

   2.    TK6 cells (kindly provided by Dr. Thilly at Massachusetts 
Institute of Technology, Center for Environmental Health 
Sciences, Cambridge, USA).   

2.1   Cells
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  Fig. 1    HPRT mutant frequency in human peripheral lymphocytes exposed in vitro 
to 2-nitrofl uorene. Different dose–response was obtained using cells from blood 
donors with different genotypes. Donor 1,  N -acetyltransferase 2 (NAT2) slow (S) 
and glutathione  S -transferase M1 (GSTM1) positive (+); Donor 2, NAT2 rapid (R) 
and GSTM1 negative (−). The lowest and highest doses were pre- terminated for 
Donor 1 and Donor 2 due to low and excess cytotoxicity, respectively       
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   3.    Feeder cells: Lymphoblastoid RJK853 cells (kindly provided 
by Dr. Gibbs at Baylor College of Medicine, Houston, Texas, 
USA), lethally X-irradiated (40 Gy) prior to use. ( see   Note 2 )      

      1.    Basic medium (BM) is RPMI 1640 (Dutch modifi cation) 
 supplemented with 0.3 mg/ml  l -glutamine, 150 IU/ml ben-
zylpenicillin, and 150 μg/ml streptomycin. All from GIBCO 
BRL, Life Technologies.   

   2.    Nutrient medium (NM) is BM with 5 % heat-inactivated 
(56 °C 30 min) fetal calf serum (FCS, GIBCO BRL, Life 
Technologies) and 5 % heat-inactivated human AB serum (HS, 
supplied by hospital blood center, pooled).   

   3.    Growth medium (GM) is NM with 0.3 % (3 μg/ml) phytohe-
magglutinin (PHA, Difco, USA) and 20 % T-cell growth 
factor- enriched conditioned medium (CM, prepared according 
to Subheading  3.2  ( see   Note 3 )).      

      1.    Phosphate buffer saline (PBS).   
   2.    50× concentrated Hypoxanthine, Aminopterin, Thymidine 

(HAT) supplement (GIBCO BRL, Life Technologies).   
   3.    Stock solution of 6-thioguanine (Sigma), 1 mg/ml in 0.01 M 

NaOH made immediately before use.   
   4.    Microplates (96 wells, 7 mm round bottom, Nunc).   
   5.    24-well plates (Nunc).   
   6.    UNI-SEP tubes with Ficoll-Paque (Wak-Chemie Medical 

GMBH, Germany).       

3    Methods 

        1.    Obtain a buffy coat from a hospital blood center.   
   2.    Dilute the content threefold with PBS.   
   3.    Isolate the mononuclear cell fraction by Ficoll-Paque density 

separation in UNI-SEP tubes, according to the manufacturer’s 
instruction.   

   4.    Wash the cells twice in PBS.   
   5.    Resuspend the cells in nutrient medium.      

       1.    Isolate mononuclear cells from three buffy coats according to 
Subheading  3.1 .   

   2.    Resuspend the cells in BM to a density of 3 × 10 6 /ml.   
   3.    Irradiate with 10 Gy of X-ray.   
   4.    Mix these cells with an equal volume of lymphoblastoid TK6 

cells which have been X-irradiated at the same density in BM 
but with 40 Gy.   

2.2  Culture Media

2.3  Other Solutions 
and Articles

3.1  Preparation of 
Mononuclear Cells

3.2  Preparation of 
Conditioned Medium
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   5.    Dilute the cell mixture three times with BM to make the fi nal 
density of each type of cells to 5 × 10 5 /ml.   

   6.    Supply with 2 % FCS.   
   7.    Stimulate with 1 % PHA ( see   Note 4 ).   
   8.    Incubate the cells for 72 h at 37 °C with 5 % CO 2  in the air.   
   9.    Collect the supernatant by centrifugation at 400 g for 30 min.   
   10.    Store at −80 °C.      

      1.    Use a T-cell culture that has been grown in GM for 10 days or 
more to test for the ability of CM or HS to promote the long- 
term proliferation of activated T-cells on a microplate.   

   2.    Seed each well with 1 × 10 4  cells in 200 μl GM containing 0.3 % 
PHA and various concentrations of CM or HS. Use an internal 
laboratory standard batch that has been prepared previously as 
control.   

   3.    Incubate the plate for at least 1 week.   
   4.    Compare the cell growth between different wells, both visually 

by using an inverted microscope and quantitatively by trypan 
blue staining and cell counting ( see   Note 5 ).      

      1.    Purify lymphocytes from a buffy coat of a healthy blood donor 
according to Subheading  3.1 .   

   2.    Wash and resuspend the cells in NM supplemented with 0.3 % 
PHA to a cell density of 1.5 × 10 6 /ml.   

   3.    Incubate for 20 h.   
   4.    Remove preexisting in vivo  HPRT  mutants by treating the cells 

with 2 % HAT for 24 h.   
   5.    Wash the cells with PBS, and resuspend them in GM to a cell 

density of 1.5 × 10 6 /ml.   
   6.    Expose the cells to the chemical agent over day or night.   
   7.    Wash the cells with PBS, and resuspend them in GM to a cell 

density of 1.5 × 10 6 /ml.   
   8.    Seed two 96-well plates with two test cells and 2 × 10 4  feeder 

cells per well in GM for determination of relative cloning 
 effi ciency (relative survival, treated versus control).   

   9.    Subculture the remaining cells on 24-well plates, in 2 ml GM/
well.   

   10.    Incubate for 8 days for mutant expression. Keep approximately 
2 × 10 6  cells in each well by cell counting every second day.      

      1.    Mix 2 × 10 5  cells from each subculture.   
   2.    Make a limited (stepwise) dilution of cells.   
   3.    Seed on two microplates 2 “mixed” test cells and 2 × 10 4  

 irradiated feeder cells per well without 6-thioguanine.   

3.3  Testing for 
Quality of Conditioned 
Medium and Human 
Serum

3.4  Mutant Induction

3.5  Estimation of 
the Average Cloning 
Effi ciency and Mutant 
Frequency
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   4.    Inoculate ten selection plates with 2 × 10 4  “mixed” test cells 
and 1 × 10 4  feeder cells per well.   

   5.    Wrap the plates in plastic foil to avoid evaporation and  incubate 
at 37 °C in 5 % CO 2  in air at 95 % humidity for 2 weeks with-
out medium change.   

   6.    Score all plates visually using an inverted microscope.   
   7.    Calculate cloning effi ciency (CE) in plates with and without TG 

from the proportion of negative wells ( P  0 ) assuming a Poisson 
distribution: 
 CE = −ln  P  0 /number of cells seeded per well.   

   8.    Obtain mutant frequency by dividing the cloning effi ciency in 
the presence of 6-thioguanine with that in the absence of 
6-thioguanine.      

      1.    Prepare for mutant selection of each subculture on a half 
96-well plate.   

   2.    Seed in each microwell 2 × 10 4  test cells and 1 × 10 4  feeder cells 
in GM supplemented with 6-thioguanine (2 μg/ml).   

   3.    Incubate for 2 weeks.   
   4.    To avoid sibling mutants in the mutational spectrum, only one 

6-thioguanine-resistant clone is to be collected from each 
microplate (subculture) for molecular analysis.       

4    Notes 

     1.    Donor genotypes for enzymes involved in activation and 
detoxifi cation of mutagenic agents may affect both background 
and induced MF and thereby the overall mutagenic potency as 
judged from dose–response relationship. Knowledge on meta-
bolic pathways of the chemical agent and relevant genotypes of 
the blood donors should thus be taken into consideration. Use of 
cell mixtures made from buffy coats of several different donors 
or repeated experiments using cells from different donors may 
be necessary.   

   2.    Inclusion of feeder cells in selection plates promotes the growth 
of TG-resistant cells. Use of lethally irradiated lymphoblastoid 
cells RJK853 originated from a Lesch–Nyhan patient with a 
total deletion of the  HPRT  gene as feeder cells excludes any 
cross contamination of mutant  HPRT  DNA by the remaining 
 HPRT  sequence from feeder cells in the molecular analysis of 
 HPRT  mutation. Lethally irradiated lymphoblastoid TK6 36x4  
cells with a total deletion of the  HPRT  gene can also be used 
as feeder cells in both non-selection and selection plates.   

3.6  Mutant Selection 
for Molecular Analysis

Sai-Mei Hou
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   3.    The growth-supporting potency of the CM is usually highest 
when used at 15–20 % in GM. The CM should produce con-
sistently high CE but only when combined with human serum 
[ 5 ]. The addition of 5 % HS together with 5 % FCS in GM has 
been shown to give a remarkable increase in CE [ 5 ]. Total 
replacement of FCS, i.e., use of 10 % HS, did not give any fur-
ther increase, neither did addition of interlukin-2 (Boehringer 
Mannheim Biochemical, 10–20 U/ml) to GM [ 5 ].   

   4.    In the present protocol, cells are primed with PHA for 20 h 
before treatment for up to 24 h. This 44-h incubation before 
plating of T-cells should not allow any cell division, which may 
give rise to sibling clones.   

   5.    Cell counting may affect the plating effi ciency since differently 
experienced technicians may count cells in different ways. 
In particular, counting only the large stimulated cells may 
introduce an overestimation of CE. This should however 
 theoretically not affect the calculated MF, since the CE in the 
selection plates is affected to the same extent.         
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    Chapter 23   

    Molecular Analysis of Mutations in the Human  HPRT  Gene 

           Phouthone     Keohavong     ,     Liqiang     Xi    , and     Stephen     G.     Grant   

    Abstract 

   The  HPRT  assay uses incorporation of toxic nucleotide analogues to select for cells lacking the purine 
scavenger enzyme hypoxanthine-guanine phosphoribosyl transferase. A major advantage of this assay is the 
ability to isolate mutant cells and determine the molecular basis for their functional defi ciency. Many types 
of analyses have been performed at this locus: the current protocol involves generation of a cDNA and 
multiplex PCR of each exon, including the intron/exon junctions, followed by direct sequencing of the 
products. This analysis detects point mutations, small deletions and insertions within the gene, mutations 
affecting RNA splicing, and products of illegitimate V(D)J recombination within the gene. Establishment 
of and comparisons with mutational spectra hold the promise of identifying exposures to mutation- 
inducing genotoxicants from their distinctive pattern of gene-specifi c DNA damage at this easily analyzed 
reporter gene.  

  Key words     HPRT  ,   Mutation  ,   Mutational spectra  ,   Deletions  ,   Recombination  ,   Mutational fi ngerprint  

1      Introduction 

 The  HPRT  gene and the mutation selection system based on it 
have played a major role in molecular genetics. Indeed, this system 
was used to establish that somatic variants arising in cultured 
somatic cell populations were mutants, and an amplifi cation mutant 
allowed for the early cloning of the hypoxanthine-guanine phos-
phoribosyl transferase ( HPRT ) gene [ 1 ]. One of the earliest muta-
tional spectra compiled was that of inherited mutations in  HPRT  
[ 2 ], which is responsible for the self-mutilation disorder Lesch–
Nyhan syndrome and, in less severe forms, gout [ 3 ]. Ongoing 
expansion of this mutational spectrum has allowed for genotype/
phenotype analyses that have helped map the functional regions of 
the gene and aid in diagnosis [ 4 ]. 

 The  HPRT  gene is located on the mammalian X chromosome 
and subject to X inactivation; it is therefore either structurally or 
functionally hemizygous in all mammalian somatic cells. The HPRT 
enzyme plays a key role in the purine scavenger pathway, which 
allowed for early development of selective systems both for and 
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against enzyme activity [ 5 – 7 ]. These selective systems have been 
used extensively to genetically manipulate somatic cells, including 
in the construction of hybridoma cell lines for the generation of 
monoclonal antibodies.  HPRT  mutations can be selected in almost 
any established mammalian cell line and in T-lymphocytes from 
man [ 8 ,  9 ] and a number of animal species [ 10 – 12 ]. 

 The ability to capture and further characterize mutant clones 
has always been a major advantage of the  HPRT  assay [ 13 ]. The 
latest analysis techniques have always been applied to such mutants, 
beginning with determination of residual enzyme activity [ 14 ] and 
immunological detection of inactive protein [ 15 ]. Karyotypic anal-
yses confi rmed that most  HPRT  mutations do not have detectable 
chromosomal abnormalities [ 16 ], unless the mutations have been 
induced by in vitro exposure to ionizing radiation [ 17 ,  18 ] or were 
isolated from individuals subjected to whole-body radiation [ 19 ]. 

 With the advent of molecular biology techniques, it was found 
that a variable but signifi cant proportion (10–60 %) of in vivo- derived 
 HPRT  mutants had undergone structural rearrangement, based on 
Southern blot analysis [ 20 – 23 ] ( see   Note 1 ). The proportion of 
mutants containing such rearrangements was increased by in vitro 
[ 24 ,  25 ] or in vivo [ 26 ,  27 ] exposure to ionizing radiation, consistent 
with an overall increase in mutation frequency ( see   Note 2 ). 
The extent of such rearrangements, including gene deletions, was 
established by analysis of mutant clones with pulsed-fi eld gel electro-
phoresis [ 28 ,  29 ] and analysis of fl anking markers [ 28 ,  30 – 32 ]. 

 PCR analysis allowed for the direct sequencing of the  HPRT  
transcript [ 33 ], and multimeric PCR allowed for the concurrent 
analysis of all nine exons of the  HPRT  gene [ 34 ], identifying point 
mutations and splicing mutations [ 35 ,  36 ]. This also allowed for 
the application of heteroduplex screening techniques for the iden-
tifi cation of mutants, such as single-strand conformation polymor-
phisms (SSCP) [ 37 ,  38 ] and denaturing gradient gel electrophoresis 
(DGGE) [ 39 ,  40 ]. 

 Of course, the ultimate goal of this type of molecular analysis is 
the identifi cation of the causal agents behind mutations in  oncogenes 
like K-ras and p53 ([ 41 ,  42 ],  see  also Chapters   17    –  22    ,   24    ). Perhaps 
the best example of this type of analysis remains the demonstration 
of distinctive mutations in the p53 gene of hepatocellular carcino-
mas from a population in Qidong county, China, which identifi ed 
afl atoxin B1 as the causative agent [ 43 ].  HPRT  mutation frequen-
cies were also elevated in this population [ 44 ], and a comparative 
 mutational spectrum was generated for this chemical by in vitro 
exposure [ 45 ]. 

 An online compendium of such  HPRT  mutational spectra has 
been established, which also provides software for pattern analysis 
and comparison [ 46 ,  47 ]. The same site contains tumor-derived 
mutation spectra at the p53 gene ( see  Chapters   18    ,   25    ,   26    ) as well 
as spectra based on transgenic systems, such as that described in 
Chapters   20    ,   21    .  

Phouthone Keohavong et al.

http://dx.doi.org/10.1007/978-1-62703-739-6_18
http://dx.doi.org/10.1007/978-1-62703-739-6_22
http://dx.doi.org/10.1007/978-1-62703-739-6_24
http://dx.doi.org/10.1007/978-1-62703-739-6_18
http://dx.doi.org/10.1007/978-1-62703-739-6_25
http://dx.doi.org/10.1007/978-1-62703-739-6_26
http://dx.doi.org/10.1007/978-1-62703-739-6_20
http://dx.doi.org/10.1007/978-1-62703-739-6_21


293

2    Materials 

      1.    Microcentrifuge (e.g., Eppendorf 5415 D, Fisher Scientifi c, 
Pittsburgh, PA).   

   2.    0.5 mL Biopur microcentrifuge tubes (Brinkmann Instruments, 
Westbury, NY).   

   3.    Aerosol Barrier Pipette tips (30-, 200-, and 1,000 μL) (Fisher).   
   4.    20-, 200-, and 1,000-μL micropipettors (Rainin, Woburn, MA).   
   5.    RNase- and DNase-free water (Sigma, St. Louis, MO).   
   6.    PBS (Gibco, Gaithersburg, MD).   
   7.    1.0 M Tris–HCl, pH 8.3.   
   8.    2.5 M KCl.   
   9.    100 mM MgCl 2 .   
   10.    15 mM dithiothreitol (DTT).   
   11.    25 mM dNTPs (Promega, Madison, WI).   
   12.    IGEPAL ([octylphenoxyl]polyethoxyethanol) (Sigma).   
   13.    2.8 μg/mL bovine serum albumin (BSA).   
   14.    40 U/μL RNase inhibitors (Invitrogen, Carlsbad, CA).   
   15.    200 ng/μL oligo dT (Invitrogen).   
   16.    Super Script II RNase H −  reverse transcriptase (SSRT) (Invitrogen).   
   17.    cDNA synthesis buffer and reagents: 50 mM Tris–HCl, 75 mM 

KCl, 3 mM MgCl 2 , pH 8.3, 10 mM DTT, 0.1 ng/mL BSA, 
500 μM dNTPs, 0.1 ng/μL RNase inhibitors, 10 ng/μL 
IGPEAL, 10 ng/mL oligo (dT), 2.5 U/μL Super Script II 
RNase H −  Rtase enzyme. 

 To make 100 μL cDNA synthesis buffer:

 Reagent  Stock concentration  Final concentration  Volume added (μL) 

 KCl  2.5 M  75 mM  3 

 MgCl 2   0.1 M  3 mM  3 

 Tris–HCl  1 M  50 mM  5 

 DTT  15 mM  10 mM  10 

 dNTPs  15 mM  0.5 mM  3.3 

 BSA  2.8 μg/mL  0.1 ng/mL  3.57 

 RNAase  40 U/μL  1 U/μL  2.5 

 Oligo dT  200 ng/μL  10 ng/μL  5 

 IGEPAL  2.5 

 SSRT  10 

 Water  52.13 

 Total  100 

2.1  cDNA Synthesis
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       18.    42 °C heating block or water bath.   
   19.    Vortex mixer.   
   20.    DNA thermocycler (e.g., PerkinElmer 480, Wellesley, MA).      

      1.    0.5 mL microcentrifuge tubes (Brinkmann).   
   2.    Taq DNA polymerase 5 U/μL (Promega).   
   3.    10× PCR buffer: 500 mM KCl, 100 mM Tris–HCl, pH 9.0 at 

25 °C, 15 mM MgCl 2 , 0.1 % Triton-X100 (supplied with enzyme).   
   4.    25 mM dNTPs (Promega).   
   5.    RNase- and DNase-free water (Sigma).   
   6.    PCR primers (Midland Certifi ed Reagent, Midland, TX) (each 

primer is prepared as a 10 μM stock solution in RNase- and 
DNase-free water and stored at −20 °C).
   P1: 5′-CTGCTCCGCCACCGGCTTCC-3′ (corresponding 

to bases 1617–1636 of the human  HPRT  gene).  
  P2: 5′-GATAATTTTACTGGCGATGT-3′ (bases 41565–

41546).  
  P3: 5′-CCTGAGCAGTCAGCCCGCGC-3′ (bases 1641–

1660).  
  P4: 5′-CAATAGGACTCCAGATGTTT-3′ (bases 41545–

41526).      
   7.    1:37.5 bis/acrylamide stock solution: Dissolve 1.0 g bis and 

37.5 g acrylamide (BioRad, Hercules, CA) in a fi nal 100 mL 
volume with deionized water.   

   8.    1:19 bis/acrylamide stock solution: Dissolve 1.0 g bis and 
19.0 g acrylamide in a fi nal 100 mL volume with deionized 
water.   

   9.    Vertical gel electrophoresis apparatus: Gel boxes, plates, and 
accessories for a 20 cm wide × 16 cm high gel (Gibco BRL).   

   10.    Power source (e.g., Pharmacia LKB ECPS 3000/150, 
Amersham BioSciences, Piscataway, NJ).   

   11.    ABI automated sequencing machine (i.e., University of Pittsburgh 
DNA Sequencing Facility, Pittsburgh, PA).      

      1.    Microcentrifuge.   
   2.    PBS.   
   3.    20-, 200-, 1,000-μL micropipettors and appropriate pipette tips.   
   4.    0.5 mL microcentrifuge tubes.   
   5.    Lysis buffer: 6.7 mM MgCl 2 , 16.6 mM (NH 4 ) 2 SO 4 , 6.8 μM 

EDTA, 67 mM Tris–HCl, pH 8.8, 5 mM 2-mercaptoethanol, 
0.45 % IGEPAL, 0.45 % Tween 20, and 100 μg/mL  proteinase K.   

2.2  PCR 
Amplifi cation 
of the HPRT cDNA

2.3  HPRT Gene 
Multi-Exon Analysis
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   6.    56 °C heating block or water bath.   
   7.    DNA thermocycler.   
   8.    PCR primers (Midland Certifi ed Reagent, Midland, TX) (each 

primer is prepared as a 10 μM stock solution in RNase- and 
DNase-free water and stored at −20 °C).
   Exon 2: P796: 5′-TGGGATTACACGTGTGAACCAACC-3′. 
 P797: 5′-GACTCTGGCTAGAGTTCCTTCTTC-3′.  
  Exon 3: P983: 5′-CCTTATGAAACATGAGGGCAAAGG-3′. 
 P969: 5′-TGTGACACAGGCAGACTGTGGATC-3′.  
  Exon 4: P1147: 5′-TAGCTAGCTAACTTCTCAAATCTT

CTAG-3′. 
 P1011: 5′-ATTAACCTAGACTGCTTCCAAGGG-3′.  
  Exon 5: P885: 5′-CAGGCTTCCAAATCCCAGCAGATG-3′. 
 P1174: 5′-GGGAACCACATTTTGAGAACCACT-3′.  
  Exon 6: P1012: 5′-GACAGTATTGCAGTTATACAT GGGG-3′. 
 P1013: 5′-CCAAAATCCTCTGCCATGCTATTC-3′.  
  Exons 7/8: P483: 5′-GATCGCTAGAGCCCAAGAAGT CAAG-3′. 
 P854: 5′-TATGAGGTGCTGGAAGGAGAAAAC-3′.  
  Exon 9: P1015: 5′-GAGGCAGAAGTCCCATGGAT GTGT-3′. 
 P365: 5′-CCGCCCAAAGGGAACTGATAGTC-3′.  
  Exon 1: This exon is amplifi ed separately, using primers: 
 pE1: 5′-AGCTTCAGGCGGCTGCGACGA GCCCTCAGG-3′ 

(cor re sponding to bases 1530–1559 of the human 
 HPRT  gene). 

 pE2: 5′-CGGCCGCCCGAGCCCGCACTGCGGATCC
CG-3′ (corresponding to bases 1804–1775).      

   9.    Primer mix preparation ( see  Subheading  3 ). Primer pairs 
 corresponding to exons 2–9 are premixed as a 10× mixed 
primer stock solution containing 1 μM each of the exon 2 and 
9 primers, 1.5 μM each of the exon 4 and 6 primers, and 2 μM 
each of the exon 3, 5, and 7/8 primers. Exon 1 is amplifi ed 
separately, requiring a separate primer stock solution of 10 μM 
for primers pE1 and    pE2 each.   

   10.    FailSafe PCR 2× Premix A (FSP995A, Epicentre Technologies, 
Madison, WI).   

   11.    FailSafe PCR Enzyme mix (containing Taq polymerase at 
2.5 U/μL, FS99250, Epicentre).   

   12.    1:37.5 bis/acrylamide stock solution: Dissolve 1.0 g bis and 
37.5 g acrylamide in a fi nal 100 mL volume with deionized water.   
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   13.    1:19 bis/acrylamide stock solution: Dissolve 1.0 g bis and 
19.0 g acrylamide in a fi nal 100 mL volume with deionized 
water.   

   14.    Vertical gel electrophoresis apparatus: Gel boxes, plates, and 
accessories for a 20 cm wide × 16 cm high gel (Gibco BRL).   

   15.    Power source (e.g., Pharmacia LKB ECPS 3000/150, 
Amersham BioSciences, Piscataway, NJ).       

3     Methods 

       1.    If beginning with frozen aliquots of cells from −80 °C freezer, 
thaw the cells on ice in an ice bucket for 30 min. Remove one 
aliquot of each clone (consisting of 2 × 10 4  cells in serum-free 
medium containing 10 % DMSO in a microcentrifuge tube).   

   2.    Microcentrifuge at 8,800 × g (Eppendorf centrifuge placed 
inside a +4 °C standing refrigerator or a cold room) for 5 min. 
Remove and discard medium containing DMSO.   

   3.    Wash pellet gently with 50 μL cold PBS and microcentrifuge at 
8,800 × g for 2 min.   

   4.    Remove PBS completely, add 5 μL of cDNA synthesis buffer, 
and incubate at 42 °C for 60 min.   

   5.    Heat at 95 °C for 5 min in thermocycler to inactivate reverse 
transcriptase enzyme and denature the cDNA–mRNA duplex. 
Cool down to 22 °C, and microcentrifuge at high speed for 2 s.      

      1.    For each cDNA, prepare a 0.5 mL PCR tube with 2.5 μL 10× 
PCR buffer, 0.5 μL 25 mM dNTPs, 0.5 μL each of primers P1 
and P2 (fi nal concentration 0.2 μM), 0.3 μL Taq enzyme 
(1.5 U), and 18.2 μL RNase- and DNase-free water.   

   2.    To each tube add 2.5 μL of the appropriate cDNA from 
Subheading  3.1  and mix. Microcentrifuge each tube for 2 s at 
high speed, and cover each PCR solution with mineral oil.   

   3.    Amplify the samples in a thermocycler using a temperature 
profi le of 94 °C/1 min + 55 °C/45 s + 72 °C/2 min for 25 
cycles, and then extend at 72 °C for 7 min.   

   4.    For the second round of amplifi cation, for each cDNA, pre-
pare a 0.5 mL PCR tube with 2.5 μL 10× PCR buffer, 0.5 μL 
25 mM dNTPs, 0.5 μL each of primers P3 and P4 (fi nal 2 μM), 
0.3 μL Taq enzyme (1.5 U), and 19.7 μL RNase- and DNase-
free water.   

   5.    To each tube add 1 μL of the appropriate fi rst-round PCR 
product from     step 3 . Mix and microcentrifuge each tube for 
2 s at high speed. Cover each reaction mix with mineral oil.   

3.1  cDNA Synthesis

3.2  Nested PCR 
Amplifi cation of the 
HPRT cDNA
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   6.    Amplify the samples in a thermocycler using a temperature 
profi le of 94 °C/1 min + 55 °C/45 s + 72 °C/2 min for 25 
cycles, and then extend at 72 °C for 7 min.   

   7.    Check the product in a 6 % polyacrylamide gel run at 300 V 
for 1.5 h. 
 Possible results: (a) No product—indicative of deletion, 
 transcription mutation, or splicing mutation resulting in unsta-
ble mRNA; (b) full-length product (~780 bp)—indicative of 
point mutation and small insertion/deletion (1–10 bases); (c) 
reduced size product—indicative of intragenic deletion, splicing 
mutation (specifi c exon skipping), or frameshift mutation result-
ing in premature termination; and (d) in rare cases, increased size 
product—indicative of insertion of sequence.   

   8.    Purify the amplifi ed cDNA products by separation on a 6 % 
polyacrylamide gel electrophoresis and DNA fragment isola-
tion from the gel.   

   9.    Sequence with primers P3 and/or P4, using an ABI automated 
sequencing machine.      

  Clones with results from the cDNA analysis consistent with 
genomic deletion (absence of an amplifi ed cDNA or presence of a 
shorter than expected cDNA) can be further characterized to 
potentially identify the deleted genomic sequence, using a multi- 
exon PCR.

    1.    If beginning with frozen aliquots of cells, remove one aliquot 
of each clone (consisting of 10 4  cells in serum-free medium 
containing 10 % DMSO in a microcentrifuge tube) from 
−80 °C freezer and thaw on ice.   

   2.    Microcentrifuge at 8,800 × g for 5 min. Remove and discard 
medium containing DMSO.   

   3.    Wash pellet gently with cold 50 μL PBS and microcentrifuge at 
8,800 × g for 2 min.   

   4.    Remove PBS, add 50 μL of lysis buffer, and incubate at 56 °C 
for at least 1 h.   

   5.    Heat at 96 °C for 10 min in thermocycler to inactivate proteinase 
K, and cool down to 22 °C. Spin for 2 s (Eppendorf centrifuge).   

   6.    For each sample, prepare a PCR tube with 2.5 μL primers mix, 
12.5 μL FailSafe PCR 2× Premix A, and 7.0 μL RNase- and 
DNase-free water.   

   7.    Add 2.5 μL crude DNA preparation (from  step 5 ).   
   8.    Add 0.5 μL FailSafe PCR Enzyme mix to each tube.   
   9.    Amplify the samples in a thermocycler using a temperature 

profi le of (94 °C/4 min) × 1 + (94 °C/30 s + 61 °C/50 s + 68 °
C/2 min) × 35 cycles, and then extend at 68 °C for 7 min.   

3.3  HPRT Gene 
Multi-Exon Analysis
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   10.    Analyze 5 μL of each amplifi ed product on a 6–8 % polyacryl-
amide gel.   

   11.    Exon 1 is amplifi ed in a separate reaction, using  steps 1 – 10  
above, except that 0.5 μM each of primers pE1 and pE2 are 
used in  step 6  ( see   Note 3 ).   

   12.    Perform interpretation of gel ( see   Note 4 ).       

4    Notes 

     1.    A specifi c type of intragenic deletion involving loss of exons 2 
and 3 has been shown to occur through the action of the V(D)
J recombinase enzyme at cryptic sites in the second and fourth 
introns of the  HPRT  gene [ 48 ,  49 ]. Although these mutations 
can be traced to a specifi c mechanism, “illegitimate” recombi-
nation, this mechanism only occurs during the development of 
the immune system, so it is restricted to T and B cells. If the 
 HPRT  gene is being used as a surrogate for mutation in another 
tissue, these recombination-generated mutations are not only 
irrelevant, but they are also misleading, because they artifi cially 
infl ate the mutation frequency (although they should be 
 relevant to leukemia and lymphoma, where much of the carci-
nogenic process occurs via this mechanism [ 50 ]). These 
recombination-derived deletions can now be enumerated 
directly ( 51 ,  see  Chapter   24    ) and should be accounted for in 
the compilation of any  HPRT  mutational spectrum generated 
in T lymphocytes.   

   2.    Another way in which molecular analysis can affect the mutation 
frequency is by determining how many times a single mutant 
clone is represented in a sample population (in general, such 
duplication is a negligible contributor to mutation  frequency 
[ 21 ,  52 ], although in rare cases it can have an important effect 
[ 53 ]). Since each rearrangement of the T cell receptor locus is 
unique, molecular analysis of this locus can identify multiple 
mutants derived from the same initial event [ 54 ,  55 ].   

   3.    The concentrations of primers in the 10× mixed primer stock 
are those that allowed simultaneous PCR amplifi cation of frag-
ments corresponding to each of exons 2–9, under the reaction 
mixture and conditions provided, as revealed by the detection 
of these fragments by polyacrylamide gel electrophoresis analy-
sis. The source of primers, the preparation of each primer stock 
and of mixed primer stock, as well as the PCR mixture and 
reaction conditions have been found to affect the effi ciency of 
amplifi cation of some fragments. Therefore, the concentration 
of primers in the mixed primer stock may need to be readjusted 
for some exons in order to obtain an effi cient amplifi cation. 
Exon 1 is very rich in G/C bases and proves to be very diffi cult 
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to be amplifi ed by the multi-exon PCR method. This exon is 
thus amplifi ed separately from the other exons.   

   4.    A shortened cDNA corresponding to specifi c loss of exons 2 
and 3 and/or inability to amplify only these two exons is highly 
indicative of a mutation caused by illegitimate V(D)J recombi-
nation ( see   Note 1 ). A protocol for confi rming this mechanism 
of specifi c deletion by direct PCR amplifi cation through the 
characteristic deletion breakpoint is given in Chapter   24    .         
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    Chapter 24   

 Simultaneous Quantifi cation of t(14;18) and  HPRT  
Exon 2/3 Deletions in Human Lymphocytes 

           James     C.     Fuscoe    

    Abstract 

   Specifi c recurring chromosomal translocations and deletions are found in a variety of cancers. In hematopoietic 
malignancies, many of these chromosomal aberrations result from mistakes involving V(D)J recombina-
tion. V(D)J recombination is required for the formation of functional T-cell receptor genes in T-cells and 
antibody genes in B-cells. This is an inherently dangerous process, however, because double-strand breaks 
are introduced into the chromosomes. Molecular evidence indicates that failure of the fi delity of this pro-
cess results in the activation of proto-oncogenes or the inactivation of tumor-suppressor genes. Here we 
describe sensitive, quantitative PCR assays for the measurement of such events in human lymphocytes. 
One assay measures the frequency of t(14;18) translocations that result in the dysfunctional regulation of 
the anti-apoptotic gene  BCL - 2 . The other assay measures the frequency of a deletion caused by illegitimate 
V(D)J recombination in the X-linked  HPRT  gene. The fi ndings and conclusions presented in this article 
are the author’s and do not necessarily refl ect those of the Food and Drug Administration.  

  Key words     Translocation  ,   Deletion  ,   Lymphocytes  ,   V(D)J recombination  ,   Illegitimate V(D)J recom-
bination  ,    HPRT  deletions  ,   t(14;18) translocation  ,   Quantitative PCR assay Poisson statistics  ,   Human  , 
  Cancer  ,   Biomarker  

1      Introduction 

 A t(14;18) chromosomal translocation is found in approximately 
85 % of follicular lymphomas by both cytogenetic and molecular 
analyses [ 1 ,  2 ]. This rearrangement deregulates expression of the 
 BCL - 2  oncogene by juxtaposition into the  Ig  heavy-chain locus [ 3 ] 
and is probably mediated by illegitimate V(D)J recombination. 
Sensitive polymerase chain reaction (PCR)-based assays have been 
developed for the detection of this translocation in peripheral 
blood lymphocytes (PBLs) [ 4 – 10 ]. Interestingly, the t(14;18) can 
be detected at low levels in almost all healthy individuals [ 10 ]. 

 A characteristic deletion of exons 2 and 3 of the X-linked hypo-
xanthine-guanine phosphoribosyltransferase ( HPRT ) gene is also 
mediated by illegitimate V(D)J recombination. This deletion was 
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fi rst discovered in cord blood lymphocytes [ 11 ] and was subse-
quently found in adults [ 12 ]. A quantitative PCR assay was devel-
oped to measure the frequency of this deletion in PBLs of humans, 
in which it was found to range from <1.3 × 10 −7  to 4.1 × 10 −7  [ 13 ]. 
We have also shown that this V(D)J recombinase- mediated deletion 
can be induced in vitro by the chemotherapy drug etoposide [ 14 ] 
and that prolonged dosage schedules may reduce the recombino-
genic properties of etoposide while maintaining its clinically impor-
tant cytotoxicity [ 15 ]. In addition, a human lymphoid leukemia cell 
line has been isolated as part of these studies that contains a V(D)J 
recombinase-mediated  HPRT  exon 2/3 deletion [ 16 ]. 

 Recently, we have developed a quantitative nested PCR method 
for simultaneous detection of these two events in human PBLs 
[ 17 ]. We have used the assay to quantify these mutations in healthy 
adults and newborns [ 18 ] as well as in children treated with 
etoposide- containing antileukemic therapy [ 17 ]. Briefl y, genomic 
DNA is purifi ed from PBLs, and 2.5 μg (representing approxi-
mately 4 × 10 5  cells) are amplifi ed with both translocation-specifi c 
and deletion-specifi c primers under conditions in which a single 
copy of either mutant DNA, if present, will give a detectable PCR 
product. Multiple replicates are analyzed for each individual, and 
Poisson statistics are then used to estimate the translocation and 
deletion mutant frequency. The purpose of this assay, therefore, is 
to quantify the frequency of lymphocytes containing t(14;18) or 
deletion of exons 2 + 3 in the human  HPRT  gene.  

2    Materials 

      1.    Heparinized blood collection tubes (VWR, West Chester, PA).   
   2.    Approximately 50 mL Hank’s phosphate buffered saline (PBS; 

Life Technologies, Rockville, MD) or equivalent.   
   3.    50-mL Centrifuge tubes (e.g., Falcon, BD Biosciences, Franklin 

Lakes, NJ).   
   4.    10-mL Pipets.   
   5.    Approximately 60 mL Histopaque-1077 (Sigma, St. Louis, 

MO) or Ficoll-Paque (Amersham Biosciences, Piscataway, NJ).   
   6.    Benchtop centrifuge (e.g., Thermo IEC HN-SII, Fisher 

Scientifi c, Pittsburgh, PA).   
   7.    Approximately 250 mL Tris-buffered saline (TBS): 140 mM 

NaCl, 5 mM KCl, 25 mM Tris–HCl, pH 7.4 (Sigma). Dissolve 
8.0 g NaCl, 380 mg KCl, and 3.0 g Tris base in 800 mL water. 
Adjust pH with HCl. Bring to 1 L, and then autoclave.      

      1.    Benchtop centrifuge (e.g., Thermo IEC HN-SII, Fisher) or 
microcentrifuge (e.g., Eppendorf, Fisher).   

   2.    Hank’s PBS (Life Technologies) or equivalent (~5 mL).   

2.1  Lymphocyte 
Isolation

2.2  DNA Isolation 
( See   Note 1 )
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   3.    Approximately 1 mL TEN: 10 mM Tris–HCl, pH 7.8, 25 mM 
EDTA, 150 mM NaCl (Sigma).   

   4.    Approximately 1 mL PSE: 1 mg/mL proteinase K (Life 
Technologies) in 3 % sarcosyl, 50 mM EDTA, pH 8 (Sigma).   

   5.    21-gauge Needle and syringe.   
   6.    55 °C Water bath or incubator.   
   7.    RNase (Sigma): 10 μg/μL (<1 mL).   
   8.    Proteinase K (Life Technologies): 20 μg/μL (<1 mL).   
   9.    Approximately 5 mL Phenol/chloroform/isoamyl alcohol 

(PCI), 25:24:1 (Amresco, Solon, OH).   
   10.    Dialysis tubing.   
   11.    Approximately 7 L TE: 10 mM Tris–HCl, pH 8.0, 1 mM 

EDTA (Sigma).      

      1.    10× PCR buffer: 100 mM Tris–HCl, pH 8.3, 500 mM KCl, 
15 mM MgCl 2 , 0.01 % gelatin (all molecular biology grade 
from Sigma).   

   2.    dNTPs: 25 mM dATP, 25 mM dCTP, 25 mM dGTP, 25 mM 
dTTP (Promega, Madison, WI).   

   3.    Primers:
   (a)    Primer A262: 5′-AGA AGT GAC ATC TTC AGC AAA 

TAA AC-3′ ( BCL - 2  gene) [ 9 ].   
  (b)    Primer A263: 5′-ACC TGA GGA GAC GGT GAC C-3′ 

(IgH J-region consensus primer) [ 9 ].   
  (c)    Primer A277: 5′-CCG AGG GCA GAT TCG GGA ATG- 

3′ (human  HPRT  intron 1, nucleotides 2013→2033; 
GenBank accession number M26434) [ 19 ].   

  (d)    Primer A279: 5′-CTA CTG CCC TCT TAC ATG AGA CA
C-3′ (human  HPRT  intron 3, nucleotides 22718→22741; 
GenBank accession number M26434) [ 19 ].       

   4.    Master Mix I: 1× PCR buffer, 0.2 μM primer A277, 0.2 μM 
primer A279, 0.2 μM primer A262, 0.2 μM primer A263, 
0.2 mM dNTPs.   

   5.    PCR tubes ( see   Note 3 ).   
   6.    Placental DNA (500 μg/mL; Sigma).   
   7.    LRD2401-1 plasmid cleaved with  Bam HI (plasmid containing 

a cloned  HPRT  exon 2 + 3 deletion junction for use as a posi-
tive control; 1 molecule/μL; available from Dr. James C. 
Fuscoe, National Center for Toxicological Research, HFT- 
130, Jefferson, AR 72079).   

   8.    SU-DHL-4 cells (human cell line that contains the t(14;18) 
chromosome) (DSMZ—Deutsche Sammlung von Mikro-
organismen und Zellkulturen GmbH, Inhoffenstraße 7 B, 

2.3  PCR Assay 
( See   Note 2 )

Quantifi cation of Aberrant Recombination
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38124 Braunschweig, Germany). Extract DNA as above or by 
any standardized protocol.   

   9.    Thermocycler (e.g., PTC-100 thermal cycler, MJ Research, 
Waltham, MA).   

   10.    Taq polymerase (Promega, Applied Biosystems, Foster City, 
CA).   

   11.    Primers:
   (a)    Primer A276: 5′-TCG GGA GAG GCC CTT CCC TGG- 

3′ (internal human  HPRT  intron 1, nucleotides 2064→
2084; GenBank accession number M26434) [ 19 ].   

  (b)    Primer A278: 5′-CTATGTGAGTTGAGGGATACG-3′ 
(internal human  HPRT  intron 3 primer, nucleotides 
22492→22512; GenBank accession number M26434) [ 19 ].   

  (c)    Primer A264: 5′-ACA TTG ATG GAA TAA CTC TGT 
GG-3′ (internal  BCL - 2  gene) [ 9 ].   

  (d)    Primer A265: 5′-CAG GGT CCC TTG GCC CCA G-3′ 
(internal IgH J-region consensus primer) [ 8 ].       

   12.    10× Gel loading dye: 25 % Ficoll (molecular weight approxi-
mately 400,000; Sigma), 0.05 % xylene cyanol FF (Sigma; 
 see   Note 4 ).   

   13.    Master Mix II: 1× PCR buffer, 2 mM MgCl 2 , 0.02 μM primer 
A276, 0.2 μM primer A278, 0.2 μM primer A264, 0.2 μM 
primer A265, 1× gel loading dye, 0.2 mM dNTPs, 50 U/mL 
Taq polymerase. The total MgCl 2  concentration is 3.5 mM.   

   14.    10× TBE: 0.89 M Tris–borate, 0.02 M EDTA, pH 8.3, 
 prepared by dissolving 108 g Tris base and 55 g boric acid in 
900 mL water, add 40 mL 0.5 M EDTA, pH 8.0, and then 
bring to 1 L with water. Autoclave and store at room 
temperature.   

   15.    Agarose (BioRad, Hercules, CA, or BRL, Life Technologies).   
   16.    Gel electrophoresis equipment (e.g., Mini-sub GT electropho-

resis cell, BioRad).       

3    Methods 

      1.    Collect 48 mL of blood in heparinized tubes.   
   2.    Dilute blood up to 2× with Hank’s PBS to get a multiple of 

24 mL (e.g., 96 mL if starting with 48 mL blood). Mix well by 
inversion.   

   3.    Put 18 mL of Histopaque or Ficoll-Paque into each of the four 
50-mL centrifuge tubes.   

   4.    Invert blood mixture again and very slowly pipet 24 mL onto 
Histopaque so that it does not mix with the Histopaque layer.   

3.1  Lymphocyte 
Isolation ( See   Note 5 )
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   5.    Centrifuge at 350 ×  g  in benchtop centrifuge at room 
 temperature for 30 min.   

   6.    Remove and discard top serum layer down to lymphocyte layer 
using a 10-mL pipet.   

   7.    Remove lymphocyte layers, and put each into a separate 50-mL 
centrifuge tube. Fill each tube to 50 mL with TBS.   

   8.    Centrifuge tubes at 350 ×  g  in benchtop centrifuge at room 
temperature for 30 min.   

   9.    Discard supernatant.   
   10.    Suspend cell pellets in 2 mL TBS and combine into one 50-mL 

tube.   
   11.    Centrifuge tubes at 350 ×  g  in benchtop centrifuge at room 

temperature for 30 min.   
   12.    Resuspend cell pellet in 1 mL TBS.      

      1.    Pellet cells in centrifuge (~1,000 rpm, 10 min in benchtop 
centrifuge or 10 s in microcentrifuge), and then discard 
supernatant.   

   2.    Wash cells with 1–2 mL Hank’s PBS or equivalent (resuspend 
by swirling, and pellet as above).   

   3.    For cells isolated from 48 mL of blood, resuspend cells in 
400 μL TEN (scale down for smaller starting volumes). Add 
400 μL of PSE and incubate at 55 °C overnight ( see   Note 6 ).   

   4.    Shear DNA through 21-gauge needle fi ve times.   
   5.    Add RNase to 150 μg/mL (12 μL of 10 μg/μL). Incubate at 

55 °C for >1 h.   
   6.    Add proteinase K to 250 μg/mL (10 μL of 20 μg/μL). 

Incubate at 55 °C for >1 h.   
   7.    Extract with equal-volume PCI for 1 h at room temperature.   
   8.    Centrifuge for 10 min in benchtop centrifuge.   
   9.    Remove upper aqueous layer to a new tube.   
   10.    Repeat the extraction steps two more times ( steps 8 – 10 ).   
   11.    Dialyze overnight against 3.5 L TE, changing dialysis buffer 

once.      

        1.    Set up the following primary PCR reactions: 15 μL Master Mix 
I, 2.5 μg lymphocyte DNA, and water to 47.5 μL in PCR tubes 
( see   Notes 8  and  9 ).   

   2.    Set up the following controls:
   (a)    Negative control: 15 μL Master Mix I, 5 μL placental 

DNA (500 μg/mL), and water to 47.5 μL.   

3.2  DNA Isolation

3.3  PCR Assay 
( See   Note 7 )

Quantifi cation of Aberrant Recombination
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  (b)    Positive control: 15 μL Master Mix I, 5 μL placental DNA 
(500 μg/mL), 5 μL LRD240-1 linearized with  Bam HI 
(1 molecule/μL), 3 μL SU-DHL-4 DNA (10 pg/μL), 
and water to 47.5 μL ( see   Note 10 ).       

   3.    Place samples in a PCR thermocycler equipped with a heated 
lid. Incubate at 80 °C for >3 min, and then add 2.5 μL Taq 
polymerase to the tube without removing it from the thermo-
cycler (Taq polymerase stock is diluted to 1 U/μL with sterile 
water, mixed vigorously, and centrifuged in a microcentrifuge 
at top speed for 10 s immediately prior to use).   

   4.    Incubate at 94 °C for 4 min.   
   5.    Cycle 40 times at 94 °C for 1 min, 60 °C for 1 min, and 72 °C 

for 1 min.   
   6.    At completion of cycling, incubate for 5 min at 72 °C.   
   7.    Set up the following secondary PCR reactions: 48.5 μL Master 

Mix II and 0.5 μL Taq polymerase (5 U/μL). Scale up the 
volume of this mixture for the desired number of reactions and 
then aliquot 49 μL into pre-labeled PCR tubes ( see   Note 11 ).   

   8.    Add 1 μL of primary PCR reaction product to the reaction 
tubes.   

   9.    Use the following temperature profi le, and add tubes to the 
PCR thermocycler  after the instrument reaches  94 °C: 94 °C 
for 4 min; 20× (94 °C for 1 min, 60 °C for 1 min, 72 °C for 
1 min); and 72 °C for 5 min.   

   10.    Electrophorese 20 μL of secondary PCR product on either a 
2 % agarose (BioRad Molecular Biology Grade) or a 1.7 % 
agarose (BRL)/0.5× TBE gel. PCR fragments (typically 300–
1,000 bp) indicate the presence of the t(14;18) junction 
fragment or the  HPRT  exon 2/3 deletion junctions.      

      1.    For each PCR that produced a fragment, set up a pair of new 
PCRs for determining whether the fragments are truly repre-
sentative of the t(14;18) or the  HPRT  exon 2/3 deletions.   

   2.    t(14;18) confi rmation PCR: 1× PCR buffer, 0.2 μM primer 
A264, 0.2 μM primer A265, 2 mM MgCl 2 , 0.2 mM dNTPs, 
1× gel loading dye, 2.5 U Taq polymerase, and 1 μL of primary 
PCR product.   

   3.     HPRT  exon 2/3 deletion confi rmation PCR: 1× PCR buffer, 
0.02 μM primer A276, 0.2 μM primer A278, 2 μM MgCl 2 , 
0.2 mM dNTPs, 1× gel loading dye, 2.5 U Taq polymerase, 
and 1 μL of primary PCR product.   

   4.    Use the following temperature profi le, and add tubes to the 
PCR thermocycler  after the instrument reaches  94 °C: 94 °C 
for 4 min; 20× (94 °C for 1 min, 60 °C for 1 min, 72 °C for 
1 min); and 72 °C for 5 min.   

3.4  Confi rmation 
of t(14;18) or  HPRT  
Exon 2/3 Deletion

James C. Fuscoe
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   5.    Electrophorese 20 μL of secondary PCR product on 2 % 
agarose (BioRad Molecular Biology Grade) or 1.7 % agarose 
(BRL)/0.5× TBE gels. A fragment in the t(14;18) confi rma-
tion reaction indicates that the original sample contained a 
t(14;18). A fragment in the  HPRT  exon 2/3 deletion confi r-
mation reaction indicates that the original sample contained an 
 HPRT  exon 2/3 deletion.   

   6.    Calculate the frequency of lymphocytes containing t(14;18) or 
 HPRT  exon 2/3 deletion ( see   Note 12 ).       

4    Notes 

     1.    PSE, 10 mg/mL RNase, and 20 mg/mL proteinase K can be 
stored at −20 °C for at least 1 year with no signifi cant loss of 
activity. All water used in this protocol should be of the highest 
quality (i.e., deionized, sterile, and DNase-free).   

   2.    10× PCR buffer, gel loading buffer, and genomic DNAs can be 
stored at 4 °C for at least 1 year. Primers, dNTPs, and Master 
Mix I and II can be stored at −20 °C for at least 2 years without 
signifi cant degradation. The LRD240-1 plasmid DNA can be 
purifi ed with the Qiagen Plasmid Purifi cation Kit (or equiva-
lent) and then cleaved with  Bam HI under the supplier’s recom-
mended conditions. The cleaved plasmid is then quantifi ed by 
absorbance at 260 nm (1  A  260  absorbance unit through a 1-cm 
cuvette is a DNA concentration of 50 μg/mL). The DNA is 
diluted in TE containing 1 ng/μL placental DNA to a fi nal 
concentration of 1 molecule/μL. The diluted LRD240-1 DNA 
is stored at −80 °C. It is stable under these conditions for at 
least 1 year. The dilute plasmid will degrade if stored in sterile 
water or in TE without the small amount of carrier DNA pres-
ent, even when stored at −80 °C. The LRD240-1 plasmid is 
composed of the pCRII cloning vector (Invitrogen, Carlsbad, 
CA) containing an amplifi ed  HPRT  exon 2/3 deletion region 
isolated from newborn MM30M9 [ 11 ] in the TA cloning site. 
The recombinant plasmid (LRD240-1) is 4,802 base pairs and 
has a molecular weight of 3.05 × 10 6  Da.   

   3.    Most of our experience has been with 0.5-mL PCR tubes, but 
0.2-mL tubes and 96-well plates work as well.   

   4.    Xylene cyanol FF purchased from another manufacturer inhib-
ited the PCR reactions.   

   5.    Other standard lymphocyte isolation procedures will also work. 
After resuspension of the combined cell pellet, the cells can be 
preserved for later processing of DNA by adding DMSO to 
8 %, mixing well, and then placing at −80 °C. The DNA is 
stable under these conditions for at least 1 year.   

Quantifi cation of Aberrant Recombination
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   6.    At this point, the DNA from the lysed cells is stabilized and can 
be stored at room temperature for at least a week. It is also a 
convenient form to ship the samples to another site for later 
processing and analysis, if required.   

   7.    The biggest potential problem in this assay is cross- contamination 
of the primary PCRs (or the reaction components, including the 
sample lymphocyte DNAs) with amplifi ed t(14;18)-containing 
or  HPRT  exon 2/3-containing DNA. The assay is designed to 
detect a single molecule, so it is imperative to take extraordinary 
precautions to prevent possible contamination. The threat of 
contamination is evident when one considers that after the sec-
ondary amplifi cation reaction, there are greater than 10 11  mol-
ecules in the reaction tube. Even the act of opening the reaction 
tube may create enough of an aerosol to be a signifi cant source 
of contamination. For this reason, it is important to physically 
isolate all preamplifi cation materials (including racks, pipets, lab 
coats, gloves, and other materials) from the assembly of the sec-
ondary reactions and the subsequent gel analysis. Separate pipets 
and pipet tips with barrier fi lters should be used for setting up all 
primary and secondary PCRs.   

   8.    Under these conditions, the maximum amount of DNA in the 
primary PCR should be no greater than 2.5 μg, which repre-
sents 4 × 10 5  cells. Greater amounts of DNA have given unreli-
able results.   

   9.    Scale up for the number of desired reactions, and place 47.5 μL 
into pre-labeled PCR tubes. Forming master mixes of common 
reaction components will aid in the reproducibility of the assay.   

   10.    It is important to include multiple negative controls in each 
experiment to guard against contamination with t(14;18) and 
 HPRT  exon 2/3 deletion DNA. The negative control should 
include all reaction components with placental DNA substi-
tuted for the purifi ed genomic DNA. It is also important to 
verify that all sample DNAs will support the PCR reactions and do 
not contain an inhibitor. A PCR should be set up with each new 
sample as follows: 2.5 μg sample DNA, 15 μL Master Mix I, 
5 μL LRD240-1 cleaved with  Bam HI (1 molecule/μL), 3 μL 
SU-DHL-4 DNA (10 pg/μL), and water to 47.5 μL as 
described in Subheading  3.3 ,  steps 1 – 6 . The secondary PCR 
should be set up as described in Subheading  3.3 ,  steps 7 – 10 . 
The t(14;18) forms a 286 bp primary PCR product, and the 
 HPRT  exon 2/3 deletion forms a 396 bp product.   

   11.    To help keep track of primary and secondary PCRs, it is con-
venient to label primary PCRs numerically (e.g., 1–32) and 
then label secondary PCRs A1–A32.   

   12.    t(14;18) frequency is calculated by use of the Poisson relationship, 
 P  0  = e − x  , where  P  0  is the fraction of PCR reactions without 
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t(14;18) chromosomes and  x  is the average number of cells 
(represented by purifi ed DNA) per PCR reaction. Thus, the 
t(14;18) frequency = −ln  P  0 / x . There are approximately 6 pg 
of DNA per human cell, so 2.5 μg human DNA = 400,000 
cells. An example: 31 PCR reactions were set up, with each 
containing 2.5 μg (400,000 cells) of lymphocyte DNA. Four 
of the reactions contained t(14;18) chromosomes. Therefore, 
27 reactions (31 − 4) did not contain t(14;18) chromosomes. 
The frequency of t(14;18)-containing cells is then calculated as 
−ln (27/31)/400,000 = 3.5 × 10 −7 .         
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    Chapter 25   

 Mutation Screening of the  TP53  Gene by Temporal 
Temperature Gel Electrophoresis (TTGE   ) 

           Therese     Sørlie     ,     Hilde     Johnsen    ,     Phuong     Vu    ,     Guro     Elisabeth     Lind    , 
    Ragnhild     Lothe    , and     Anne-Lise     Børresen-Dale   

    Abstract 

   A protocol for detection of mutations in the  TP53  gene using temporal temperature gradient electrophoresis 
(TTGE) is described. TTGE is a mutation detection technique that separates DNA fragments differing by 
single base pairs according to their melting properties in a denaturing gel. It is based on constant  denaturing 
conditions in the gel combined with a temperature gradient during the electrophoretic run. This method 
combines some of the advantages of the related techniques, denaturing gradient gel electrophoresis 
and constant denaturant gel electrophoresis, and eliminates some of the problems. The result is a rapid and 
sensitive screening technique which is robust and easily set up in smaller laboratory environments.  

  Key words      TP53   ,   TTGE  ,   DGGE  ,   CDGE  ,   Mutation screening  

1      Introduction 

 The tumor-suppressor protein TP53 is a central regulator of the 
cell cycle, and mutations in the  TP53  gene are found in almost all 
types of human cancer with a frequency ranging from 20 to 60 % 
(  http://www.iarc.fr/P53/    ) [ 1 – 3 ]. Our increasing knowledge 
about how different  TP53  mutations have arisen, and how they 
impair the function of the protein and alter the many p53 pathways 
[ 4 ], makes it a suitable molecular marker for (1) exposure to 
 various DNA insults; (2) prognosis evaluation; (3) prediction of 
response to therapy; and (4) molecular targeting for therapy [ 5 – 8 ]. 
Reported frequencies of mutations have been dependent on sev-
eral factors, such as population differences in exposure risks and 
susceptibility, and type and stage of tumors analyzed, but also on 
the sensitivity and specifi city of the method used for detection of 
mutations. Although the majority of  TP53  mutations are located in the 
most conserved region of the gene, exons 5–8, sequence alterations, 
especially small deletions and insertions, are found outside this region. 

http://www.iarc.fr/P53/
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A precise knowledge of the complete  TP53  mutation spectrum, 
including the nature and location of the different sequence changes, 
can provide insight into the different processes (exogenous and 
endogenous factors) that cause these mutations [ 6 ]. This informa-
tion is essential if it is to be used in the evaluation of tumor aggres-
siveness and therapeutic response [ 9 – 13 ]. 

 In addition to direct sequencing, a variety of screening  methods 
are currently in use to detect mutations in the  TP53  gene. Major 
techniques include single-stranded conformation polymorphism 
(SSCP) analysis [ 14 ,  15 ], denaturing gradient gel electrophoresis 
(DGGE) [ 16 ], constant denaturant gel electrophoresis (CDGE) 
[ 17 ,  18 ], constant denaturant capillary electrophoresis (CDCE) 
[ 19 ,  20 ], and dideoxy fi ngerprinting (ddF) [ 21 ]. These gene scan-
ning techniques are followed by sequencing of the region of inter-
est to determine the exact nature of the mutation. 

 Temporal temperature gel electrophoresis (TTGE) is an improved 
mutation screening technique, which combines the maximized sepa-
ration that is achieved by the calculated constant denaturant in CDGE 
with a temporal temperature gradient [ 22 ,  23 ]. DNA fragments melt 
in a sequence-specifi c manner under denaturing conditions during 
polyacrylamide gel electrophoresis, resulting in abrupt stepwise 
decreases in mobility. By using a constant denaturant corresponding 
to the specifi c melting domains, the fragments migrate with a consis-
tently different mobility through the gel. In TTGE, the separation of 
fragments differing by as little as 1 bp is enhanced by the addition 
of a second denaturing condition provided by the temperature gradi-
ent. The temperature is gradually and uniformly increased during 
electrophoresis, resulting in a linear temperature gradient over time 
[ 24 ,  25 ]. This provides TTGE with an advantage over CDGE for 
fragments with a short time interval for the transition from double-
stranded DNA to complete denaturation to single-stranded structures. 
In TTGE, the denaturing conditions span a wider range, making this 
system more fl exible than CDGE and DGGE with respect to time 
and denaturing conditions. Consequently, this allows fragments with 
different melting profi les to be analyzed on the same gel ( see   Note 1 ). 
TTGE also shows an increased sensitivity for the detection of mutant 
cells in a wild-type background ( see   Note 2 ). In this chapter, we pres-
ent a protocol for mutation screening of the  TP53  gene, including 
exon/intron boundaries, using TTGE. This protocol should be 
adaptable to the mutational screening of other human genes whose 
sequence is known.  

2    Materials 

      1.    Oligo primer analysis program (National Biosciences, 
Plymouth, MN).   

   2.    MacMelt or WinMelt program (MedProbe A/S, Oslo, Norway).      

2.1  Primer Design 
and Optimization of 
Melting Profi les

Therese Sørlie et al.
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      1.    5 U/μL AmpliTaq DNA polymerase (PE Biosystems, Foster 
City, CA).   

   2.    10× Polymerase chain reaction (PCR) buffer: 500 mM KCl, 
100 mM Tris–HCl, pH 8.3 (supplied with AmpliTaq enzyme).   

   3.    25 mM MgCl 2  (supplied with enzyme).   
   4.    10 mM dNTPs.   
   5.    100–200 ng/μL Genomic DNA ( see   Note 3 ).   
   6.    Primers (prepared as a stock solution in distilled water, stored 

at −20 °C).   
   7.    Distilled water.   
   8.    Thin-walled 0.2-mL PCR tubes.   
   9.    Mastercycler (Eppendorf, Hamburg, Germany).      

       1.    40 % polyacrylamide/bis, 37.5:1 (Bio-Rad, Hercules, CA).   
   2.    1.25× and 1.75× TAE, both prepared from a 50× stock  solution 

(2 M Tris–acetate, 50 mM EDTA, pH 8.0).   
   3.    Urea.   
   4.    Formamide.   
   5.    Ammonium persulfate (APS).   
   6.        N , N , N ′, N ′-tetramethyl-ethylenediamine (TEMED; Bio-Rad).      

      1.    DCode™ Universal Mutation Detection System (Bio-Rad).   
   2.    16 × 16-cm Glass plates, with 1-mm spacers.   
   3.    Loading buffer: 0.1 % bromophenol blue, 20 % Ficoll 400, 

1× TAE.   
   4.    1×, 1.25×, and 1.75× TAE, freshly prepared from 50× stock 

( see  Subheading  2.3 ,  item 2 ).   
   5.    SYBR Green I (FMC BioProducts, Rockland, ME).   
   6.    UV transilluminator (e.g., Fotodyne, Hartland, WI).       

3    Methods 

      1.    Design primers with minimal secondary structures and  minimal 
ability to form dimers ( see   Note 4 ). The sequences of a set of 
optimized primers for analysis of the TP53 gene are given in 
Table  1 .

       2.    Calculate theoretical melting profi les for each DNA fragment 
to be analyzed using the MacMelt or WinMelt programs 
(based on the melting algorithm from the Melt87 program 
developed by Lerman and Silverstein [ 26 ]) ( see   Note 4  and 
Fig.  1 ).

2.2   PCR

2.3  Preparation of 
Polyacrylamide Gels

2.4  Sample Loading, 
Electrophoresis, and 
Visualization of Bands

3.1  Primer Design 
and Optimization of 
Melting Profi les
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             1.    Amplify the 12 different DNA fragments representing exons 
2–11 according to the optimized conditions presented in 
Table  2 . Mix the components to the following fi nal concentra-
tions in a total volume of 25 μL: 50 mM KCl, 10 mM 
Tris–HCl, pH 8.3, 800 μM dNTPs, 0.65 U AmpliTaq DNA 
polymerase, approximately 50 ng of genomic DNA, and 
15 pmol of each primer. The concentration of MgCl 2  is given 
in Table  2 .

       2.    Incubate samples in a thermal cycler for 35 cycles at the tem-
peratures specifi ed in Table  2 . Initiate all PCR programs with a 
5-min denaturation step at 94 °C and terminate with an 8-min 
extension step at 72 °C. Generate heteroduplexes by denatur-
ing the completed PCR products at 94 °C for 30 s followed by 
a 30-min incubation at 65 °C ( see   Note 5 ).   

   3.    PCR products should be seen as high-quality single bands in 
each lane when analyzed by gel electrophoresis ( see   Note 6 ).      

      1.    Prepare stock solutions of 10 % polyacrylamide/bis with 70 % 
denaturant (147 g urea, 140 mL formamide, and 500 mL 
1.25× TAE) or with 7 M urea (210 g urea, 500 mL 1.75× 
TAE) ( see   Note 7  for fragment 4B).   

   2.    Fill the electrophoresis chamber with 1.25× TAE buffer and 
preheat to the appropriate temperature.   

3.2   PCR

3.3  Preparation of 
Polyacrylamide Gels

     Table 1  
  Primers for amplifi cation of the  TP53  gene a    

 Fragment  5′ primer sequence b   3′ primer sequence b   Fragment length (bp) 

 Exon 2  gatccccacttttcctc  GC cl1 -cctgcccttccaatgga  191 

 Exon 3  GC cl1 -catgggactgactttctgctc  ccccccagccctccaggt  135 

 Exon 4A  GC cl1 -gctggggggctgaggacc  gccgccggtg aaaa taggagctg  246 

 Exon 4B  ctccccgcg aaaaa tggcccctgc  GC cl1 -gatacggccaggcattgaagtc  260 

 Exon 5A  ctctgtctccttcctctt  GC cl1 -tgtgactgcttgtagatg  190 

 Exon 5B  GC cl1 -ttccacacccccgcccg  gccctgtcgtctctcca  181 

 Exon 6  GC cl1 -tctgattcctcactgatt  tcccagagaccccagttg  207 

 Exon 7  GC cl1 -gcctgtgttatctccta  cagggtggcaagtggct  191 

 Exon 8  cctcttgcttctcttttc  GC cl1 -ccaccgcttcttgtcctg  240 

 Exon 9  acctttccttgcctcttt  GC cl1 -tgataagaggtcccaaga  163 

 Exon 10  GC cl2 -tgtatatacttacttctccccctcc  aggggagtagggccaggaagg  212 

 Exon 11  ctccctgcttctgtctcc  GC cl1 -tcagtggggaacaagaag  172 

   a One of the primers in each pair has a GC clamp attached as indicated. Stretches of a’s in bold represent nucleotides 
added to the primers to lower the melting temperature of the corresponding fragment 
  b GC cl1  = cgcccgccgcgccccgcgcccgTcccgccgcccccgcccg (40-mer); GC cl2  = cccgccgcccgccgcTcgcccgccgcgccccgcgcccgTccc-
gccgcccccgcccg (56-mer)  
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     Fig. 1    Fifty percent melting probability curves for the 12 different  TP53  frag-
ments analyzed by TTGE.  Thick black bars  indicate the positions of the exons; 
 arrows  indicate the locations of the primers       
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   3.    Prepare 30-mL gel solution with the appropriate denaturing 
 concentration according to Table  2  ( see   Note 8  for fragment 4B).   

   4.    Add 116 μL APS and 48 μL TEMED per 30 mL of gel 
solution.   

   5.    Pour the gel according to the manual provided with the DCode 
system (Bio-Rad) and polymerize for about 60 min at room 
temperature.     

  Or:
    6.    Fill the electrophoresis chamber with 1.75× TAE buffer and 

preheat to the appropriate temperature.   
   7.    Add 116 μL APS and 48 μL TEMED to 30 mL of gel solution 

containing 7 M urea.   
   8.    Pour the gel and let polymerize for about 60 min.      

      1.    Prerun the gel for about 15 min in the warm buffer at 130 V.   
   2.    Mix 5 μL of the PCR product with 3 μL of loading buffer and 

load into the wells on the gel ( see   Note 1 ).   

3.4  Sample Loading, 
Electrophoresis, and 
Visualization of Bands

        Table 2  
  PCR and TTGE conditions for the various  TP53  fragments   

 PCR conditions a   TTGE conditions 

  TP53  fragment (exon)  MgCl 2  (mM)  Annealing temp (°C) 
 Denaturant 
concentration (%) b  

 Temperature 
range (°C) 

 2  1.5  57  45 (7 M)  60–65 (58–70) 

 3  1.0  59  45  60–65 

 4A  1.5  66  48  60–65 

 4B c   1.5  66  20–80  60 

 5A  1.5  58  45 (7 M)  60–65 (58–70) 

 5B  0.8  53  53 (7 M)  60–65 (58–70) 

 6  1.5  56  40 (7 M)  60–65 (58–70) 

 7  1.0  59  45 (7 M)  60–65 (58–70) 

 8  1.5  56  40 (7 M)  60–65 (58–70) 

 9  1.5  56  40 (7 M)  60–65 (58–70) 

 10  0.8  56  48  60–65 

 11  1.5  57  40 (7 M)  60–65 (58–70) 

   PCR  polymerase chain reaction,  TTGE  temporal temperature gel electrophoresis 
  a PCR programs: 94 °C for 5 min, 35 cycles of 94 °C for 30 s, annealing for 30 s, 72 °C for 30 s, followed by an exten-
sion for 8 min at 72 °C 
  b One hundred percent denaturant corresponds to 7 M urea and 40 % formamide 
  c Fragment 4B is analyzed in 6 % acrylamide DGGE (20–80 % denaturant) at 60 °C for 4 h ( see   Note 8 )  
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   3.    Run electrophoreses at 130 V in the appropriate buffer (1.25× 
or 1.75× TAE) with the temperature range indicated in Table  2  
( see  also  Notes 9  and  10 ).   

   4.    Stain gels in 1.25× TAE or 1.75× TAE containing 2 μL SYBR 
Green I for 3–5 min, and visualize the banding pattern on a 
UV transilluminator.       

4    Notes 

     1.    Fragments with similar melting profi les can be analyzed simul-
taneously, which is most useful in a diagnostic setting. For 
example, fragments 2, 5A, 5B, 6, 7, 8, 9, and 11 can all be 
analyzed on the same gel containing 7 M urea. The separation 
achieved as the fragments migrate through the gel is not lost 
with time, and the focusing of the bands seems to be less time 
dependent.   

   2.    The sensitivity in detecting mutations present in only a small 
fraction of the sample is around 10 % at the homoduplex level 
and 1–3 % at the heteroduplex level [ 27 ], which is considerably 
better than that achieved by direct sequencing (Fig.  2 ).

       3.    High-quality genomic DNA is extracted from fresh frozen tissue 
or leukocytes using the phenol–chloroform extraction protocol 
on a 340A Nucleic Acid Extractor (Applied Biosystems, Foster 
City, CA) or a similar technique. Extraction of DNA from 
 formalin-fi xed and paraffi n-embedded tissue requires a manual 
phenol–chloroform extraction procedure in order to achieve 
good-quality DNA with high purity [ 28 ]; in general, a higher 
concentration of template is also required in the PCR reaction 
(100–200 ng).   

   4.    Primers should be designed to achieve fragments where the 
region to be screened resides in the lower melting domain. 

  Fig. 2    Sensitivity of TTGE. DNA from a  TP53  mutant sample (G to A in codon 285, 
exon 8) mixed with wild type in different concentrations and analyzed by TTGE. 
 Lanes 1 – 7  have 100, 50, 25, 10, 5, 3, and 1 % mutant-derived DNA, respectively       
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A GC clamp is usually attached to one end of each fragment to 
ensure one high-melting domain, thereby preventing  complete 
strand dissociation [ 29 ]. The increased robustness of TTGE 
enables fragments containing more than one melting domain 
to be consistently analyzed, provided that the different domains 
are descending in order starting with the melting domain 
 generated by the GC clamp (Fig.  1 ). All  TP53  primers were 
designed using the OLIGO primer analysis program and 
selected from intron sequences to cover the exon–intron 
boundaries in the analysis. Primer sequences are listed in 
Table  1 . Note that stretches of adenines have been added to 
the primer sequences for exon 4 in order to lower the melting 
temperature for the fragments [ 30 ]. The exact sequences of 
the GC clamps are given in the footnote to Table  1 . Primers 
should be ordered already purifi ed by high- performance liquid 
chromatography.   

   5.    When DNA from formalin-fi xed and paraffi n-embedded tissue 
is used as template, a slightly different PCR protocol is 
required. We have experienced good results by increasing the 
incubation times to 1.5 min for denaturation, 1.5 min for 
primer annealing, and 2 min for elongation. Furthermore, the 
number of cycles can be increased up to 40, and the specifi c 
annealing temperatures may need to be decreased by 2–4 °C. 
Generation of heteroduplexes will increase the possibility of 
detecting mutations, since the difference in migration between 
mutated and wild-type fragments may be minimal, whereas the 
decreased stability of the heteroduplexes results in considerably 
less migration.   

   6.    If the PCR products do not meet the quality criteria, i.e., no 
nonspecifi c products, the PCR conditions should be further 
optimized or, alternatively, the specifi c product can be excised 
from the gel and purifi ed before further analysis.   

   7.    All gels contain 10 % polyacrylamide/bis, except for that used 
for fragment 4B, which is analyzed in 6 % gels.   

   8.    Fragment 4B is very GC rich, and consequently its melting 
probability profi le shows a high melting temperature (Fig.  1d ). 
The best results for this fragment are obtained by analysis in a 
gel containing a denaturing gradient from 20 to 80 % in 1.25× 
TAE with a constant temperature of 60 °C. The gradient is 
poured using the gradient wheel provided with the DCode 
system.   

   9.    In TTGE, urea and formamide, or only urea, form the  constant 
denaturant in the acrylamide gels. Formamide as a second 
denaturant in the gel may improve the focusing of the bands 
for some fragments. The optimal constant denaturant can eas-
ily be determined from a perpendicular DGGE gel by subtract-
ing approximately 10 U from the percent denaturant that 
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 corresponds to the steepest part of the S-shaped curve [ 29 ]. 
Fragments 2, 3, 4A, 4B, and 10 of the  TP53  gene are best ana-
lyzed in gels containing 1.25× TAE and varying concentrations 
of urea and formamide. The concentrations for each individual 
fragment are shown in Table  2 . Gels are run submerged in 
1.25× TAE with a temperature ramp of 1.7 °C/h from 60 to 
65 °C for a total of 3 h. This is the preferred method of analysis 
for large series of samples.   

   10.    The temperature range in the buffer and the denaturant 
 concentration for a particular fragment in TTGE can also be 
determined from the theoretical melting curve of the DNA 
sequence (Fig.  1 ). Using urea (7 M) as the sole denaturant in 
the gel, the theoretical melting temperature of DNA is low-
ered 14 °C (approximately 2 °C for every mol/L of urea) [ 31 ]. 
Hence, the resulting temperature range in the buffer during 
the TTGE run is determined from the temperature range of 
the non-GC-clamped portion of the theoretical profi le and 
corrected for urea denaturant. Fragments 5A, 5B, 6, 7, 8, 9, 
and 11 can be analyzed in gels containing 7 M urea and 1.75× 
TAE. Gels are run submerged in 1.75× TAE for a total of 4 h, 
simultaneously increasing the temperature from 58 to 70 °C 
with a ramp rate of 3 °C/h.         
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    Chapter 26   

 Detection of Point Mutations of K-ras Oncogene and p53 
Tumor-Suppressor Gene in Sputum Samples 

           Weimin     Gao     and     Phouthone     Keohavong    

    Abstract 

   Mutations in the p53 tumor-suppressor gene and K-ras oncogene have been frequently found in sputum 
and bronchoalveolar lavage samples of lung cancer patients and also in those of patients prior to presenting 
clinical symptoms of lung cancer, suggesting that they may provide useful biomarkers for early lung cancer 
diagnosis. However, the detection of these mutations has been complicated by the fact that they often 
occur in only a small fraction of epithelial cells among sputum cells, and, in the case of the p53 gene, inac-
tivating mutations may occur at many codons. This chapter describes methods to identify p53 and K-ras 
mutations present in low fractions of epithelial cells among the excess of other cell types in sputum samples 
from lung cancer patients.  

  Key words     Lung cancer  ,   Sputum  ,   Laser capture microdissection  ,   K-ras and p53 mutations  

1      Introduction 

 Lung cancer remains the most common cause of death from  cancer, 
both in the United States and worldwide [ 1 ,  2 ]. One goal of 
lung cancer research has been to develop assays that facilitate early 
detection and treatment of this disease and thus decrease the 
 mortality [ 3 – 5 ]. 

 Lung cancer, like other cancers, results from the accumulation 
of genetic alterations in genes involved in the control of cell growth 
and differentiation [ 6 ,  7 ]. Mutations in two of these genes, the 
K-ras oncogene and the p53 tumor-suppressor gene, have been 
frequently found in lung tumors and are implicated in the develop-
ment of lung cancer. K-ras mutations occur in 20–50 % of adeno-
carcinoma and undifferentiated large cell carcinoma of the lung 
and, to a lesser extent, in squamous cell carcinoma [ 8 – 12 ]. More 
than 90 % of the mutations detected in the K-ras gene occurred at 
codon 12 [ 12 ]. Therefore, these mutations can be specifi cally tar-
geted and are easily detected using suffi ciently sensitive methods. 
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Mutations in the p53 gene have been detected in between 30 and 
50 % of lung tumors and lung tumor-derived cell lines [ 13 – 19 ]. 
Contrary to the specifi city of K-ras mutations, cancer-associated 
p53 mutations have been documented at more than 100 sites in 
the gene. In lung cancer, some of these mutations are found clus-
tered at “hot spots” in codons 158, 175, 245, 248, 249, 273, and 
282 within exons 5–8, where the four evolutionarily conserved 
domains of the p53 gene are located [ 20 – 23 ]. The high prevalence 
of mutations in both the K-ras and p53 genes in lung cancer should 
make these mutations useful biomarkers for this disease. 

 In order to evaluate the roles of K-ras and p53 mutations in 
lung carcinogenesis and establish their signifi cance as early detec-
tion biomarkers, suffi ciently sensitive methods are necessary to 
facilitate the determination of a complete spectrum of mutations in 
these genes. Moreover, the technique must be able to discriminate 
a small population of mutant cells within a larger population of 
normal cells in sputum and/or bronchoalveolar lavage (BAL) sam-
ples. Several molecular approaches have been applied to enhance 
the detection of point mutations in cultured cells, tissue, or  sputum 
samples [ 24 – 33 ]. A specifi c and sensitive method has been devel-
oped for K-ras mutation detection that is a signifi cant improve-
ment upon existing methodology. Through a combination of 
PCR, mutant allele enrichment (MAE), nested amplifi cation, and 
denaturing gradient gel electrophoresis (DGGE), a sensitivity of 
detection of one mutated cell in 10 4 –10 5  normal cells can be 
attained [ 34 ]. This method has been applied to analyze K-ras 
codon 12 mutations in sputum samples of lung cancer patients 
[ 35 ]. All of these methods are applicable to the detection of muta-
tions at specifi c codons of the genes investigated. However, in the 
case of the p53 tumor-suppressor gene in lung cancer, more than 
half of the mutations occur outside the hot spot codons and are 
thus not detectable by most of the existing sensitive methods that 
target mutations at specifi c codons. 

 We have designed two methods of molecular analysis of 
 low- fraction K-ras and p53 mutations in sputum samples. In the 
fi rst case, cancer cells carrying mutations are isolated from the vast 
majority of normal cells by laser capture microdissection (LCM). 
With this fairly pure sample of mutant cells, it is possible to ana-
lyze the complete spectrum of mutations that might occur at the 
K-ras and p53 genes, using PCR and DGGE or single-stranded 
conformational polymorphism (SSCP). If laser capture micros-
copy is not available, molecular analysis of mutations in these 
oncogenes is still possible from DNA extracted directly from 
whole sputum samples via repeated steps of MAE, by using codon-
specifi c restriction enzyme digestion; however, this type of analysis 
is more limited and may only be used to detect mutations within 
known “hot spots.” 

 We therefore set out to design a method to detect the 
 complete spectrum of low-frequency p53 and K-ras mutations in 
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sputum  samples of lung cancer patients. We combined sputum 
cyto- centrifugation with LCM microscopy to isolate epithelial 
cells from sputum samples. We then screened for K-ras and p53 
mutations in these isolated cells using DGGE and SSCP, respec-
tively ( see  Subheading  3.1 ). This mutation detection method was 
then compared with existing methods that used MAE by restric-
tion enzyme digestion of bulk PCR products at codons of inter-
est, before analysis of mutant sequences by DGGE, for K-ras 
mutants, or polyacrylamide gel electrophoresis (PAGE), for p53 
mutants ( see  Subheading  3.2 ).  

2    Materials 

      1.    Obtain sputum samples (each containing about 2 × 10 4  cells in 
1 mL) from lung cancer patients. Prior to analysis they are 
stored in 1 mL saccomanno fl uid (International Medical 
Equipment, San Marcos, CA) in 1.5 mL microcentrifuge tubes 
at −20 °C (e.g., freezer model 525F, Fisher Scientifi c, 
Pittsburgh, PA).   

   2.    1.5 mL microcentrifuge tubes (Brinkmann, Westbury, NY).   
   3.    Phosphate-buffered saline (PBS) (Gibco BRL, Gaithersburg, 

MD).   
   4.    20-, 200-, 1,000-μL pipettors (Rainin, Woburn, MA) and 

appropriate tips (Fisher).   
   5.    Centrifugable 1 mL specimen chamber and chamber holder 

with membrane fi lter (Sakura Finetek, Torrance, CA).   
   6.    Cyto-Tex centrifuge (VWR, Bridgeport, NJ).   
   7.    Hematoxylin (Sigma, Saint Louis, MO).   
   8.    Eosin (Sigma).   
   9.    LCM microscope (e.g., Pix Cell II LCM, Arcturus Engineering, 

Mountain View, CA).   
   10.    CapSure™ LCM caps (Arcturus Engineering).      

      1.    Stock buffers and solutions for DNA extraction (all chemicals 
purchased from Sigma):
   10 % (w/v) sodium dodecyl sulfate (SDS).  
  5 M NaCl.  
  0.5 M EDTA.  
  1 M Tris–HCl, pH 7.4.  
  1 M Tris–HCl, pH 8.0.  
  1.0 M Tris base.      

   2.    Lysis solution: 40 mM Tris–HCl, 1 mM EDTA, pH 8.0, 0.5 % 
Tween-20 (Sigma), 0.5 μg/μL proteinase K (Gibco BRL).   

2.1  Epithelial Cell 
Isolation from Sputum 
Samples

2.2  DNA Extraction 
from Laser-Captured 
Cells ( See   Note 1 )

Analysis of K-ras and p53 Mutations in Sputum 
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   3.    Sputum cell lysis buffer: 0.5 % (w/v) SDS, 150 mM NaCl, 
100 mM EDTA, 10 mM Tris–HCl, pH 7.4.   

   4.    Proteinase K: 20 mg/mL stock (Gibco BRL).   
   5.    Saturated phenol, pH 7.8 (Gibco BRL). For 100 mL: 60 mL 

phenol, 39 mL distilled water, 0.8 mL 1.0 M Tris base, 0.1 % 
(w/v) 8-hydroxyquinoline (Sigma) ( see   Note 2 ).   

   6.    Chloroform (Sigma).   
   7.    Chloroform/isoamyl alcohol (22:1, v/v) (Fisher).   
   8.    Ammonium acetate (Sigma): 7.5 M stock solution.   
   9.    100 %, 70 % ethanol (Fisher), both solutions kept at +4 °C.   
   10.    TE buffer: 10 mM Tris–HCl, 1 mM EDTA, pH 7.5.   
   11.    Microcentrifuge and microcentrifuge tubes.   
   12.    Pipettors and pipette tips.      

      1.    DNA Thermocyclers (e.g., Perkin Elmer 480, Perkin Elmer, 
Shelton, CT).   

   2.    Gold AmpliTaq DNA polymerase, 5 U/μL (Perkin Elmer).   
   3.    10× PCR buffer: 500 mM KCl, 100 mM Tris–HCl, pH 8.3 

(supplied with enzyme).   
   4.    25 mM MgCl 2  (supplied with enzyme).   
   5.    10 mM dNTP (Sigma).   
   6.    [α- 32 P]-dATP (3,000 Ci/mmol, Perkin Elmer, MA).   
   7.    Primers (Midland Certifi ed Reagent, Midland, TX) (each 

primer is prepared as a 10 μM stock solution in distilled water 
and stored at −20 °C).
   (a)     Primers for mutations at codon 12/13 of the K-ras gene 

( see   Note 3 ):
   KI1-1 (sense): 5′-TATTATAAGGCCTGCTGAAA-3′.  
  PK12/13 (antisense): 5′-GTCAAGGCACTCTTGCC

TAC-3′.  
  PKB (antisense): 5′-AGGCACTCTTGCCTACGGCA-3′.  
  PKGC (sense): 5′-GCCGCCTGCAGCCCGCGCCCC

CCGTGCCCCCGCCCCGCCGCCGGCCCGGC
CGCCTATAAGGCCTGCTGAAAATG-3′.      

  (b)    Primers for sensitive analysis of specifi c hotspot p53 mutations:
   Exon 5: pE5 sense: 5′-TTCCTCTTCCTACAGTAC 

TC-3′. 
 pE5 antisense: 5′-CGCTATCTGAGCAGCGCCCA-3′.  
  Exon 7: pE7 sense: 5′-GTAACAGTTCCTGCATGA 

GC-3′. 
 pE7 antisense: 5′-TCTTCCAGTGTGATGATGGTGAGG 

ATAGG-3′.  

2.3  DNA 
Amplifi cation 
by PCR
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  Exon 8: pE8 sense: 5′-GACGGAACAGCTTTGAGGCG-3′. 
 pE8 antisense: 5′-GGTGAGGCTCCCCTTTCTTG-3′.      

   (c)    Primers for SSCP analysis of p53 mutations:
   Exon 5–6: pE5-5′: 5′-AACTCTGTCTCCTTCCTCTT-3′. 
 pE6-3′: 5′-GGAGGGCCACTGACAACCA-3′.  
  Exon 7: pE7-5′: 5′-GTGTTATCTCCTAGGTTGGC-3′. 
 pE7-3′: 5′-GTGTGCAGGGTGGCAAGTGG-3′.  
  Exon 8: pE8-5′: 5′-AGGACCTGATTTCCTTACTG-3′. 
 pE8-3′: 5′-TCCACCGCTTCTTGTCCTGCT-3′.          

   8.    Distilled water.   
   9.    0.5 mL microcentrifuge tubes (Brinkmann).   
   10.    Microcentrifuge.   
   11.    Pipettors and pipette tips.   
   12.    Mineral oil (Sigma).      

    For K-ras codon 12 mutations: 

   1.    Ban I enzyme stock, 20 U/μL (New England Biolabs, Beverly, 
MA).   

   2.    10× digestion buffer (0.5 M potassium acetate, 0.2 M Tris– 
acetate, 0.1 M magnesium acetate, 0.01 M DTT) (supplied with 
enzyme).   

   3.    37 °C incubator or water bath (e.g., Fisher).   
   4.    Distilled water.   
   5.    0.5 mL microcentrifuge tubes.    

  For p53 hotspot codon mutations: 

   1.    Aci I (10 U/μL stock), BsrB I (10 U/μL), BstU I (10 U/μL), 
Msp I (20 U/μL), Nco I (10 U/μL), and Stu I (10 U/μL) (all 
from New England Biolabs).   

   2.    10× digestion buffers supplied with the enzymes: 0.5 M NaCl, 
0.1 M Tris–HCl, pH 7.9 at 25 °C, 0.1 M MgCl 2 , 0.01 M 
DTT, and an incubation at 37 °C for BsrB I, Msp I, and Stu I 
and at 60 °C for BstU I. The same buffer is used for Aci I, 
except that NaCl is adjusted to 1.0 M and Tris–HCl, pH 7.9, 
to 0.5 M. For Nco I, the same buffer and digestion condition 
for Ban I are used.

    (a)     Distilled water.   
   (b)     0.5 mL microcentrifuge tubes.   
   (c)     37 °C water bath (e.g., from Fisher).    

2.4  Restriction 
Enzyme Digestion

Analysis of K-ras and p53 Mutations in Sputum 



330

             1.    Vertical gel electrophoresis apparatus: Gel boxes, plates, and 
accessories for a 20-cm wide × 16-cm high gel (Gibco BRL).   

   2.    Power sources, i.e., Pharmacia LKB ECPS 3000/150 
(Amersham BioSciences, Piscataway, NJ).   

   3.    (1/37.5) % bis/acrylamide stock solution: Dissolve 1.0 g bis 
and 37.5 g acrylamide (Bio-Rad, Hercules, CA) in a fi nal 
100 mL volume with distilled water.   

   4.    (1/19) % bis/acrylamide stock solution: Dissolve 1.0 g bis and 
19.0 g acrylamide in a fi nal 100 mL volume with distilled 
water.   

   5.    20× TBE buffer: Dissolve 216 g Trizma base (Sigma), 110 g 
boric acid (Fisher), 80 mL 0.5 M EDTA, complete to 1 L 
with distilled water. Aliquot the solution in 500 mL bottles 
and autoclave.   

   6.     N , N , N ′, N ′-Tetramethyl-ethylenediamine (TEMED   ) (Bio-Rad).   
   7.    10 % APS (w/v) (ammonium persulfate in distilled water, 

stored at +4 °C) (Bio-Rad).   
   8.    PAGE stock loading solution (6×): 30 % glycerol (Mallinckrodt, 

Paris, KY), 0.6 % SDS, 0.06 % bromophenol blue–xylene 
 cyanol (Sigma). The solution is kept at +4 °C.   

   9.    DNA elution buffer: 10 mM Tris–HCl, pH 7.4, 1 mM EDTA, 
200 mM NaCl, 0.05 % SDS.      

      1.    Vertical gel DGGE apparatus: Glass plates, gel boxes, buffer 
tank, buffer heater and circulating system, and accessories for a 
20-cm wide × 16-cm high gel (Bio-Rad).   

   2.    Gradient gel maker systems (Bio-Rad).   
   3.    Power sources, i.e., Pharmacia LKB ECPS 3000/150 

(Amersham BioSciences).   
   4.    (1/37.5) % bis/acrylamide stock solution,  see  Subheading  2.5 , 

 item 3 .   
   5.    TAE buffer (50×), for 1 L: Dissolve 230 g Trizma base, 14.9 g 

Tris–HCl, and 37.25 g EDTA in 0.8 L of distilled water. In a 
fume hood and wearing eye protection glasses, add carefully 
and in small volumes 171.3 mL of glacial acetic acid (J.T. 
Baker, Phillipsburg, NJ) and then adjust to a fi nal volume of 
1 L with distilled water. Aliquot the solution in 500 mL bottles 
and autoclave.   

   6.    Stock 50 % denaturant solution, for 200 mL: Mix 4 mL 50× 
TAE, 66 mL (1/37.5) % bis/acrylamide solution, 40 g urea 
(Sigma), 40 mL formamide (Boehringer Mannheim), adjust to 
200 mL with distilled water, and store at 4 °C ( see   Note 4 ).   

2.5  Polyacrylamide 
Gel Electrophoresis

2.6  Denaturing 
Gradient Gel 
Electrophoresis
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   7.    Stock 0 % denaturant solution, for 200 mL: Mix 4 mL 50× 
TAE, 66 mL (1/37.5) % bis/acrylamide solution, complete to 
200 mL with distilled water, and store at 4 °C.   

   8.    DGGE 6× loading solution: 40 % glycerol, 0.6 % SDS, 0.06 % 
bromophenol blue–xylene cyanol. The solution is kept at +4 °C.      

      1.    Sequencing gel electrophoresis apparatus, glass plates, gel box, 
and accessories (Gibco BRL).   

   2.    MDE™ gel solution (2× concentrate) (BioWhittaker Molecular 
Applications, Rockland, ME).   

   3.    Glycerol (Sigma).   
   4.    20× TBE buffer.   
   5.    Power source, i.e., Pharmacia LKB ECPS 3000/150 

(Amersham BioSciences).   
   6.    SSCP loading solution: 95 % formamide, 10 mM NaOH, 

0.25 % xylene cyanol, and 0.25 % bromophenol blue.       

3    Methods 

 Mutations can be analyzed in either epithelial cells isolated from 
sputum by LCM ( see  Subheading  3.1 ) or DNA extracted directly 
from whole sputum cells ( see  Subheading  3.2 ) ( see   Note 1 ). 

      Ideally, this work is performed by a pathologist with appropriate 
experience in sputum cytology using a LCM microscope and is not 
described in great detail in this chapter. Briefl y, the following steps 
are used to isolate epithelial cells from sputum (Fig.     1 ):

     1.    Remove sputum samples from the freezer and leave on ice for 
15 min.   

   2.    Dilute an aliquot of each sputum sample (equivalent to 5,000 
total cells or 250 μL saccomanno fl uid) in 1 mL of PBS in a 
1.5 mL microcentrifuge tube.   

   3.    Transfer the cell solution to a specimen chamber fi xed onto a 
chamber holder equipped with a membrane fi lter.   

   4.    Centrifuge the specimen chamber at 62 × g    for 5 min to collect 
sputum cells on the fi lter.   

   5.    Remove the fi lter from the chamber and air-dry on a lab bench 
for 15–30 min.   

   6.    Stain the cells retained on the fi lter with eosin and hematoxylin 
and histopathologically examine.   

   7.    Capture 100–150 epithelial cells from each sputum sample on 
an LCM cap, by LCM.    

2.7  Single-Stranded 
Conformational 
Polymorphism

3.1  Analysis 
of Mutations in 
Laser-Captured 
Epithelial Cells

3.1.1  Epithelial Cell 
Isolation from Sputum 
Samples
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        1.    Add 20 μL of lysis solution directly on top of the cells captured 
on each LCM cap.   

   2.    Enclose the LCM cap with a 0.5 mL microcentrifuge tube on 
top (in an upside-down position) and incubate at room tem-
perature for 36 h with occasional gentle horizontal shaking 
manually ( see   Note 5 ).   

   3.    To recover the cell lysate, put the microcentrifuge tube back 
into the “up” position with the LCM cap on top and spin at 
620 × g for 1 s in an Eppendorf microcentrifuge.   

   4.    Remove the LCM cap, and close the microcentrifuge tube 
containing the cell lysate. Heat the cell lysate at 95 °C for 
5 min to inactivate the proteinase K and then spin at 620 × g 
for 1 s in a microcentrifuge. The cell lysate is then kept at 
−20 °C until use ( see   Note 6 ).      

                1.     First-Round PCR 
    (a)     Use an aliquot of cell lysate (corresponding to 10–20 

 epithelial cells laser-captured from sputum) as template for 
PCR amplifi cation of a 79-bp fragment corresponding to 
the 5′ half of exon 1 of the K-ras gene that includes codons 
12 and 13. PCR is carried out in a 50 μL reaction mixture 
in a 0.5 μL PCR tube containing 10 mM Tris–HCl, pH 8.3, 
1.5 mM MgCl 2 , 50 mM KCl, 100 μM each dNTP, 0.5 μM 

3.1.2  DNA Extraction 
from Laser-Captured Cells

3.1.3  Analysis of K-ras 
Exon 1 Mutations by PCR 
and DGGE

  Fig. 1    An example of laser capture of epithelial cells from a sputum sample. A group of malignant cells 
 collected on a fi lter membrane by cyto-centrifugation of a sputum sample obtained from one of the patients 
before ( a ) and after ( b ) laser capture. Collected cells were stained with hematoxylin and eosin and then 
 histopathologically analyzed. Malignant epithelial cells appeared as a group of dark-stained cells. Sputum cells 
consisted of a mixture of mostly leucocytes, buccal cells, and malignant and/or atypical epithelial cells. About 
10 % of sputum cells from this patient corresponded to malignant and atypical epithelial cells. Approximately 
100 malignant cells in each sputum sample were laser-captured on a “cap” and molecularly analyzed. The 
cells captured on a cap ( c ) were then lysed to release the cell content used for mutation analysis. The captured 
cells after treatment with proteinase K are shown in ( d )       
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each primer (KI1-1 and PK12/13), and 2.5 U of Gold 
AmpliTaq DNA polymerase.   

   (b)     The mixture is covered with mineral oil on top, placed in 
a thermocycler heated at 95 °C for 9 min, and subjected 
to 12 PCR cycles of 94 °C/1 min, 53 °C/1 min, and 
72 °C/2 min.    

      2.     Second-Round PCR 
    (a)     1 μL of the fi rst-round PCR product is diluted into a fi nal 

25-μL reaction mixture containing the same buffer com-
position as in the fi rst round, except that 0.25 µL of 
[α- 32 P]-dATP is added and primer KI1-1 is replaced by 
primer PKGC.   

   (b)     The mixture is heated at 95 °C for 9 min and subjected to 
35 PCR cycles of 94 °C/1 min, 60 °C/1 min, and 
72 °C/2 min.   

   (c)     Take 10 µL from each of the second-round PCR products, 
add 2 μL of 6× dye, and load onto the PAGE gel.    

      3.     PAGE Purifi cation of PCR Products 
    (a)     Prepare 25 mL of 8 % polyacrylamide gel solution contain-

ing 5.2 mL of the (1/37.5) % bis/acrylamide, 1.25 mL 
20× TBE, 18.5 mL distilled water, 250 µL 10 % APS, and 
25 µL TEMED and mix.   

   (b)     Pour the solution into a preassembled 0.5-mm (thick) × 20-cm 
(wide) × 16-cm (high) set of gel plates. Insert a 20-well 
comb. The gel polymerizes within 30 min.   

   (c)     Place the gel onto the gel box with 1× TBE buffer. Remove 
the comb, and rinse the wells with the buffer. Load each 
sample onto the gel well, and electrophorese the DNA at 
250 constant volts for 90 min.   

   (d)     Remove one glass plate from the gel. Cover the gel still on 
top of the second glass plate with a Saran wrap sheet. In a 
darkroom, take a sheet of X-ray fi lm (Fuji fi lm), and tape 
it on top of the gel. Use a marker to draw a thin line sur-
rounding the edge of the fi lm on the gel. Expose the gel for 
30–45 min, and develop the fi lm.   

   (e)     Superimpose the autoradiogram on the gel to locate the 
position of the DNA in the gel. Mark the position of the 
band of DNA in the gel. Excise the appropriate band 
 containing the expected-size DNA fragment (in this case 
129 bp) from the gel.   

   (f)     Place the gel slice in a 1.5 mL microcentrifuge tube, crush 
the gel using a pipette tip, add 300 μL of elution buffer, and 
incubate the solution at 60 °C in a water bath for 30 min. 
The tube is vigorously shaken for 1 min every 10 min.   

Analysis of K-ras and p53 Mutations in Sputum 
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   (g)     Centrifuge each tube at 8,600 × g (Eppendorf centrifuge) 
for 1 min.   

   (h)     Recover the elution solution in a new 1.5 mL microcentri-
fuge tube, add 2 volumes of 100 % cold ethanol, close the 
tube, mix, and precipitate the DNA at −20 °C for 1 h.   

   (i)     Recover the DNA by centrifugation at 8,600 × g (Eppendorf 
centrifuge) for 15 min. Remove the ethanol, add 500 µL 
70 % cold ethanol, and centrifuge at 8,600 × g for 5 min. 
Remove the ethanol completely.   

   (j)     The DNA pellet is dried at room temperature for 15 min 
and dissolved in 15 µL of 1× DGGE loading solution.    

      4.     DGGE Separation of K - ras Mutant DNA  (   Fig.  2 , Table  1 )
      (a)     Prepare a 1-mm (thick) × 20-cm (wide) × 16-cm (high) gel 

containing a denaturant gradient from 50 % (bottom of 
the gel) to 35 % (top of the gel). Prepare two gel solutions, 
one containing a 50 % denaturant (13.5 mL of the 50 % 
denaturant stock solution) and the other containing a 35 % 
denaturant (9.45 mL of the 50 % denaturant stock solu-
tion mixed with 4.05 mL of the 0 % denaturant    stock).   

   (b)     Add 75 μL 10 % APS and 7.5 μL TEMED to each of the 
solutions and mix.   

   (c)     The 50 and 35 % denaturant solutions are transferred into 
their respective chambers of a gradient mixer (Bio-Rad) 
and poured onto a preassembled gel plate by using a gradi-
ent maker and by following the instructions described in 
the manual provided by Bio-Rad system for DGGE. Insert 
a 20-well comb, and let the gel polymerize for 1–2 h at 
room temperature.   

   (d)     The polymerized gel is placed onto the gel box submerged 
under 1× TAE buffer in a buffer tank heated at 60 °C. The 
gel is pre-run at 100 constant volts for 30 min.   

   (e)     Remove the comb from the gel, and immediately rinse the 
wells using a syringe and the 1× TAE buffer from the tank. 
Load the above 15 μL gel-purifi ed DNA sample in 1× dye 
solution.   

   (f)    Run the gel at 100 V at 60 °C for 12–15 h.   
   (g)    Dry and autoradiograph the gel.   
   (h)     Isolate mutant DNA from the denaturing gradient gel by 

following similar procedure described in     step 3d – e .   
   (i)     Each dried gel slice excised from the gel is transferred into 

a 0.5 μL microcentrifuge tube and soaked and washed in 
50 μL of distilled water once for 5 min. Discard the water, 
and break the gel slice by squeezing it against the inner 
wall of the tube using the end of a 200-μL pipette tip. 
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  Fig. 2    Molecular analysis of sputum samples of lung cancer patients. ( a ) An example of mutation analysis by 
DGGE of exon 1 of the K-ras gene for three patients (patients 3, 4, and 10) and ( b ) by SSCP and PAGE in exons 
5–8 of the p53 gene for two patients (patients 12 and 13). For each patient, mutations were analyzed by three 
approaches. In ( a ) the analysis was performed using cells taken from sputum and the PCR + DGGE method (a) 
or DNA extracted from sputum and the PCR + MAE + DGGE method (b) or the PCR + DGGE method (c). wt indi-
cates the position of wild-type K-ras exon 1 allele in the gel. DGGE analysis showed that patient 4 revealed 
K-ras codon exon 1 mutant sequences in the laser-captured cells (indicated by het1 and het2 in  lane a4  cor-
responding to the two respective mutant/wild-type heteroduplexes and the mutant homoduplex focusing 
between the wt and het2). This mutant corresponded to a GGT to TGT in codon 12 of the K-ras gene. This same 
mutation was also detected in DNA isolated from sputum cells of this patient by the PCR + MAE + DGGE method 
( lane b4 ) but not by the PCR + DGGE method ( lane c4 ). For comparison, patient 10 did not reveal any mutant 
sequence pattern when DNA extracted from sputum cells was analyzed using either the PCR + DGGE ( lane c10 ) 
or the PCR + MAE + DGGE ( lane b10 ) method. However, when cells isolated from this patient’s sputum was 
analyzed by the PCR + DGGE method a mutant sequence corresponding to a GGC to TGC in codon 13 of the 
K-ras gene was detected ( lane a10 ). As expected, this mutation was not detected using the PCR + MAE + DGGE 
method because it targeted only codon 12 mutations ( lane b10 ). For comparison, patient 3 showed no muta-
tions in either the cells isolated from sputum ( lane a3 ) or the DNA extracted from sputum cells by using both 
the PCR + MAE + DGGE ( lane b3 ) and PCR + DGGE ( lane c3 ) method. In ( b ) p53 mutations were analyzed using 
( a ) cells isolated from sputum and the PCR + SSCP method or DNA extracted from sputum and the PCR + SSCP 
method ( c ) or the PCR + MAE + PAGE method ( b ). Patient 13 showed a p53 mutant in cells captured from spu-
tum ( arrowheads  in  lane a13 ). This mutant corresponded to a CGG-to-CAG mutation at codon 248 of the p53 
gene. The identical mutation was detected in DNA extracted from sputum by using the PCR + MAE + PAGE 
method ( arrowhead  in  lane b13 ) but not by using directly the less sensitive PCR + SSCP method ( lane c13 ). 
Table  1  summarizes the mutations detected using three approaches in sputum samples of 7 (46.6 %) of the 
15 patients investigated. Five patients each had a p53 mutation, including patient 2 (with a silent CAA-to- CAG 
transition at codon 136 in exon 5), patient 7 (with a CCC-to-TCC transition at codon 151 in exon 5), patient 8 
(with a GGC-to-TGC transversion at codon 244 in exon 7), patient 13 (with a CGG-to-CAG transition at codon 
248 in exon 7), and patient 14 (with a GGC-to-GTC transversion at codon 244 in exon 7). Patient 4 had a GGT- 
to-TGT transversion in codon 12 of the K-ras gene. Patient 10 had a GGC-to-TGC transversion at codon 13 of 
the K-ras gene and an AAG-to-TAG transversion at codon 139 in exon 5 of the p53 gene. None of these muta-
tions were detected in the matched nonmalignant epithelial cells or the matched buccal cells taken from 
sputum of these patients (data not shown). Therefore, only two mutations were detected in DNA extracted 
directly from sputum of two patients, including a K-ras codon 12 mutation (patient 4) and a p53 mutation at 
codon 248 (patient 13), by using sensitive methods. Both of these mutations and six additional mutations, 
including a K-ras codon 13 mutation and 5 p53 mutations, were detected when only epithelial cells isolated 
by an LCM from sputum were analyzed using less sensitive but less laborious methods       
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Add 50 μL of distilled water, mix, and heat at 98 °C for 
10 min in a thermocycler. After a 10–15 min of cooling 
down period at room temperature, the tube is quickly 
spun for 2 s (Eppendorf centrifuge).   

   (j)     A 5 μL aliquot of the eluted DNA is used as template for 
further PCR amplifi cation, using the 25 μL reaction mixture, 
primers of the second-round PCR, buffer composition, and 
PCR cycling conditions as described above in  step 2 , except 
that only an equivalence of 0.01 μL of [α- 32 P]-dATP is added 
per reaction.   

   (k)     The PCR product is PAGE-purifi ed as described in  step 3 . 
Analyze an aliquot of each DNA sample on PAGE (8 % 
polyacrylamide gel, 1/37.5 % = bis/acrylamide) against 
known amount of marker DNA to estimate the amount of 
DNA isolated.   

   (l)     Characterize the eluted mutant DNA using an automated 
sequencer.    

    Table 1  
  Summary of p53 and K-ras mutations of 15 lung cancer patients from Xuan Wei, China   

 Patient 

 p53  K-ras 

 Mutations 
 Amino acid 
changes  Mutations 

 Amino acid 
changes 

 1 

 2 a   E5cod.136 CAA to CAG  Gln to Gln 

 3 

 4 b   Cod.12 GGT to TGT  Gly to Cys 

 5 

 6 

 7 a   E5cod.151 CCC to TCC  Pro to Ser 

 8 a   E7cod.244 GGC to TGC  Gly to Cys 

 9 

 10 a   E5cod.139 AAG to TAG  Lys to Stop  Cod.13 GGC to TGC  Gly to Cys 

 11 

 12 

 13 b   E7cod.248 CGG to CAG  Arg to Gln 

 14 a   E7cod.244 GGC to GTC  Gly to Val 

 15 

    a Mutations detected only in tumor cells isolated from sputum by the laser capture/mutation analysis method 
  b Mutations detected by both the PCR + MAE + PAGE (for p53) and PCR + MAE + DGGE (for K-ras) method in DNA 
extracted from sputum cells and by laser capture/mutation analysis method in tumor cells isolated from sputum  
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            1.    The fi rst-round PCR is used to amplify three fragments 
 corresponding to exons 5–6, 7, and 8, simultaneously in a sin-
gle reaction. PCR is carried out in a 50 μL reaction mixture 
containing cell lysate (corresponding to 10–20 laser-captured 
epithelial cells) and the same reagents as those described in 
Subheading  3.1.3 ,  step 1 , for the fi rst-round PCR for K-ras 
exon 1, except that (1) 0.25 μM of each of the six primers is 
used and (2) the PCR reaction mixture is heated at 95 °C for 
9 min and subjected to 12 cycles of 94 °C/1 min, 60 °C/2 min, 
and 72 °C/2 min.   

   2.    For the second-round PCR, 1 μL of the above fi rst-round PCR 
product is subjected to further amplifi cation of each fragment 
containing exons 5–6, 7, and 8 in a separate reaction mixture. 
PCR is performed in a fi nal 25-μL reaction mixture containing 
the same buffer composition as that used above, except that 
(1) only one pair of appropriate primers (0.5 μM each) is used, 
i.e., pE5-5′ + pE6-3′ (for exons5–6 fragment), pE7-5′ + pE7-3′ 
(for exon 7), or pE8-5′ + pE8-3′ (for exon 8); (2) 0.25 μL of 
[α- 32 P]-dATP is added; and (3) the mixture is heated at 95 °C 
for 9 min and subjected to 35 PCR cycles of 94 °C/1 min, 
60 °C/2 min, and 72 °C/2 min.   

   3.    1 μL of each PCR product above is added to 9 μL of SSCP 
loading solution in a 0.5 μL microcentrifuge tube, heated at 
98 °C for 2 min, and then immediately chilled on ice for 5 min 
before analysis by SSCP.   

   4.    Assemble glass plates for a 0.8-mm (thick) × 33.5-cm 
(wide) × 39.5-cm (high) SSCP gel. Prepare 125 mL of SSCP 
solution containing 0.5× MDE (31.25 mL of the 2× MDE gel 
solution), 5 % glycerol (6.25 mL glycerol stock), 0.6× TBE 
buffer (3.75 mL 20× TBE), and 83.75 mL distilled water. Add 
750 μL 10 % APS and 75 μL TEMED and mix.   

   5.    Pour the solution onto the preassembled SSCP plates. Insert a 
38-well comb, and let the gel polymerize for 2 h at room 
temperature.   

   6.    Remove the comb, and rinse the gel wells immediately with 
0.6× TBE buffer. Place the gel on the gel box containing 0.6× 
TBE buffer in the top and bottom tanks. Load the 10 μL dena-
tured PCR product.   

   7.    Run the gel at 7 constant watts for 18–24 h at room temperature 
( see   Note 7 ).   

   8.    Dry and autoradiograph the gel.   
   9.    Isolate mutant alleles from the gel by following the steps 

described in Subheading  3.1.3 ,  step 3e .   
   10.    Each dried gel slice excised from the gel is transferred into a 

0.5 mL microcentrifuge tube, and the DNA is eluted as 
described in Subheading  3.1.3 ,  step 4i .   

3.1.4  Analysis of p53 
Mutations in Laser-
Captured Cells by PCR 
and SSCP
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   11.    A 5 μL aliquot of the eluted DNA is used as template for 
 further PCR amplifi cation, using the 25 μL reaction mixture, 
appropriate pair of primers, buffer composition, and PCR 
cycling conditions as described above in  step 2  for each specifi c 
exon, except that only an equivalence of 0.01 μL of [α- 32 P]-
dATP is added per reaction.   

   12.    The PCR product is PAGE-purifi ed as described in Subheading 
 3.1.3 ,  step 3 , and quantifi ed as described in Subheading  3.1.3 , 
 step 4k . An aliquot of the purifi ed DNA is used for mutation 
determination by automated sequencer.       

         1.    Remove sputum samples from the freezer, and leave the tubes 
on ice in an ice bucket for 30 min. An aliquot (an equivalence 
of 10 4  cells or 500 μL of saccomanno solution) of each sputum 
is taken and transferred into a 1.5 mL microcentrifuge tube 
and centrifuged at 7,000 × g for 5 min (Eppendorf centrifuge) 
at 4 °C. The saccomanno solution is discarded, and the pellet 
is washed once with 500 μL cold PBS.   

   2.    Add 250 μL lysis buffer containing 50 μg of proteinase K to 
the pellet, mix gently for 1 min, and incubate the solution at 
37 °C for 2 h with occasional manual shaking.   

   3.    Spin down each tube in an Eppendorf centrifuge for 1 s. In a 
fume hood and wearing eye protection glasses, open the tube, 
add 250 μL saturated phenol, close the tube, and shake vigor-
ously for 1 min. Quickly spin down for 1 s before opening the 
tube and adding 250 μL chloroform. Close the tube and shake 
vigorously for 30 s.   

   4.    Centrifuge at 5,000 × g for 5 min.   
   5.    Transfer the top (aqueous) layer to a new 1.5 mL microcentri-

fuge tube and add 500 μL chloroform/isoamyl alcohol    (22:1). 
Mix vigorously for 1 min, and centrifuge at 5,000 × g for 
1 min.   

   6.    Repeat the chloroform/isoamyl alcohol extraction,  step 5 , 
once more.   

   7.    Transfer the aqueous layer into a new 1.5 mL microcentrifuge 
tube, add 1/2 volume of 7.5 M ammonium acetate, and mix 
gently.   

   8.    Add 2.5 volumes of cold 100 % ethanol, close the tube, mix, 
and place the tube at −20 °C for at least 2 h.   

   9.    Centrifuge the precipitated DNA at 8,600 × g for 15 min.   
   10.    Carefully discard the ethanol, then wash the tube with 500 μL 

cold 70 % ethanol, and centrifuge at 8,600 × g for 5 min.   
   11.    Discard the 70 % ethanol.   

3.2  Analysis of 
Mutations from DNA 
Extracted from Whole 
Sputum Cells

3.2.1  DNA Extraction 
from Sputum Samples 
( See   Note 6 )
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   12.    Spin down for 1 s in an Eppendorf centrifuge, carefully discard 
the remainder of the 70 % ethanol using a thin gel loading tip, 
and dry the pellet at room temperature for 15 min.   

   13.    Dissolve each DNA pellet in 20 μL distilled water and store at 
−20 °C until use.      

   Enrichment for K-ras codon 12 mutant alleles.
    1.    The same procedure described above in Subheading  3.1 ,  step 

3 , is used here, with the following modifi cations: (a) genomic 
DNA extracted from whole sputum cells is used as the tem-
plate for PCR; (b) antisense primer PKB is used instead of 
PK12/13 to generate the Ban I restriction site; (c) two steps 
of Ban I restriction enzyme digestion of the PCR products to 
enrich for codon 12 mutant alleles are added, with the fi rst step 
being used to digest the fi rst-round PCR product, which is 
then used as template for a second-round PCR, and the second 
step to digest the second-round PCR product; and (d) only 
the digestion-resistant fragment is PAGE-purifi ed and analyzed 
by DGGE. These steps are performed as follows: an aliquot of 
the genomic DNA extracted from whole sputum cells (equiva-
lent to 10 3  cells) is used as template for the fi rst-round PCR, 
using the same reagents and concentrations; PCR reaction 
conditions and cycle number are as described in Subheading 
 3.1.3 ,  step 1 ; and the set of primers used includes KI1-1 and 
PKB to amplify a 75-bp fragment.   

   2.    1 μL of the fi rst-round PCR product is diluted to a fi nal 5 μL 
mixture containing 1× Ban I restriction enzyme buffer and 3 
units of Ban I restriction enzyme in a 0.5 mL microcentrifuge 
tube.   

   3.    The mixture is incubated at 37 °C for 2 h.   
   4.    The digested product is diluted to a fi nal 25 μL PCR mixture 

containing the same reagents, isotope, and respective concen-
trations as those described in Subheading  3.1.3 ,  step 2 , and 
the primers used are PKGC and PKB to amplify a 125-bp 
fragment.   

   5.    The mixture is subjected to a second-round PCR for 35 cycles 
as described in Subheading  3.1.3 ,  step 2 .   

   6.    10 μL of the second-round PCR product is digested in a fi nal 
50 μL mixture containing 1× Ban I restriction enzyme buffer 
and 30 units of Ban I enzyme at 37 °C for 2 h ( see   Note 8 ).   

   7.    Spin down for 1 s in an Eppendorf centrifuge, and then add 
1/2 volume (25 μL) of 7.5 M ammonium acetate. Mix, and 
add 2.5 volumes (187.5 μL) of cold 100 % ethanol.   

   8.    Mix, and put the tube at −20 °C for 1 h.   

3.2.2  Analysis 
of K-ras Mutations 
by PCR + MAE + DGGE
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   9.    Centrifuge the tube at 11,000 rpm for 15 min in an Eppendorf 
centrifuge.   

   10.    Discard the ethanol, add 250 μL of 70 % cold ethanol, centri-
fuge at 8,600 × g for 3 min, discard the ethanol completely, 
and dry the DNA pellet at room temperature for 15 min.   

   11.    Dissolve each pellet in 15 μL of 1× PAGE loading solution, 
and separate the DNA by PAGE.   

   12.    PAGE purifi cation of restriction enzyme digestion-resistant 
fragments: The procedure described in Subheading  3.1.3 ,  step 
3 , is used here to prepare the gel, separate DNA, and purify the 
wanted DNA fragment from the gel for analysis by DGGE, 
with the following modifi cations to increase the resolution of 
fragment separation: Prepare a 10 % polyacrylamide gel, using 
the (1/19) % (bis/acrylamide) stock solution (for 25 mL, add 
12.5 mL bis/acrylamide solution, 1.25 mL 20× TBE, 11.25 mL 
distilled water, 250 μL 10 % AP, and 25 μL TEMED). The gel 
polymerizes within 30 min ( see   Note 9 ).   

   13.    Load and electrophorese the above 15-μL DNA sample in 
1× loading solution at 250 constant volts for 3 h.   

   14.    Autoradiograph the gel, and purify and sequence-analyze the 
125-bp wanted fragment as described in Subheading  3.1.3 , 
 steps 3  and  4 .      

  For a sensitive analysis of p53 mutations occurring at hotspot 
codons 158, 175/176, 245, 248, 249, 273, or 282, PCR + MAE + 
PAGE is used. These codons are located within three exons, includ-
ing exons 5, 7, and 8, of the p53 gene. The screening for mutations 
at each of these codons is carried out using a procedure similar to 
that used for K-ras mutation detection. In order to simplify the 
screening for mutations at each of these codons, the three exons 
are fi rst amplifi ed simultaneously in a single reaction mixture 
 during the fi rst-round PCR. Aliquots of the amplifi ed DNA are 
then used for screening for mutations at each specifi c codon indi-
vidually. These steps include the digestion of the fi rst-round PCR 
product with an appropriate restriction enzyme, followed by a 
 second-round PCR, and a second restriction enzyme digestion, 
before PAGE purifi cation of the digestion-resistant fragment and 
sequencing analysis of mutations.

    1.    The fi rst-round PCR is carried out in a 50-μL reaction mixture 
containing genomic DNA extracted from whole sputum cells 
(an equivalence of 1,000 sputum cells), 10 mM Tris–HCl, pH 
8.0, 2.5 mM MgCl 2 , 50 mM KCl, 100 μM each dNTP, 
0.25 μM of each of the three pairs of the p53 gene primers, 

3.2.3  Analysis 
of p53 Mutations 
by PCR + MAE + PAGE
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and 1 U of Gold Tap DNA polymerase. The mixture is heated 
at 95 °C for 9 min and then subjected to 12 PCR cycles of 
94 °C/1 min, 65 °C/2 min, and 72 °C/2 min.   

   2.    The stock template, obtained from the fi rst round of amplifi cation, 
contains (a) a p53 gene exon 5 segment of 196 bp with hotspot 
codons 158 and 175/176, which correspond to Aci I and Nco 
I restriction enzyme sites, respectively; (b) a p53 gene exon 7 
segment of 64 bp with hotspot codons 245, 248, and 249, 
which correspond to BsrB I, Msp I, and Stu I sites, respec-
tively; and (c) a p53 gene exon 8 segment of 93 bp with 
hotspot codons 273 and 282, which correspond to BstU I and 
Msp I sites, respectively.   

   3.    1-μL of the fi rst-round PCR stock template is diluted to a fi nal 
4-μL reaction mixture in a 0.5 mL microcentrifuge tube con-
taining 1× of the appropriate buffer and 3 U of the appropriate 
enzyme and incubated for 2 h at 37 °C (or 60 °C for BstU I). 
The digestion mixture is heated at 85 °C for 5 min and then 
diluted to a fi nal 25-μL PCR reaction mixture containing the 
same PCR reagents as shown above, except that only one pair 
of the appropriate primers (0.5 μM each) is used and 0.25-μL 
 32 P[α-dATP] is added. The amplifi cation is carried out using 
2 U of Gold Taq DNA polymerase, heated at 95 °C/9 min for 
30 cycles of 94 °C/1 min, 60 °C/2 min, and 72°C/2 min.   

   4.    A 10-μL aliquot is diluted into a fi nal 50 μL volume in a 0.5 mL 
microcentrifuge tube containing 5 μL of the appropriate 
10× buffer, 1–2 μL (20 U) of each appropriate enzyme, and 
distilled water to make 50 μL. The mixture is incubated for 2 h 
at 37 °C (or 60 °C for BstU I).   

   5.    The digested material is precipitated by adding into each tube 
25 μL 7.5 M ammonium acetate and 187.5 μL cold 100 % 
ethanol and put in −20 °C for 1 h. Centrifuge each tube at 
8,600 × g in an Eppendorf centrifuge for 15 min. Discard the 
ethanol and wash each pellet with 250 μL cold 70 % ethanol. 
Centrifuge at 8,600 × g for 5 min, discard the ethanol com-
pletely, and dry the pellet at room temperature for 10–15 min. 
Dissolve each pellet in 15 μL 1× PAGE loading solution.   

   6.    Separate the DNA by PAGE, using a 10 % polyacrylamide gel 
solution prepared from (1/19) % bis/acrylamide. The prepa-
ration of gel, loading of sample onto the gel, gel electrophore-
sis, isolation of restriction enzyme-resistant fragment from the 
gel, and sequencing determination of mutations are carried 
out as described in Subheading  3.2.2 ,  steps 12 – 14 , for K-ras 
exon 12 mutants.        
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4    Notes 

     1.    Most sputum samples obtained from lung cancer patients 
 contain between 5 and 10 % epithelial cells. Most other cell 
types are infl ammatory cells, buccal epithelial cells, macro-
phages, and neutrophils.   

   2.    8-hydroxyquinoline is an oxidization indicator in the saturated 
phenol. If the color goes from yellow to red, it means that the 
phenol is oxidized and it cannot be used any more.   

   3.    The codon 12 sequence of the human K-ras gene, 5′-GGT-3′, 
and its fl anking codons do not correspond naturally to the site 
for any restriction enzyme. However, the sequence formed 
between codons 12 and 13, 5′-GGT GGC-3′, closely resem-
bles the restriction enzyme site for Ban I, 5′-GGT GCC-3′. We 
used a mismatch-primer, PKB: 5′-AGGCACTCTTGCCTA 
CG G CA-3′, to substitute the second G of codon 13 with a C 
to create the site for the restriction enzyme Ban I in the fi rst-
round PCR. Meanwhile, antisense primer PK12/13 can be 
used to detect K-ras mutations in codons 12 and 13.   

   4.    Both the 50 and 0 % denaturant stock solutions should be kept 
at +4 °C for no more than 2 months.   

   5.    Microscopic examination of the cap after an incubation of 
laser-captured cells with the lysis solution at room temperature 
for 36 h shows that 98–100 % of the cells are emptied of their 
contents, i.e., completely lysed. A similar rate of cell lysis can 
be achieved by carrying out the incubation at 37 or 42 °C 
overnight (~12–16 h). However, incubation at these tempera-
tures often leads to a leak of the lysis solution from the cap in 
15–20 % of the cases.   

   6.    Since the DNA extraction is carried out from only 10 4  cells, 
there is no need for treatment with RNase to eliminate cellular 
RNA. On the other hand, a treatment with proteinase (50 mg) 
is needed, since each sputum sample contains mucus. If there 
is still protein present at the interphase between the phenol 
and aqueous phase, one additional step of phenol extraction is 
needed before the chloroform/isoamyl alcohol extraction.   

   7.    The power of electrophoresis is based on the size of the frag-
ment with 6 W at 150–200 bp and 7–8 W at >200 bp. Running 
the gel in 4 °C cold room for more than 24 h provides a better 
separation.   

   8.    The digestion is performed with 10–50 U Ban I for 1–6 h at 
37 °C. A complete digestion of the 10-μL PCR product can be 
achieved with 30 U of the enzymes for 2 h. A longer incubation 
time (6–12 h) with 10–50 U Ban I leads to nonspecifi c digestion 
of a fraction of some of the mutant/wild-type heteroduplex 
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fragments as revealed by their respective band intensity after 
separation by DGGE (unpublished data).   

   9.    The use of PAGE made of (1/37.5) % bis/acrylamide solution 
does not allow a satisfactory separation between the undigested 
(codon 12 mutant alleles) from the digested fragments (non-
mutant alleles).         
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    Chapter 27   

 ACB-PCR Quantifi cation of Somatic Oncomutation 

           Meagan     B.     Myers     ,     Page     B.     McKinzie    ,     Yiying     Wang    ,     Fanxue     Meng    , 
and     Barbara     L.     Parsons   

    Abstract 

   Allele-specifi c competitive blocker-polymerase chain reaction (ACB-PCR) is a sensitive approach for the 
selective amplifi cation of an allele. Using the ACB-PCR technique, hotspot point mutations in oncogenes 
and tumor-suppressor genes (oncomutations) are being developed as quantitative biomarkers of cancer risk. 
ACB-PCR employs a mutant specifi c primer (with a 3′-penultimate mismatch relative to the mutant DNA 
sequence, but a double 3′-terminal mismatch relative to the wild-type DNA sequence) to selectively amplify 
rare mutant DNA molecules. A blocker primer (having a non-extendable 3′-end and with a 3′-penultimate 
mismatch relative to the wild-type DNA sequence, but a double 3′-terminal mismatch relative to the mutant 
DNA sequence) is included in ACB-PCR to selectively repress amplifi cation from the abundant wild-type 
molecules. Consequently, ACB-PCR is capable of quantifying the level of a single basepair substitution 
mutation in a DNA population when present at a mutant:wild type ratio of 10 −5  or greater. Quantifi cation 
of rare mutant alleles is achieved by parallel analysis of unknown samples and mutant fraction (MF) stan-
dards (defi ned mixtures of mutant and wild-type DNA sequences). The ability to quantify specifi c mutations 
with known association to cancer has several important applications, including evaluating the carcinogenic 
potential of chemical exposures in rodent models and in the diagnosis and treatment of cancer. This chapter 
provides a step-by-step description of the ACB-PCR methodology as it has been used to measure human 
 KRAS  codon 12 GGT to GAT mutation.  

  Key words     Allele-specifi c competitive blocker-polymerase chain reaction (ACB-PCR)  ,   Oncomutation  , 
  Point mutation  ,   Allele-specifi c PCR  ,   Mutation detection  ,   Base substitution  ,    KRAS   

1      Introduction 

 Allele-specifi c competitive blocker-polymerase chain reaction 
(ACB-PCR) is a multi-step procedure for accurately quantifying 
levels of specifi c basepair substitution mutations within a DNA sam-
ple. Because ACB-PCR can detect mutations down to a frequency 
of 10 −5 , it can quantify rare mutational events. The procedure 
involves generating mutant and wild-type reference DNAs as well 
as generating equivalent DNA segments from test DNA samples 
in a fi rst round of PCR that uses a high-fi delity DNA polymerase. 
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All of the fi rst-round PCR products and reference DNAs are 
 gel-purifi ed. Then purifi ed DNA samples are aliquoted and quanti-
fi ed rigorously. The fi nal step of the procedure is a mutant- specifi c 
PCR amplifi cation, in which the mutant-specifi c amplifi cation of 
unknown samples is compared to that of the mutant fraction (MF) 
standards (defi ned mixtures of mutant and wild-type reference 
DNAs). An overview of the steps involved in the ACB-PCR proce-
dure is presented in Fig.  1 .

   The allele-specifi c amplifi cation step in ACB-PCR was devel-
oped by combining aspects of techniques reported by Cha et al. 
[ 1 ] and Orou et al. [ 2 ]. The mismatch amplifi cation mutation 
assay developed by Cha et al. involves using an engineered mis-
match in the 3′-penultimate position [ 1 ]. The approach developed 
by Orou et al. involves the use of a non-extendable blocker primer 
to reduce the amplifi cation from the wild-type template [ 2 ]. These 
two ideas were incorporated into the ACB-PCR primer design 
 presented in Fig.  2 .

   In ACB-PCR, the mutant-specifi c primer (MSP) is designed 
with a mismatch in the 3′-penultimate position, with respect to 
both the mutant and wild-type alleles ( see  Fig.  2 ). Further, the 
MSP is designed such that its 3′-terminal base is complementary to 
the mutant DNA base being quantifi ed. This design dictates that 
the MSP will have a single 3′ penultimate mismatch when annealed 
to the mutant template but will have a double 3′-terminal mis-
match when annealed to the wild-type template. It has been 
reported that greater allele selectivity is achieved by discriminating 
between single- and double-mismatched primers than between 
perfectly matched and single-mismatched primers [ 1 ,  3 ]. 

  Fig. 1    Flow chart of methodology for mutant fraction quantifi cation by ACB-PCR       
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 The sensitivity of allele-specifi c amplifi cation is limited by the amount 
of signal produced by the MSP annealing to the abundant wild-type 
template. The inclusion of a blocker primer (BP) in the allele-specifi c 
amplifi cation reduces the signal generated from the wild-type tem-
plate, hence increasing the sensitivity of the ACB- PCR approach [ 4 ]. 

  Fig. 2    Schematic of human  KRAS  codon 12 GGT to GAT ACB-PCR design. ( a ) Primer locations are shown in the 
context of the human  KRAS  sequence. The human  KRAS  sequence includes 5′-fl anking sequence, exon 1, and 
part of intron 1. The positions of fi rst-round PCR primers (RD1 and RD2) are indicated by  thick arrows ; the 
positions of ACB-PCR primers (MSP-A, BP-A, and P4) are indicated by  thin arrows . Exon 1 sequence is shown 
in  italics . Nucleotides in codon 12 are indicted. ( b ) The basis of the ACB-PCR allele selection is depicted. The 
3′-terminal bases of the MSP and BP primers and their potential base pairing with mutant and wild-type 
 templates are presented       
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The BP is designed to preferentially anneal to the wild-type 
template. The 3′-terminal base of the BP is complementary to the 
wild-type template, and like the MSP, it carries a mismatch in the 
3′-penultimate position. The 3′-terminal base of the BP is also a 
chain terminator. Therefore, while the BP preferentially anneals to 
the wild-type template, this annealing does not result in the syn-
thesis of any product ( see  Fig.  2b ). 

 In addition to primer design, the composition of the ACB- 
PCR reaction has been optimized for sensitive allele-specifi c PCR 
amplifi cation. Specifi cally, the ACB-PCR reaction includes the use 
of Perfect Match ®  PCR Enhancer, Triton X-100, relatively low 
dNTP concentrations, and allele-selective Stoffel Fragment of  Taq  
DNA polymerase. Development of each mutational target requires 
optimization of ACB-PCR conditions, which involves manipula-
tion of the annealing temperature, the Perfect Match ®  PCR 
Enhancer concentration, and the blocker primer concentration. To 
date, nine different ACB-PCR assays have been developed for 
the measurement of a hotspot oncogene or tumor-suppressor gene 
point mutation, each with a sensitivity of 10 −5  [ 5 ]. 

 A protocol for conducting ACB-PCR was last published in 2005 
[ 6 ]. Since that time, several improvements have been made to the 
methodology, and the utility of the approach has been demonstrated 
for several applications. Most importantly, an antibody- mediated 
hotstart procedure has been developed to replace the previous man-
ual hotstart. This antibody-mediated hotstart involves preincubation 
of the Stoffel fragment of  Taq  DNA polymerase with Platinum ®   Taq  
antibody. Because manual hotstart has been eliminated, ACB-PCR 
analyses are now conducted in a 96-well format. Thus, more samples 
can be analyzed within a given experiment, and replicate ACB-PCR 
results have become more reproducible. Another important change 
is in how the mutant and wild-type standards are produced. Initially, 
mutant and wild-type sequences were cloned and restriction frag-
ments corresponding to the mutant or the wild-type DNA sequence 
were isolated. More recently, in vitro PCR mutagenesis has been 
used to generate standards, incorporating the base of interest as part 
of a PCR primer [ 7 – 10 ]. 

 As the ACB-PCR methodology has evolved, so has the demon-
strated utility of the ACB-PCR approach [ 5 ]. A strength of the 
ACB-PCR assay is that it can be used to quantify specifi c hotspot 
oncogene and tumor-suppressor gene mutations with already estab-
lished importance in carcinogenesis. The approach used for quanti-
fi cation is presented in Fig.  3 . A number of validation studies have 
been completed, demonstrating that ACB-PCR can detect the early 
mutagenic effects of model mutagenic carcinogens [ 7 ,  8 ,  10 – 15 ]. 
The sensitivity of ACB-PCR also enables it to be used to character-
ize the dose–response relationship between  particular chemical 
exposures and the induction of particular oncogene or tumor- 
suppressor gene mutations at relatively low doses [ 9 ,  10 ,  13 – 15 ]. 
Because the ACB-PCR substrate is DNA, the ACB-PCR approach 
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can be used to analyze mutations in any organ or tissue. Further, 
because the endpoint (mutant fraction) is simply the fraction of 
mutant DNA sequence relative to wild-type DNA sequence, it can 
logically be compared between species.

   ACB-PCR measurement of oncomutation also has potential 
clinical utility. Oncomutations are being used as prognostic bio-
markers, and the presence of particular mutations in a patient’s 
tumor can impact treatment decisions [ 16 ,  17 ]. For example, 
 therapies directed against the epidermal growth factor receptor are 
ineffective in patients whose advanced colon or lung tumor carries 
a  KRAS  mutation [ 18 ,  19 ]. Further, evidence of tumor heteroge-
neity and subpopulations of oncomutations is accumulating, 
 demonstrating the importance of using sensitive and quantitative 
approaches to characterize oncomutations [ 8 ,  20 – 24 ]. Because of 
expanding clinical interest in the measurement of  KRAS  mutation, 
the ACB-PCR methodology for quantifying specifi c point mutations 
is presented below using the specifi c details established for the 
human  KRAS  codon 12 GGT to GAT mutation.  

  Fig. 3    ACB-PCR of human  KRAS  codon 12 GGT to GAT mutation. ( a ) Composition of mutant fraction standards. 
( b ) Fluorescent detection of ACB-PCR products generated from the mutant fraction standards. ( c ) Construction 
of a standard curve following quantifi cation of fl uorescent intensities of ACB-PCR products       
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2    Materials 

          1.    Ultrapure reagent grade water (Thermo Fisher Scientifi c, 
Waltham, MA;  see   Note 1 ).   

   2.    Tissue homogenization buffer: Proteinase K (Invitrogen, 
Carlsbad, CA), NaCl (Sigma-Aldrich, St. Louis, MO), EDTA 
(Sigma-Aldrich), and SDS (Sigma-Aldrich).   

   3.    Polytron ®  Tissue Homogenizer (Kinematica, Bohemia, NY).   
   4.    Appropriately sized polypropylene disposable tubes ( see   Note 2 ).   
   5.    Phenol/chloroform/isoamyl alcohol solution (25:24:1): 

UltraPure™ buffer-saturated phenol (Invitrogen), molecular 
biology-grade chloroform, and isoamyl alcohol.   

   6.    NH 4 OAc, molecular biology grade (Sigma-Aldrich).   
   7.    100 % EtOH, molecular biology grade.   
   8.    Barrier fi lter pipet tips (LabSource, Romeoville, IL;  see   Note 3 ).   
   9.    RNase digestion buffer: RNase A (lyophilized powder), ribo-

nuclease T 1  (ammonium sulfate suspension), Tris–HCl, and 
NaCl; reagents purchased from Sigma-Aldrich.   

   10.    0.5× TE (5 mM Tris–HCl, 0.5 mM EDTA disodium salt, 
pH 7.5; molecular biology grade).   

   11.    Restriction endonucleases,  Afl   II (20,000 U/ml) and  Ava II 
(10,000 U/ml), 10× NEB4 buffer, and 100× bovine serum 
albumin (BSA) (New England Biolabs, Ipswich, MA).   

   12.    NaOAc, molecular biology grade (Sigma-Aldrich).   
   13.    NanoDrop™ 1000 Spectrophotometer (Thermo Fisher; 

 see   Note 4 ).      

            1.    Wild-type (codon 12, GGT) and mutant (codon 12, GAT) 
 KRAS  plasmid DNA containing all of human  KRAS  intronic 
sequence 5 of exon 1, exon 1, and part of intron 2, cloned into 
the pPCR-Script vector [ 25 ].   

   2.    Restriction endonucleases,  Afl   II and  Ava  II ( see  Subheading  2.1 , 
 item 11 ).   

   3.    Ultrapure reagent grade water (Thermo Fisher).   
   4.    Barrier fi lter pipet tips.   
   5.    6× Gel loading dye: 0.25 % bromophenol blue, 0.25 % 

xylene cyanol FF, 15 % Ficoll (type 400); all purchased from 
Sigma-Aldrich.   

   6.    0.7 % TAE agarose gel and 1× TAE running buffer: Agarose 
(Invitrogen), 1× TAE (40 mM Tris base, 50 mM sodium 
 acetate, 10 mM Na 2 EDTA, pH 7.9; reagents purchased from 
Sigma-Aldrich).   

2.1  Genomic 
DNA Isolation

2.2  Preparation 
of Wild-Type and 
Mutant Reference 
DNAs ( See   Note 5 )
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   7.    25 bp DNA ladder (Invitrogen).   
   8.    10 mg/ml ethidium bromide stock solution (Sigma-Aldrich).   
   9.    Ultraviolet (UV) source ( see   Note 6 ).   
   10.    Single-edge razor blade or scalpel.   
   11.    GENECLEAN ®  SPIN Kit (MP Biomedicals, Solon, OH).   
   12.    0.5× TE ( see  Subheading  2.1 ,  item 10 ).   
   13.    0.5-ml Polypropylene microcentrifuge tubes.      

       1.    Genomic DNA digested with  Afl  II and  Ava II (from 
Subheading  3.1.3 ).   

   2.    Barrier fi lter pipet tips.   
   3.    Ultrapure reagent grade water (Thermo Fisher).   
   4.     PfuUltra ™ DNA polymerase and 10×  Pfu  reaction buffer 

[100 mM (NH 4 ) 2 SO 4 , 200 mM Tris–HCl (pH 8.75), 
20 mM MgSO 4 , 1 % Triton X-100, 1 mg/ml BSA] (Agilent 
Technologies, Inc.).   

   5.    Single-use aliquots of 2.5 mM dNTP working solution pre-
pared from 100 mM Illustra™ solution dATP, dCTP, dGTP, 
and dTTP (GE Healthcare, Piscataway, NJ).   

   6.    PCR primers (Sigma-Aldrich) reconstituted with H 2 O at 
100 μM (stock solutions), with working solutions of 10 μM 
prepared as needed:

    (a)    RD1 (5′-TTAAGCGTCGATGGAGGAGTT-3′).   
   (b)    RD2 (5′-GTCCTGCACCAGTAATATGC-3′).    

      7.    0.5-ml Thin-walled PCR tubes (PGC Scientifi cs, Gaithersburg, 
MD).   

   8.    Peltier-style thermocycler with heated lid (e.g., DNA Engine ®  
Peltier Thermal Cycler, PTC-200, Bio-Rad, Hercules, CA).   

   9.    Savant DNA SpeedVac ®  Concentrator (Thermo Fisher).   
   10.    6× Gel loading dye ( see  Subheading  2.2 ,  item 5 ).   
   11.    0.7 % TAE agarose gel and 1× TAE running buffer 

( see  Subheading  2.2 ,  item 5 ).   
   12.    25 bp DNA ladder (Invitrogen).   
   13.    10 mg/ml Ethidium bromide stock solution ( see  Subheading  2.2 , 

 item 8 ).   
   14.    UV source ( see   Note 6 ).   
   15.    Single-edge razor blade or scalpel.   
   16.    GENECLEAN ®  SPIN Kit ( see  Subheading  2.2 ,  item 11 ).   
   17.    0.5× TE ( see  Subheading  2.1 ,  item 10 ).   
   18.    0.5-ml Polypropylene microcentrifuge tubes.      

2.3  Preparation 
of First-Round PCR 
Products from 
Genomic DNA Samples 
( See   Note 5 )
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      1.    Single-use aliquots of gel-purifi ed wild-type and mutant  KRAS  
restriction fragment DNAs, and fi rst-round PCR products 
(fi ve each) (from Subheadings  3.2  and  3.3 ).   

   2.    NanoDrop™ 1000 Spectrophotometer ( see  Subheading  2.1 , 
 item 13 ).   

   3.    Microsoft Offi ce Excel ®  (Microsoft Corporation, Redmond, WA).      

      1.    Single-use aliquots of gel-purifi ed wild-type and mutant  KRAS  
restriction fragment DNAs, and fi rst-round PCR products 
(from Subheading  3.3 ).   

   2.    Ultrapure reagent grade water (Thermo Fisher).   
   3.    Barrier fi lter pipet tips.   
   4.    0.5-ml Polypropylene microcentrifuge tubes.   
   5.    1.5-ml Polypropylene microcentrifuge tubes.      

      1.    Ultrapure reagent grade water (Thermo Fisher).   
   2.    Barrier fi lter pipet tips.   
   3.    25 mM MgCl 2  and 10× Stoffel reaction buffer (100 mM KCl, 

100 mM Tris–HCl, pH 8.3) (Applied Biosystems).   
   4.    2.5 mM working solution of dNTP ( see  Subheading  2.3 ,  item 5 ).   
   5.    A working solution of 1 % Triton X-100 (Sigma-Aldrich), 

apportioned into 500 μl single-use aliquots.   
   6.    A working solution of 1 mg/ml gelatin (Sigma-Aldrich), 

apportioned into 500 μl single-use aliquots ( see   Note 8 ).   
   7.    PCR primers (Sigma-Aldrich) reconstituted at 100 μM, and 

working solutions of 10 μM of each primer, prepared with 
H 2 O as needed ( see   Note 9 ).   

   8.    MSP-A and BP-A polyacrylamide gel electrophoresis (PAGE) 
purifi ed by Sigma Aldrich.
   (a)    MSP-A: 5′-[Flc]CTTGTGGTAGTTGGAGCTTA-3′ 

(synthesized with a 5′-fl uorescein label).   
  (b)    BP-A: 5′-CTTGTGGTAGTTGGAGCTTdG-3′ (synthe-

sized with a 3′-deoxy G chain terminator).   
  (c)    P4: 5′-GATTTACCTCTATTGTTGGA-3′.       

   9.    1.5-ml Polypropylene microcentrifuge tubes.   
   10.    AmpliTaq ®  DNA polymerase Stoffel fragment, 10 U/μl 

(Applied Biosystems).   
   11.    Platinum ®   Taq  antibody, 5 U/μl (Invitrogen).   
   12.    0.5-ml Polypropylene microcentrifuge tubes.   
   13.    Perfect Match ®  PCR Enhancer, diluted to 100 mU/μl in H 2 O 

(Agilent).   

2.4  Quantifi cation 
of Wild-Type and 
Mutant Reference 
DNAs and First-Round 
PCR Products

2.5  Preparation 
of Mutant Fraction 
Standards and 
First-Round PCR 
Products for ACB-PCR 
( See   Note 7 )

2.6  Preparation 
of ACB-PCR Reaction 
Mix and ACB-PCR 
Reactions

Meagan B. Myers et al.
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   14.    96-Well PCR plate (Thermo Fisher).   
   15.    Mutant fraction standards and prepared fi rst-round PCR 

 products (5 × 10 7  copies per μl) (from Subheading  3.5 ).   
   16.    Peltier-style thermocycler with heated lid (e.g., DNA Engine ®  

Peltier Thermal Cycler, PTC-200, Bio-Rad).      

      1.    6× Gel loading dye ( see  Subheading  2.2 ,  item 5 ).   
   2.    Vertical slab gel electrophoresis system (such as the SG-400-

33: Adjustable Sequencing Kit, CBS Scientifi c, Del Mar, CA).   
   3.    1× TAE running buffer ( see  Subheading  2.2 ,  item 5 ).   
   4.    8 % Polyacrylamide gel (33 cm × 22 cm): An 80 ml of  acrylamide 

solution is prepared using 27 ml of H 2 O, 8 ml of 10× TAE 
buffer, 16 ml of 40 % acrylamide/bis-acrylamide solution 
(37.5:1) (Bio-Rad), 800 μl of 10 % ammonium persulfate 
(Sigma-Aldrich), and 80 μl of TEMED (Sigma-Aldrich).   

   5.    25 bp DNA ladder (Invitrogen Life Technologies).   
   6.    Vistra Green™ (GE Healthcare).   
   7.    PharosFX™ Molecular Imager with an external blue laser 

(Bio-Rad).   
   8.    Quantity One ®  1-D Analysis Software (Bio-Rad).   
   9.    Microsoft Offi ce Excel ®  (Microsoft Corporation).       

3    Methods 

       1.    Prepare tissue homogenization buffer with fi nal concentra-
tions of 1 mg/ml proteinase K, 100 mM NaCl, 25 mM EDTA 
(pH 8.0), and 1 % SDS.   

   2.    Homogenize tissue using approximately 6 ml of 
 homogenization buffer per gram of tissue and a handheld 
Polytron ®  Tissue Homogenizer.   

   3.    Incubate overnight at 37 °C.   
   4.    Extract with equal volume of a 25:24:1 phenol/chloroform/

isoamyl alcohol mixture.   
   5.    Adjust supernatant to 2.5 M NH 4 OAc (by adding 1/2 volume 

of 7.5 M NH 4 OAc) and ethanol precipitate with 2 volumes of 
cold 100 % ethanol.   

   6.    Incubate at −20 °C for at least 1 h or overnight.   
   7.    Collect DNA pellet by centrifugation ( see   Note 10 ).      

      1.    Prepare RNase digestion buffer with fi nal concentrations 
of 100 μg/ml RNase A, 40 U/ml ribonuclease T 1 , 10 mM 
Tris–HCl (pH 7.5), and 15 mM NaCl.   

2.7  Sample 
and Data Analysis

3.1  Genomic 
DNA Isolation

3.1.1  Tissue 
Homogenization 
and DNA Extraction

3.1.2  RNase Digestion 
and DNA Extraction

ACB-PCR
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   2.    Resuspend DNA in 3 ml of RNase digestion buffer per gram 
of starting tissue.   

   3.    Incubate overnight at 37 °C.   
   4.    Extract with equal volume of a 25:24:1 phenol/chloroform/

isoamyl alcohol mixture.   
   5.    Adjust supernatant to 0.3 M NaOAc, pH 7.0 (by adding 1/10 

volume of 3 M NaOAc, pH 7.0), and ethanol precipitate with 
2 volumes of cold 100 % ethanol.   

   6.    Incubate at −20 °C for at least 1 h or overnight.   
   7.    Collect DNA pellet by centrifugation.   
   8.    Resuspend DNA in 0.5× TE.   
   9.    Store at −20 °C or below.      

       1.    Digest 20 μg of DNA overnight at 37 °C in a 200 μl volume of 
digestion mix containing 2 μl Afl II (40 U), 4 μl AvaII (40 U), 
20 μl 10× NEB4 buffer, and 2 μl 100× BSA.   

   2.    Extract with an equal volume of phenol/chloroform/isoamyl 
alcohol (25:24:1).   

   3.    Adjust supernatant to 0.3 M NaOAc, pH 7.0 (adding 1/10 
volume of 3 M NaOAc, pH 7.0), and ethanol precipitate with 
2 volumes of cold 100 % ethanol.   

   4.    Incubate at −20 °C for at least 1 h or overnight.   
   5.    Collect DNA pellet by centrifugation.   
   6.    Resuspend DNA in 25 μl 0.5× TE.   
   7.    Quantify the DNA concentration using the NanoDrop™ 

 spectrophotometer, and add 0.5× TE to adjust to a fi nal DNA 
concentration of ~500 ng/μl.       

       1.    Digest 20 μg of  KRAS  plasmid DNA overnight at 37 °C in a 
200 μl volume of digestion mix containing 2 μl Afl  II (40 U), 
4 μl Ava II (40 U), 20 μl 10× NEB4 buffer, and 2 μl 100× 
BSA.   

   2.    Add 40 μl of 6× loading dye, and run the digested plasmid 
DNA on a preparative 0.7 % TAE agarose gel ( see   Note 11 ).   

   3.    Use a razor blade to cut out the 381-bp  KRAS  restriction 
 fragment, and recover the DNA from the gel slice using two 
GENECLEAN ®  SPIN Kit columns (≤300 mg agarose per 
 column, as per the manufacturer’s instructions). Each column 
is eluted twice with 15 μl of 0.5× TE ( see   Note 12 ), and the 
two samples are pooled.   

   4.    Quantify DNA concentration using the NanoDrop™ spectro-
photometer, and add 0.5× TE to adjust to a fi nal DNA 
 concentration between 10 and 20 ng/μl.   

3.1.3  Restriction 
Enzyme Digestion 
and DNA Extraction

3.2  Preparation of 
Wild-Type and Mutant 
Reference DNAs
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   5.    Prepare many, 2 μl, single-use aliquots of the purifi ed wild-type 
and mutant reference DNAs ( see   Note 13 ).   

   6.    Store at −80 °C.      

        1.    Using 1 μg of digested genomic DNA (3 × 10 5  copies of a 
single- copy nuclear genome) per reaction, set up two 200 μl 
PCR reactions (on ice), each containing 20 μl 10×  Pfu  reaction 
buffer, 16 μl of 2.5 mM dNTP, 4 μl of 10 μM primer RD1, 
4 μl of 10 μM primer RD2, and 4 μl (10.0 U)  PfuUltra ™ 
DNA polymerase.   

   2.    Perform PCR using a heated lid and the following cycle condi-
tions: 2 min at 94 °C, then 35 cycles of 1 min at 94 °C, 2 min 
at 56 °C, 1 min at 72 °C, and then 7 min at 72 °C, followed 
by 4 °C soak.   

   3.    Concentrate PCR samples by centrifugation under vacuum 
(to ~50 μl) and combine.   

   4.    Add the appropriate amount of 6× gel loading dye based on 
sample volume, and run the PCR reaction on a preparative 
0.7 % TAE agarose gel.   

   5.    Use a razor blade to cut out the 384-bp  KRAS  PCR product, 
and recover the DNA from the gel slice using two GENECLEAN ®  
SPIN Kit columns (≤300 mg agarose per column, as per the 
manufacturer’s instructions). Each column is eluted twice with 
15 μl of 0.5× TE, and the two samples are pooled.   

   6.    Quantify DNA concentration using the NanoDrop™ spectro-
photometer, and add 0.5× TE to adjust to a fi nal DNA con-
centration between 10 and 20 ng/μl.   

   7.    Prepare many, 2 μl, single-use aliquots of the purifi ed PCR 
products.   

   8.    Store at −80 °C.      

      1.    Quantify the DNA concentration of wild-type and mutant 
 KRAS  reference DNAs, and fi rst-round PCR products using 
the NanoDrop™ ND-1000 Spectrophotometer, measuring ~5 
different aliquots of each DNA sample.   

   2.    Import DNA concentration values into Microsoft Excel. Calculate 
fi nal DNA concentrations from a minimum of three measure-
ments that vary <10 % from the group mean ( see   Note 14 ).      

       1.    Label 0.5 ml tubes in which to dilute the wild-type and mutant 
reference DNA, and to prepare mutant fraction standards, and 
no mutant control as shown in Table  1 . Label 1.5 ml tubes in 
which to dilute the fi rst-round PCR samples to be analyzed.

       2.    Add the appropriate amount of H 2 O to all necessary tubes.   

3.3  Preparation 
of First-Round PCR 
Products from 
Genomic DNA Samples

3.4  Quantifi cation 
of Reference DNAs 
and First-Round 
PCR Products

3.5  Preparation 
of Mutant Fraction 
Standards and 
First-Round PCR 
Products for ACB-PCR 
( See   Note 15 )
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   3.    Using the conversion of 19.5 pg of 381-bp  KRAS  restriction 
fragment DNA = 5 × 10 7  molecules, dilute the wild-type refer-
ence DNA to 1 × 10 8  molecules per μl in H 2 O ( see   Note 16 ).   

   4.    Add the wild-type reference DNA to each tube labeled accord-
ing to mutant fraction, as shown in Table  1 .   

   5.    In 1.5 ml tubes, dilute the fi rst-round PCR product of the 
unknown samples to 5 × 10 7  molecules per μl in H 2 O (19.7 pg 
of 384-bp  KRAS  PCR fragment = 5 × 10 7  molecules).   

   6.    Dilute the mutant reference DNA to 1 × 10 8  molecules per μl 
in H 2 O (using the conversion of 19.5 pg of 381-bp  KRAS  
restriction fragment DNA = 5 × 10 7  molecules). Then make fi ve 
10-fold serial dilutions, into the labeled 0.5 ml tubes, resulting 
in mutant DNA concentrations of 10 7 , 10 6 , 10 5 , 10 4 , and 10 3  
molecules/μl.   

   7.    Add mutant reference DNA to the mutant fraction standards 
(10 −5  to 10 −1 ) as shown in Table  1  ( see   Note 17 ).      

       1.    The following reagent volumes are combined (on ice) to prepare 
 KRAS  GAT ACB-PCR reaction master mix (enough for three 
experiments consisting of the six mutant fraction standards, in 
duplicate, along with a no-DNA control) ( see   Note 20 ): 511.5 μl 
of H 2 O, 220 μl of 10× Stoffel buffer, 220 μl of 1 mg/ml gela-
tin, 220 μl of 1 % Triton X-100, 70.4 μl of 2.5 mM dNTPs, 
140.8 μl of MgCl 2 , 110 μl of MSP-A (fl uorescein- labeled 
mutant-specifi c primer), 110 μl of P4 (downstream primer), 
and 104.5 μl of BP-A (blocker primer) for a total of 1,629.6 μl.   

   2.    Vortex and briefl y centrifuge the ACB-PCR master mix several 
times to ensure homogeneity.   

3.6  Preparation 
of ACB-PCR 
Reaction Mix and 
ACB-PCR Reactions 
( See   Note 18 )

3.6.1  Preparation 
of ACB-PCR Master Mix 
( See   Note 19 )

      Table 1  
  Preparation of  KRAS  mutant fraction standards a    

 Mutant fraction 
standard 

 Wild-type DNA 
(10 8  molecules)  Mutant DNA  H 2 O 

    10–1  18.2 μl  18.2 μl of 10 7  molecules/μl  3.6 μl 

 10–2  19.8 μl  19.8 μl of 10 6  molecules/μl  0.4 μl 

 10–3  20 μl  20 μl of 10 5  molecules/μl  – 

 10–4  20 μl  20 μl of 10 4  molecules/μl  – 

 10–5  20 μl  20 μl of 10 3  molecules/μl  – 

 No mutant control  20 μl  –  20 μl 

   a Add H 2 O fi rst, then wild-type DNA, then fi nally mutant DNA working from low to 
high molecules/μl  

Meagan B. Myers et al.



357

   3.    Dispense 543.2 μl of ACB-PCR master mix into three separate 
labeled tubes.   

   4.    Store at −20 °C (non-frost-free freezer).      

      1.    On ice, combine 100 μl (1,000 U) AmpliTaq ®  DNA  polymerase 
Stoffel fragment and 200 μl (1,000 U) of Platinum ®   Taq  
antibody.   

   2.    Gently fl ick tube to mix and let sit on ice for 30 min.   
   3.    Store at−20 °C (non-frost-free freezer).      

      1.    To 543.2 μl of ACB-PCR master mix, add 14 μl of hot start 
AmpliTaq ®  DNA polymerase Stoffel Fragment formulation 
and 2.8 μl of Perfect Match ®  (diluted to 100 mU/μl). Gently 
mix and centrifuge.   

   2.    Place 40 μl of ACB-PCR reaction mix into wells of a 96-well 
plate [duplicate wells for mutant fraction standards and no- 
mutant (i.e., wild-type) control, and a no-DNA control].   

   3.    Add 10 μl of H 2 O to the no-DNA control well. Sequentially 
add 10 μl of no-mutant (wild-type) control, 10 μl of each 
mutant fraction standard (working from low to high, followed 
by a change of gloves), and 10 μl of each fi rst-round PCR 
product to the ACB-PCR reaction mix in each well (fi nal num-
ber of molecules = 5 × 10 8  per reaction) ( see  Table  1 ).   

   4.    Carefully cap the wells.   
   5.    Mix and briefl y centrifuge the 96-well plate.   
   6.    Perform PCR using a heated lid and the following cycle condi-

tions: 2 min at 94 °C, then 36 cycles of 30 s at 94 °C, 45 s at 
45 °C, and 1 min at 72 °C, followed by 4 °C soak.       

      1.    Add 10 μl of 6× loading dye to each ACB-PCR reaction.   
   2.    Load 8 μl of each ACB-PCR sample and the 25 bp DNA  ladder 

on a nondenaturing 8 % polyacrylamide gel and run at ~200 V 
for 2–3 h.   

   3.    To visualize the fl uorescent bands, scan the gel using a 
PharosFX™ Molecular Imager with an external blue laser 
( see   Note 21 ).   

   4.    Measure the fl uorescence in pixels of the ACB-PCR product 
(103 bp) for each MF standard using Quantity One ®  software 
( see   Note 22 ).   

   5.    Export the Quantity One ®  data to Excel, and construct a 
 standard curve of pixels vs. mutant fraction. Derive the best-fi t 
equation for the data (use the Excel exponential function). Use 
the derived best-fi t equation to calculate the mutant fractions of 
the unknown samples from their pixel intensities (volumes).      

3.6.2  Preparation 
of Hot Start AmpliTaq ®  
DNA Polymerase Stoffel 
Fragment (Antibody: 
Polymerase Complex)

3.6.3  Preparation 
of ACB-PCR Reaction Mix 
and ACB-PCR Reactions

3.7  Sample 
and Data Analysis

ACB-PCR
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   See  Table  2 .

4        Notes 

     1.    All water used for DNA extraction, preparation of mutant 
 fraction standards and unknowns, PCR reagents, and reactions 
is ultrapure reagent-grade water.   

   2.    All tubes used for DNA extraction are polypropylene. The 
appropriately sized tube for DNA extraction will need to be 
determined based on the weight of tissue to be extracted.   

   3.    All pipet tips used for DNA extraction, preparation of mutant 
fraction standards and unknowns, and PCR are barrier fi lter 
pipet tips.   

   4.    NanoDrop™ 2000 or newer models may be used.   
   5.    The wild-type and mutant DNAs are purifi ed separately (on dif-

ferent days) to avoid cross-contamination. Isolating the wild-type 
reference DNA and the fi rst-round PCR products from the 
unknown samples fi rst reduces the risk of contaminating them 
with the mutant.   

   6.    A low-power transilluminator is used to visualize and excise 
fi rst-round PCR products to minimize DNA damage.   

   7.    Two different preparatory laboratory spaces (each with microfuge 
and pipettor sets) should be used for this procedure: one to 
dilute wild-type, mutant, and test DNAs and prepare mutant 
fraction standards and the other to set up PCR reactions.   

   8.    A 20 mg/ml stock solution of gelatin (Sigma-Aldrich) can be 
stored at 4 °C for up to 2 years.   

   9.    Stock solutions of BP-A (blocker primer) and P4 (downstream 
primer) are reconstituted in H 2 O at 100 μM, and fl uorescein- 
labeled MSP-A (mutant-specifi c primer) is reconstituted in 
2 mM Tris, pH 7.5, at 100 μM.   

   10.    High-speed centrifugation (≥10,000 rpm) is required to col-
lect the precipitated DNA. The size and type of polypropylene 
tubes and the centrifuge/rotor used will determine the time 
and maximum speed of centrifugation [e.g., 14,000 rpm 
(16,000 × g) for 10 min using 1.5 ml microcentrifuge tubes in 
a bench-top microcentrifuge; 10,000 rpm (11,952 × g) for 20 
min using 13 ml Sarstedt round bottom centrifuge tubes with 
a Sorvall SS-34 rotor in a superspeed fl oor centrifuge (such as 
the Sorvall RC-5C Plus)].   

   11.    The amplifi ed bands are visualized by staining the gel for 10 min 
in a tray containing ~100 ml of a 0.5 μg/ml ethidium bromide, 
followed by rinsing with distilled water and illumination with a 
low-power UV transilluminator or other low- power UV source. 

3.8  ACB-PCR 
Conditions for Other 
Mutational Targets

Meagan B. Myers et al.
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It is important to minimize the time that the DNA is exposed 
even to low-power UV.   

   12.    DNAs are more stable in 0.5× TE than in H 2 O (the elution 
solution supplied with the GENECLEAN ®  SPIN kit is H 2 O).   

   13.    To reduce the potential for cross-contamination, many single- 
use aliquots (10–20 ng) of the purifi ed restriction fragment 
are prepared from a single DNA isolation. These aliquots are 
 stable for approximately 3 years when DNAs at 10–20 ng/μl 
are stored at −80 °C. DNAs should be re-quantifi ed following 
periods of long storage to confi rm stability.   

   14.    Calculate sample mean and the difference between each individual 
sample DNA concentration and the group mean DNA concentra-
tion. Sequentially delete the most disparate DNA measurements 
relative to the group mean, ultimately obtaining at least three 
measurements with DNA concentration readings within 10 % 
(+/−) of the group mean. This procedure is used to remove spuri-
ous NanoDrop™ readings in a user-independent fashion.   

   15.    All DNAs should be kept on ice during dilution and mutant 
fraction standard preparation.   

   16.    When preparing dilutions of unknown DNA and mutant 
 fraction standards, mix and centrifuge three times to ensure 
solution homogeneity.   

   17.    When adding mutant DNA to tubes containing wild-type 
DNA, always work from the no-mutant control and low mutant 
fractions to high mutant fractions, changing gloves after work-
ing with the high-mutant-fraction DNAs.   

   18.    The fi nal  KRAS  codon 12 GAT MF ACB-PCR reaction (50 μl) 
contains 10 μl DNA (5 × 10 8  copies), 1× Stoffel buffer, 0.1 mg/
ml gelatin, 1 mg/ml Triton X-100, 80 μM each dNTP, 1.6 mM 
MgCl 2 , 500 nM MSP-A (fl uorescein-labeled mutant-specifi c 
primer), 500 nM P4 (downstream primer), 475 nM BP-A 
(blocker primer), 3.33 U AmpliTaq ®  DNA polymerase Stoffel 
fragment, 3.33 U Platinum ®   Taq  antibody, and 0.4 mU/μl 
Perfect Match ®  PCR Enhancer.   

   19.    The master mix includes all reagents minus DNA, the hot start 
AmpliTaq ®  DNA polymerase Stoffel fragment formulation 
(antibody:polymerase complex), and Perfect Match ®  PCR 
Enhancer.   

   20.    Volumes should be adjusted proportionally to analyze additional 
numbers of unknown samples.   

   21.    After imaging, stain gel with Vistra Green™ to visualize the 
25 bp ladder.   

   22.    Equal-sized rectangles are placed over fl uorescent bands, and 
then pixel volumes within those rectangles are determined 
using Quantity One ®  software and a background correction.         

ACB-PCR
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    Chapter 28   

 Gel-Based Nonradioactive Single-Strand 
Conformational Polymorphism and Mutation Detection: 
Limitations and Solutions 

           Vibhuti     Gupta    ,     Reetakshi     Arora    ,     Sailesh     Gochhait    , 
    Narendra     K.     Bairwa    , and     Rameshwar     N.    K.     Bamezai    

    Abstract 

   Single-strand conformation polymorphism (SSCP) for screening mutations/single-nucleotide polymorphisms 
(SNPs) is a simple, cost-effective technique, saving an expensive exercise of sequencing each and every 
polymerase chain reaction product and assisting in choosing only the amplicons of interest with expected 
mutations. The principle of detection of small changes in DNA sequences is based on changes in single-
strand DNA conformations. The changes in electrophoretic mobility that SSCP detects are sequence 
dependent. The limitations faced in SSCP range from routine polyacrylamide gel electrophoresis (PAGE) 
problems to the problems of resolving mutant DNA bands. Both these problems can be solved by control-
ling PAGE conditions and by varying physical and environmental conditions such as pH, temperature, 
voltage, gel type and percentage, addition of additives or denaturants, and others. Despite much upgrading 
of the technology for mutation detection, SSCP remains the method of choice to analyze mutations and 
SNPs in order to understand genomic variations, both spontaneous and induced, and the genetic basis of 
diseases.  

  Key words     Single-strand conformation polymorphism (SSCP)  ,   Polymerase chain reaction (PCR)  , 
  PCR-SSCP  ,   Polyacrylamide gel electrophoresis (PAGE)  ,   Polymorphism  ,   Chemical mutagenesis  , 
  Single-nucleotide polymorphism (SNP)  ,   Mutation detection  

1      Introduction 

  The study of genomic variation has become important in 
 understanding human history and disease susceptibility. A variety of 
techniques are described in the literature that can detect single base 
mutations, insertions, and deletions, and all of them have their 
 particular advantages. In recent years, high-throughput methods like 
next-generation sequencers providing information about the entire 
genome, solid-phase minisequencing, detection of dissimilarly sized 
extension fragments by matrix-assisted laser desorption/ionization-
time-of-fl ight mass spectroscopy (MALDI- TOF MS), mismatch 

1.1  What Is SSCP?
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cleavage detection, oligoarray hybridization, molecular beacon 
s ignaling, fl uorescence monitoring of polymerase chain reaction 
(PCR), electronic dotblot assay, denaturing gradient gel electropho-
resis (DGGE), high-resolution melt curve (HRM) analysis, and 
denaturing high-performance liquid chromatography (DHPLC) are 
already in use (for review,  see  ref.  1 ,  2 ). Nevertheless, one of the com-
monest, simplest, and also reasonably sensitive methods for rapid 
detection of gene mutations is that of single-strand conformation 
polymorphism (SSCP). It has been useful in fi nding alterations in 
genes associated with a variety of diseases [ 3 – 6 ]. Also, the technique 
has been useful in detecting induction of mutations in DNA/cDNA 
in toxicological studies. Chemically induced mutagenesis has been 
studied using the SSCP technique in rats [ 7 ], humans [ 8 ], and mam-
malian cell lines [ 9 ]. PCR-SSCP has been a useful technique for the 
analysis of genetic variations in many areas of biomedical research, 
including the identifi cation of infectious agents (such as parasites), 
diagnosis of infections, and detection of unknown or known 
 disease-causing mutations (reviewed in ref.  10 ). Among its many 
recent applications have been as a sensitive and economical tool for 
 identifying tuberculosis strains [ 11 ], for diagnosis of T-cell clonality 
in periodontal diseases [ 12 ], to characterize isolates of the barley 
 yellow dwarf virus-PAV (BYDV-PAV) [ 13 ], and for gender identifi -
cation of birds [ 14 ]. 

 SSCP relies on the ability of a single (or multiple)-nucleotide 
change(s) to alter the electrophoretic mobility of a single-strand 
DNA molecule under native (nondenaturing) conditions. Under 
nondenaturing conditions, most single-stranded DNA molecules 
assume one or more stable 3D conformations dependent on the 
nucleotide sequence. This change in a single nucleotide leads to a 
conformational change that is refl ected in the electrophoretic 
mobility of the polymorphic sequence in comparison with the 
more common wild-type sequence (Figs.  1  and  2 ).

    Mutations/polymorphisms occur within many different regions 
of a gene (promoter, 5′ untranslated region [5′ UTR], exons, 
introns, exon–intron junctions, 3′ UTR, and others) and are screened 
by the following steps: (1) designing primers complementary to the 
region fl anking the specifi ed region; (2) subjecting the amplicons 
produced by PCR to SSCP analysis; (3) eluting the variant bands for 
characterization through sequencing; and (4) using these bands 
(DNA) for comparison in further analysis. A large number of sam-
ples can be prescreened for mutation(s) and single-nucleotide 
 polymorphisms (SNPs). 

 The basic protocol of SSCP as described by Orita in 1989 
was based on PCR [ 15 ]-based or restriction fragment length 
 polymorphism (RFLP) [ 16 ]-based detection of mutations in radio-
labeled fragments on a sequencing apparatus. This basic protocol 
has undergone drastic changes since then, including the use of 
nonradiolabeled [ 17 ] and fl uorescence-based detection [ 18 ]. 
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 The advantages of the SSCP technique are that it is easy and 
cost effective and requires low technical input. It can be used as a 
basic tool to identify variations prior to sequencing. If properly 
standardized, it can also be applied to fi nd loss of heterozygosity 
(LOH) and microsatellite instability (MSI). Another advantage is 
the ease of separation, direct elution, and cloning of the variant 
band in both heterozygous and homozygous mutant situations. 
However, among its disadvantages are that it is at times diffi cult to 
standardize. SSCP results may be misleading if nonspecifi c bands 
are seen in some gels, a problem that can be overcome by repeating 
and obtaining reproducible results. Some mutations may not be 

  Fig. 1    Schematic representation of hypothetical conformation differences 
adopted by the mutation-bearing ssDNA molecules (     ) in comparison with the 
wild-type (nonmutant) ssDNA molecule, thus resulting in the mobility shifts of 
the two strands of DNA. The heterozygous profi le in some cases may only resolve 
into three bands instead of four       
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resolved at all using SSCP. Also, it is a low-throughput technique: 
at the most, a worker can analyze 30–40 samples in a day. 

 In the literature, a variety of parameters have been found to 
improve the effi ciency of the SSCP technique. Use of additives, such 
as sucrose, glycerol [ 19 ], urea [ 20 ,  21 ], formamide [ 20 ,  22 ], or 
polyethylene glycol (PEG) [ 23 ]; use of shorter length fragments for 
analysis [ 24 ]; varying acrylamide percentage [ 25 ] and acrylamide- 
to- bis -acrylamide ratio [ 20 ]; optimization of PCR conditions [ 26 ]; 
use of acrylamide substitutes (such as the mutation detection 
enhancer [MDE] [ 27 ], PHAST SYSTEM (automated electropho-
resis system with ready-to-use gels) [ 28 ,  29 ], and agarose [ 30 ]); 
varying pH, current, and voltage [ 31 ]; use of multitemperature 
SSCP [ 32 ]; use of cold SSCPs [ 33 ]; and use of combined SSCP/
duplex analysis by capillary electrophoresis [ 34 ] have all been pro-
posed to improve the resolution of single strands of the denatured 
double-stranded DNA.  
  
 It is important to remember that optimal SSCP conditions for a 
particular fragment are determined by sequence, i.e., the length, 
base composition, and type of mutation to be studied. At least 
90 % of single-base pair substitutions can be detected if the 
 fragment length is within the optimal size range of 130–320 bp. 
Also, approx. 80 % of single-base pair substitutions can be detected 
if the PCR products are kept under 400 bp in length [ 35 ]. Various 
factors (as discussed below) increase the sensitivity of the mutation 
detection, and a stepwise method of standardization may allow for 
mutation screening of a majority of DNA sequences. 

1.2  Standardizing 
SSCP

  Fig. 2    SSCP profi le seen for two different amplicons. The conditions are as 
 follows: 15 % acrylamide, 160 V, 1× TBE. The gels were run at room temperature 
for 22 h. ( a ) A 231-bp-long fragment of TGF-β1 5′ UTR showing variations in all 
the lanes.  Lane 1 , a three-band pattern heterozygous profi le;  lanes 3 ,  5 , and  6 , 
four-band pattern heterozygous profi les;  lanes 2  and  4 , homozygous profi les. 
( b ) A different region, a 231-bp fragment for the TGF-β1 promoter.  Lane 1 , a 
 four- band heterozygous profi le;  lanes 2  and  3 , homozygous profi les       

 

Vibhuti Gupta et al.



369

 Factors important for standardization include the following:

    1.     Gel temperature : Temperature is an important factor as it 
affects the stable DNA conformation as well as the mobility. As 
the temperature increases, the mobility also increases, and the 
total run time decreases. Low temperature is maintained either 
by running the gel in a cold room or by circulating cold run-
ning buffer in the gel apparatus. Running the same sample at 
different temperatures maximizes the chances of detecting 
mutations, as the variations missed under one temperature may 
be picked up at another. The same sequence can show two 
absolutely different profi les at two different temperatures 
(Fig.  3 ). Temperature is one of the most important factors 
affecting the resolution of the single-strand (ss) DNA bands in 
the gels. The temperature range of 4 °C (cold room) to 
25–30 °C (room temperature) shows the best differentiation 
of the ssDNA bands. Migration of the bands is directly related 
to the increase in temperature.

       2.     Gel pH : Generally, SSCP gels are run in 1× TBE solution, 
pH 8.3. However, it has been shown that using running buffer 
with lower pH (6.2–6.8) increases the sensitivity of SSCP anal-
ysis. Addition of 5–10 % glycerol lowers the pH of TBE and 
leads to enhanced separation of mutant fragments in SSCP 
analysis of DNA fragments as long as 800 bp in length [ 19 ]. 

  Fig. 3    Demonstration of the effect of temperature on resolving for variants present in a tumor as compared to the 
normal tissue by SSCP. The voltage and the time of run were also optimized to optimize resolution. The presence 
of the mutation in heterozygous form was confi rmed by automated fl uorescent capillary sequencing       
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Addition of sucrose, formamide, PEG, etc. to the running 
 buffer can also lead to reduced pH.   

   3.     Voltage : High voltage increases mobility and hence lowers the 
run time. However, the heat produced at higher voltage can 
lead to uneven heating of the gel matrix, which can result in 
band smiling or frowning, if the heat dissipation system is not 
effective.   

   4.     Gel matrix : Bands move more slowly and resolve better at 
higher acrylamide concentrations. Optimal acrylamide % is 
mainly determined according to the size of the sequence to be 
analyzed. Sometimes the use of alternative matrixes like MDE, 
gene amp, Hydrolinks, agarose, or PHAST can also increase 
the possibility of detecting a mutation.   

   5.     Additives : Sucrose (10 %), urea, glycerol (5–10 %), PEG, 
 ethylene glycol, or formamide may be added to the gel. 
Glycerol enhances the mutation detection and interpretation 
of bands, as it stabilizes 3D DNA conformation, reduces 
deformer formation, and is known to affect pH in the TBE 
buffer system [ 19 ].     

 It is diffi cult to predict optimum conditions for a particular 
fragment, even if its complete sequence is known. Optimum con-
ditions have to be standardized by trial-and-error methods, trying 
out various permutations and combinations of the parameters 
known to be infl uencing the outcome. 

 To start with, 200–325-bp DNA fragments can be run in 
12–15 % gels at 160–200 V. The total run time increases as the gel 
percentage and fragment size increase, and it decreases as the 
 temperature and voltage increase. Sometimes increasing the run 
time can also resolve some bands not resolved adequately in less 
time. The majority of fragments can be resolved in this way. For the 
rest, various additives and different physical conditions (as already 
discussed) can be varied.   

2    Materials 

       1.    Lysis buffer: 0.32 M sucrose (autoclaved), 5 mM MgCl 2 , 
0.01 M Tris–HCl, pH 8.0, 1 % Triton X-100 (e.g., Sigma, St. 
Louis, MO, or Qualigens, Mumbai, India). Store at room 
temperature.   

   2.    Digestion buffer: 100 mM NaCl, 25 mM EDTA, 0.5 % sodium 
dodecyl sulfate (SDS), 10 mM Tris–HCl, pH 8.0.   

   3.    20 mg/mL Proteinase K in solution.   
   4.    Tris–HCl-saturated phenol, pH 8.0 (store at 4 °C) and 

chloroform.   
   5.    TE buffer: 10 mM Tris–HCl, 1 mM EDTA, pH 8.0.   

2.1  Genomic DNA 
Isolation
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   6.    Gel loading dye: 0.25 % bromophenol blue, 0.25 % xylene 
 cyanol, and 30 % glycerol (use gloves and store at 4 °C).   

   7.    TBE buffer: 80 mM Tris base, 40 mM boric acid, 2 mM EDTA. 
Make as 10× stock solution, and store at room temperature.   

   8.    Ethidium bromide: 10 mg/mL stock solution in autoclaved 
distilled water (use gloves, and protect from direct light; store 
at 4 °C).   

   9.    1 % Agarose in 1× TBE buffer.      

  Use gloves to handle.

    1.    Sterile 0.5-mL PCR tubes and microtips.   
   2.    PCR kit (reaction buffer, enzyme, dNTP mix; store at –20 °C).   
   3.    Primers for the region to be studied (store at –20 °C until use 

and after).   
   4.    Mineral oil (store at room temperature)—required when the 

heated-lid cover option of the PCR instrument is not used.   
   5.    Thermal cycler (e.g., PTC-100 Thermal Cycler, MJ Research, 

Miami, FL).      

      1.    Autoclaved distilled water.   
   2.    Glass plates of 20 × 18 cm, spacers, and combs of 1-mm 

 thickness each, with a well size of 3.5 mm.   
   3.    Gel electrophoresis system.   
   4.    Acrylamide: bis -acrylamide stock (29:1); store at 4 °C.   
   5.    10 % APS solution and TEMED.   
   6.    TBE running buffer;  see  Subheading  2.1 ,  item 7 .   
   7.    SSCP dye: 0.15 g Ficoll, 0.0025 g bromophenol blue, 0.0025 g 

xylene cyanol, 950 μL formamide, and 50 μL 1× TBE.   
   8.    Power pack (e.g., Bio-Rad PAC 3000, Hercules, CA).      

      1.    Fixative: 10 % ethanol, 1 % acetic acid solution.   
   2.    Staining solution: 0.1 % AgNO 3 .   
   3.    Developing solution: 1.5 % NaOH.   
   4.    0.75 % Sodium bicarbonate, 10 % acetic acid solution.      

      1.    Elution buffer preparation (for 25 mL): Add 0.9365 g ammo-
nium acetate and 0.0536 g magnesium acetate to 10 mL water 
and autoclave. Add to this 125 μL 0.2 M EDTA and 250 μL of 
10 % SDS, and make up the volume to 25 mL.      

      1.    Agarose (molecular biology grade; e.g., Sigma-Aldrich or 
Pronadisa, Rehovot, Israel).   

   2.    Tris–HCl-saturated phenol, pH 8.0 (store at 4 °C).   

2.2  Polymerase 
Chain Reaction

2.3  Polyacrylamide 
Gel Preparation and 
Gel Electrophoresis

2.4  Silver Staining 
of SSCP Gel

2.5  PAGE Elution 
of DNA

2.6  Agarose 
Purifi cation of 
DNA Bands
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   3.    3 M Sodium acetate, pH 5.2 (store at room temperature).   
   4.    Absolute ethanol (e.g., Merck, Mumbai, India).      

      1.    PCR product ligation kit (e.g., Promega, Madison, WI).   
   2.    Insert DNA.      

      1.    Competent bacterial cells (e.g., DH5α).   
   2.    Sterile culture plates.   
   3.    Luria broth (LB) medium (e.g., Himedia, Mumbai, India).   
   4.    Ampicillin (store at –20 °C).       

3    Methods ( See   Note 1 ) 

      1.    Incubate blood (5 mL) with 4.5 mL lysis buffer for 30 min on 
ice. Break the clumps or the clots with the help of a Pasteur 
pipet.   

   2.    Centrifuge at 4 °C for 20 min at 1,100 ×  g .   
   3.    Resuspend the pellet gently in 4.5 mL of digestion buffer.   
   4.    Add Proteinase K solution to the homogenous cell suspension 

at a fi nal concentration of 10 μg/mL.   
   5.    Incubate the suspension at 65 °C for 1 h, followed by over-

night incubation at 37 °C with gentle shaking.   
   6.    Next day, deproteinate the cell suspension by extracting twice 

with an equal volume of phenol/chloroform and twice with 
chloroform, centrifuging at 2,200–3,500 ×  g  for 20 min at 
room temperature.   

   7.    Precipitate by adding 1/10th vol of 3 M sodium acetate and 
2 vol of ethanol.   

   8.    Spool DNA by binding on a glass rod or pick up DNA in a 
broad-mouthed Pasteur pipet and wash with chilled 70 % 
ethanol.   

   9.    Dry the DNA and dissolve in TE.   
   10.    Mix the genomic DNA with 1/6th vol of gel loading dye and 

load into wells of a 0.8 % agarose gel. Run at low voltage of 
40–45 V. Visualize on a UV transilluminator. The high-quality 
genomic DNA should be seen as a band without shearing.   

   11.    Quantitate by taking the optical density (OD) at 260 nm. Also 
compare the ratio of OD at 260 nm with that at 280 nm to 
check the quality; DNA samples having OD 260 /OD 280  
ratios > 1.5 are considered to have low protein contamination. 
Dilute the samples to a concentration of 25 ng/μL in auto-
claved distilled water and store at –20 °C until analysis.      

2.7  Ligation of DNA 
Bands for Sequencing

2.8  Transformation 
of Ligated Product and 
Screening of Positive 
Clones

3.1  Preparation 
of Template
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      1.    A 12.5 μL vol of PCR reaction for each sample includes the 
following: primer set: 6.25 pmol of each primer, 10 ng target 
DNA, 100 nM dNTPs, 1× PCR reaction buffer, and 0.5 U  Taq  
polymerase (e.g., Promega PCR kit).   

   2.    PCR reaction is done for 30 cycles (denaturation at 94 °C for 
1 min, annealing at 55–65 °C for 1 min, and extension at 
72 °C for 1 min) and fi nal extension at 72 °C for 10 min.   

   3.    PCR products are checked by loading in 0.8 % agarose gel at 
120 V.      

      1.    Clean the gel plates with detergent and rinse well with distilled 
water.   

   2.    Wipe the plates with absolute ethanol.   
   3.    Clean the spacers with absolute ethanol and place securely on 

the bottom plate. Secure the plates properly with clamps.   
   4.    Clean the combs with absolute ethanol, and keep it ready to be 

inserted between the two plates after pouring the gel mix.   
   5.    Prepare the gel mix (12–15 %) by adding a premade solution 

of acrylamide and  bis -acrylamide at a ratio of 29:1, adding 
10× TBE to make a fi nal concentration of 1× then 200 μL of 
10 % APS and 50 μL of TEMED.   

   6.    Mix all the constituents and pour between the two plates. 
Insert the comb. Avoid introducing air bubbles.   

   7.    Leave the assembly undisturbed until the gel becomes polym-
erized ( see   Note 2 ).   

   8.    Prepare samples for loading by taking 5 μL of PCR product, 
adding 4.5 μL of 1× TBE and 0.5 μL of loading dye.   

   9.    Denature samples at 95 °C for 5 min and chill immediately on 
ice for 5 min prior to loading.   

   10.    Load the entire prepared sample into the appropriate wells of 
the nondenaturing gel and electrophorese at a constant voltage 
at room temperature or at 4 °C ( see   Note 3 ).      

      1.    After completion of the gel run, immerse the gel in fi xative for 
about 30 min.   

   2.    Stain the gel in 0.1 % silver nitrate solution for 15 min.   
   3.    Wash the gel three times with autoclaved water.   
   4.    Develop by adding 1.5 % NaOH solution, and wait till the 

bands appear.   
   5.    Throw away the previous solution, and add 0.75 % sodium 

bicarbonate solution.   
   6.    Photograph/scan the gels for record purposes (s ee   Note 4 ).   
   7.    For long-term storage dry the gels in a gel dryer or store in a 

1 % acetic acid solution.      

3.2  Polymerase 
Chain Reaction for 
Amplifi cation of the 
Region to Be Studied

3.3  Preparation 
of Nondenaturing 
Polyacrylamide Gel 
for SSCP Analysis

3.4  Silver Staining 
of SSCP Gel
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      1.    Cut out the band showing variation, and mince it well with the 
help of a microtip in a microcentrifuge tube.   

   2.    Add 400 μL of PAGE elution buffer and incubate at 37 °C 
overnight with shaking.   

   3.    Centrifuge at 16,000 ×  g  at 4 °C for 1 min.   
   4.    Take the supernatant and add 1/10th vol of sodium acetate, 

pH 5.2, followed by 1 mL ethanol.   
   5.    Keep at –80 °C for 1 h.   
   6.    Centrifuge at 16,000 ×  g  at 4 °C for 20 min.   
   7.    Wash twice with 70 % ethanol, followed by centrifugation at 

16,000 ×  g , 4 °C, for 10 min.   
   8.    Air-dry DNA and dissolve in 10 μL autoclaved and double- 

distilled water.   
   9.    PCR-amplify the eluted fragment DNA.      

      1.    Run the PCR product to be eluted in a 0.8 % agarose gel.   
   2.    Excise the PCR-amplifi ed product from the agarose gel, and 

put it in a 1.5-mL microcentrifuge tube.   
   3.    Add 1 mL of saturated phenol, pH 8.0 into the tube, and freeze 

it at –80 °C. Take out the frozen tube, and thaw it completely. 
Freeze–thaw the tube three times.   

   4.    In the fi nal step, take out the frozen tube and centrifuge at a 
high speed (13,000 ×  g ) for 20 min at room temperature.   

   5.    Pipet off the aqueous phase, and transfer it to a fresh tube. Add 
an equal volume of chloroform into the tube, mix, and centri-
fuge again at 13,000 ×  g  for 10 min.   

   6.    Transfer the aqueous phase to a fresh tube, add 1/10th vol of 
3 M sodium acetate, pH 5.2, and make up to1 mL with absolute 
ethanol. Allow the DNA to precipitate for 30–45 min at –80 °C.   

   7.    Centrifuge at 16,000 ×  g  at 4 °C for 20 min to precipitate 
DNA.   

   8.    Wash the DNA pellet with chilled 70 % ethanol for 10 min 
at 4 °C.   

   9.    Dry the pellet, and fi nally dissolve it in 10 μL of autoclaved 
distilled water.   

   10.    Check the quality of DNA by running in an agarose gel, and 
quantitate the amount for cloning.      

      1.    Mix 2× reaction buffer, T-tailed vector (e.g., pGEM-T Promega 
ligation kit), enzyme (ligase), and DNA insert (gel-eluted 
product) in a 0.5-mL microcentrifuge tube. Mix well, and 
make up the volume to 10 μL (as per instructions given in, for 
example, the Promega PCR ligation kit).   

   2.    Incubate at 16 °C for 4–6 h, followed by an overnight incuba-
tion at 4 °C.      

3.5  PAGE Elution 
of Bands Showing 
Variation ( See   Notes 
5 – 9 )

3.6  Agarose 
Purifi cation of DNA 
Bands

3.7  Ligation of 
Gel-Eluted Product 
for Determination 
of Allele Sequence
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      1.    Transform suitable competent cells (e.g.,  E. coli  strains DH5α, 
XL-1) with the ligated plasmid.   

   2.    Rescreen for positive clones through colony PCR using the 
same set of primers as was used for amplifying genomic DNA 
and at the same PCR conditions.   

   3.    Sequence the resulting PCR product manually or by an auto-
mated sequencer to confi rm the presence or the absence of the 
suspected mutation.      

      1.    Inoculate 5 mL of fresh LB medium with a single colony and 
grow at 37 °C overnight with high-speed shaking.   

   2.    Isolate the plasmid according to the instructions of a plasmid 
isolation kit (e.g., Sigma or Promega plasmid isolation kit).   

   3.    PCR-amplify the plasmid, and run it for all subsequent gels of 
the same amplicon as a known positive control ( see   Note 10 ).       

4    Notes 

     1.    General considerations while doing PCR-SSCP:
    (a)     Prepare and store the chemicals as described, and handle 

with care.   
   (b)     While isolating genomic DNA, handle with care to mini-

mize the shearing of DNA.   
   (c)    DNA is best purifi ed with the phenol/chloroform method.   
   (d)     For PCR reaction, use fresh sterile tips, tubes, and an aseptic 

bench area.   
   (e)     Filter the gel mix before adding APS and TEMED. APS 

should be freshly prepared.   
   (f)     Any indecision in band shifts can be removed by repeating 

the PCR-SSCP from either the genomic DNA or the 
eluted variant band.       

   2.    Gel polymerization problems: Sometimes the gel does not 
polymerize well:

    (a)     This could be caused by the use of dirty plates or chemicals 
of poor quality. It can be avoided by proper cleaning of 
plates using detergent, rinsing with autoclaved water 
 followed by ethanol, wiping, and air-drying. Also, the gel 
solution should be freshly made and fi ltered before 
 polymerization; TEMED and APS should be of good 
quality. APS solution should always be freshly made; its 
concentration can also be increased, if needed (within the 
optimal range).   

3.8  Transformation 
of Ligated Product 
and Screening of 
Positive Clones

3.9  Recombinant 
Plasmid Isolation from 
Positive Clone for 
Further Use as Control 
in SSCP Gels
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   (b)     Gel polymerization may take longer at low room 
 temperatures. A table lamp or a heat convector should be 
used in such conditions.       

   3.    Problems in sample loading: Sometimes improper loading 
leads to formation of a diffused band pattern:

    (a)     The presence of mineral oil may interfere with loading. 
Try using no mineral oil while loading.   

   (b)     The sample may not have settled into the well: use Ficoll 
or glycerol in the denaturing dye.       

   4.    Silver staining problems: Sometimes the gel may not stain well, 
or ghost bands may appear in the middle section of the gel; 
instead of staining the DNA bands as black, the gel remains 
clear and without stain:

    (a)     Improper fi xing and staining: Gels should be fi xed prop-
erly, and freshly made silver nitrate and developer should 
be used.   

   (b)     Bands will not be clearly visible after staining if the ampli-
fi cation during PCR is low. Therefore, PCR conditions 
and the amount of PCR product loaded should be stan-
dardized by checking the effi ciency of PCR amplifi cation 
and its signal on an agarose gel.   

   (c)     If the signal is good enough to be detected on PAGE, then 
the problem is in the staining step. Reduce the number of 
intermediate washings, shake the gel well, and mix all the 
solution with the gel for uniform staining.       

   5.    False bands: Sometimes SSCP results may be misleading, and 
false bands may appear:

    (a)     At times, deformer bands appear in some lanes. Therefore, 
during sample preparation, ensure equal quantities of 
DNA and uniform treatment of all samples. In order to 
confi rm that the extra bands appearing in some lanes are 
the variant bands, these should be cut out, eluted, ampli-
fi ed, and run again in an SSCP gel ( see   Note 3 ).   

   (b)     The presence of repetitive sequences can cause primer 
 slippage and hence the generation of extra bands during 
PCR amplifi cation. To avoid this, try to keep PCR condi-
tions as stringent as possible and avoid designing primers 
in regions having repetitive sequences.   

   (c)     The  Taq  polymerase used for PCR amplifi cation can 
also introduce mutations. It is preferable to use high-
proofreading- activity polymerase rather than other poly-
merases with lower fi delity. PCR-SSCP should be repeated 
for all the samples showing variations, and their profi les 
should be confi rmed before they are sequenced.       
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   6.    Appearance of extra bands in all lanes: Sometimes all the lanes 
show a number of extra bands, which makes the analysis diffi -
cult, as these may be confused with the mutant bands:

    (a)     Nonspecifi c bands generated during PCR, which may have 
been caused by nonstringent conditions or primer dimers: 
This can be controlled by maintaining stringent PCR con-
ditions by reducing target or salt concentration or keeping 
annealing temperature high. Also, the primer concentra-
tion should be kept low. It is suggested to always check the 
PCR standardization results on acrylamide gel along with 
marker. An agarose gel is not sensitive enough to discrimi-
nate bands differing by only a few base pairs.   

   (b)     Loading of high amounts of PCR products can also make 
visible the otherwise faint bands. Therefore, it is good to 
optimize the amount of PCR sample to be used for load-
ing depending on the PCR amplifi cation, gel thickness, 
and well size. Sometimes reducing the PCR amount can 
also reduce the intensity of any extra bands.   

   (c)     The PCR fragment adopts more than a single conforma-
tion or deformer. Adoption of more than one stable form 
is sequence dependent, but varying physical conditions 
like pH, temperature, and voltage may reduce the appear-
ance of extra bands. This can also occur during tempera-
ture fl uctuations. It is important to check for temperature 
fl uctuations during the run. A deformer is less intense 
than the original band. Bands can be PAGE-eluted and 
 PCR-amplifi ed. Reamplifi ed products should be electro-
phoresed along with the genomic control samples. A similar 
multiple band profi le as was observed in the initial analysis 
indicates that the band is a deformer.   

   (d)     Double-stranded DNA, as seen in gels of higher concen-
tration: Run two to three control samples for which the 
profi le is known with the samples to be analyzed. Also, run 
a sample that has not been denatured to determine the 
location of double strands in the gel.   

   (e)     Partially denatured double-stranded DNA takes a different 
conformation than single-stranded DNA and fully double- 
stranded DNA: Denature the samples for at least 5 min, 
chill immediately, and load immediately.       

   7.    Diffi culty in resolving variant bands: Sometimes variant bands 
do not resolve at all from the normal bands:

    (a)     At times, three bands appear under heterozygous  conditions 
instead of the expected four-band profi le, because two 
bands take a similar conformation and are indistinguishable 
by mobility. In such cases, it is not important to resolve the 
three- band profi le into a four-band profi le.   
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   (b)     Sometimes the variant strand may not resolve from the 
normal band under a particular set of conditions, as both 
of them may have same mobility. In such cases, SSCP has 
to be standardized, as mentioned in Subheading  1.2 .   

   (c)     An inadequate run time may not resolve the variant bands 
completely.       

   8.    Sample forms large streaks back toward the well:
    (a)     This can occur if the gel runs dry. Try to avoid dry  running, 

either through evaporation of the buffer or through 
 leakage. Seal the space between the plates and the tank to 
avoid leakage from the upper tank to the lower tank.   

   (b)     Try changing the gel percentage; an inappropriate per-
centage might lead to streak formation.   

   (c)     Loading of too much DNA can also lead to the formation 
of streaks.       

   9.    Uneven band patterns: Sometimes bands are U-shaped ( smiling  
or  frowning ), smeary, or diffused:

    (a)     The bottom of the well may not be fl at. This could be caused 
by improper polymerization of the gel. Take care during 
polymerization, as discussed in  Note 1 . Also, take out the 
combs only after the gel is properly polymerized. Always 
fl ush the well with buffer or water before loading in order to 
remove residual gel solution, which might polymerize in the 
wells and lead to an uneven well bottom.   

   (b)     Uneven thickness of the gels owing to a lack of compatibil-
ity between combs and spacers causes fi lm formation in the 
wells and hence improper loading and band pattern. 
Therefore, spacers and combs should be of identical thick-
ness to avoid uneven polymerization and fi lm formation.   

   (c)     The appearance of bubbles in the gel matrix or at the inter-
face of the gel and the buffer can interfere with the current 
fl ow and affect the quality of the run. Lanes which show 
the presence of air bubbles within the matrix should be 
avoided when running precious samples, and bubbles at 
the interface should be removed by fl ushing with the help 
of a syringe and a needle.   

   (d)     Smearing, diffusion, or curvature can also occur due to a 
temperature differential across the gel. The temperature may 
be higher at the center than at the edges as joule heating 
effects are more easily dissipated at the edges of the gel; since 
electrophoretic mobility varies inversely with the viscosity of 
the solvent, DNA samples in the center of the gel migrate 
faster than samples near the edges. Therefore, it is important 
to maintain the uniform temperature of the matrix.    
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      10.    Gel-to-gel variations are seen even under similar running 
 conditions: Sometimes two gels run at different times but 
under similar conditions may show somewhat different pro-
fi les. Minor variations in gel percentage, temperature (Fig.  3 ), 
buffer concentration, pH, and so on can result in different 
 profi les for the same amplicon in two different gels. The 
parameters infl uencing the outcome should be maintained as 
stable as possible. The following important points should be 
taken into account:

    (a)     Genomic DNA should be quantitated carefully, and the 
amount used for PCR should be optimized.   

   (b)     The pH of the running buffer should not increase. The 
running buffer should not be reused again and again, 
although it can be used at least twice.   

   (c)     Maintain constant temperature, voltage, and running time 
of all comparable samples.    
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    Chapter 29   

 Detection and Characterization of Oncogene Mutations 
in Preneoplastic and Early Neoplastic Lesions 

           Toshinari     Minamoto    

    Abstract 

   While it has been nearly 30 years since its discovery, the  ras  family of genes has not yet lost its impact on 
basic and clinical oncology. These genes remain central to the fi eld of molecular oncology as tools for 
investigating carcinogenesis and oncogenic signaling, as powerful biomarkers for the identifi cation of 
those who have or are at high risk of developing cancer, and as oncogene targets for the design and devel-
opment of new chemotherapeutic drugs. Mutational activation of the K- RAS  proto-oncogene is an early 
event in the development and progression of the colorectal, pancreatic, and lung cancers that are the major 
causes of cancer death in the world. The presence of point mutational “hot spots” at sites necessary for the 
activation of this proto-oncogene has led to the development of a number of highly sensitive PCR-based 
methods that are feasible for the early detection of K- RAS  oncogene mutations in the clinical setting. 
In light of these facts, mutation at the K- RAS  oncogene has the potential to serve as a useful biomarker in 
the early diagnosis and risk assessment of cancers with oncogenic  ras  signaling. This chapter describes a 
highly sensitive method for detecting mutant K- RAS , enriched PCR, and its application to early detection 
of alterations in this oncogene in preneoplastic and early neoplastic lesions of the colon and rectum.  

  Key words     Oncogene  ,   K- RAS   ,   Enriched PCR  ,   Molecular diagnosis  ,   Risk assessment  ,   Biomarker  , 
  Colorectal cancer  ,   Preneoplastic lesion  ,   Aberrant crypt foci  

1      Introduction 

 A detailed scenario of molecular alterations, including epigenetic 
events, has been identifi ed in the development and progression of 
human cancers. Multistep genetic alterations are known to affect 
oncogenes and tumor-suppressor genes, including the genes for 
DNA mismatch and excision repair [ 1 ,  2 ]. Genetic testing for sus-
ceptibility has become part of the standard management of patients 
with well-defi ned and uncommon hereditary cancers, in which 
cancer-predisposing mutations occur in the germ line [ 3 ]. However, 
a molecular diagnostic approach to sporadic cancers, which comprise 
the majority of clinically documented malignant tumors, is still 
under development. 
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 Of the fi rst identifi ed oncogenes, some of the best characterized 
form the  ras  family of genes (H- ras , N- ras , and K- RAS ), the prod-
ucts of which regulate GTP signal transduction [ 4 ]. Common to 
all mutant forms of  ras  genes is a mutation pattern that results in 
constitutive activation of signaling cascades, including PI3K, PKB/
AKT, and MAPK, and the stress kinases [ 5 ,  6 ]. Activated  ras  genes 
effi ciently override cellular growth control and attenuate its ability 
to initiate programmed cell death. Somatic mutational activation 
of  ras  genes is common in various human cancers [ 7 ]. Activation 
of K- RAS  is an early event in the development of certain types of 
cancer, i.e., colorectal, pancreatic, and lung cancers, both in 
humans and experimental animals. Accordingly, this mutation has 
the potential to serve as a useful biomarker, both in early diagnosis 
and in susceptibility assessment [ 8 ]. In clinical samples subjected to 
molecular diagnosis and risk assessment, the ratio of neoplastic or 
preneoplastic to normal cells is extremely low and varies in differ-
ent target organs and among individuals. The fact that K- RAS  
mutations occur exclusively in three hot spots (codons 12, 13, and 
61) [ 7 ] has led to the development of various polymerase chain 
reaction (PCR)-based methods that are much more sensitive and 
more feasible for the early detection of cancer [ 9 ,  10 ] than meth-
ods developed for other genes (i.e.,  TP53 ,  APC ), in which muta-
tions are distributed throughout their entire sequences. 

 Modifi ed PCR protocols have been established to enhance 
the amplifi cation of mutant, but not wild-type (wt), alleles in non-
transformed tissues that appear normal. These modifi cations 
include combinations of PCR with restriction fragment length 
polymorphisms (RFLP) or single-strand conformation polymor-
phisms (SSCP), mutant-enriched PCR (EPCR), EPCR-SSCP, 
mutant allele-specifi c amplifi cation (MASA), and the mutation- 
ligation assay [ 9 ,  10 ]. 

 The procedure of EPCR for a mutated K- RAS  allele, as 
 outlined in Fig.  1a , consists of a mismatched primer-mediated 
 two- step PCR amplifi cation, with intervening digestion of the wt 
PCR product with a restriction enzyme [ 10 ]. The upstream primer 
(K5′) encodes a G-to-C substitution at the fi rst position of codon 
11, creating a product with a recognition site (CCTGG) specifi c to 
the DNA restriction enzymes  Bst  NI or  Mva  I that overlaps the 
fi rst two nucleotides of the wt codon 12. Since this restriction 
enzyme site is absent in the product amplifi ed from the K- RAS  
gene with a mutant codon 12, RFLP analysis of the PCR products 
can distinguish wt and mutant genes (Fig.  1b, c ). Of particular 
importance is the strategic incorporation of a second  Bst  NI or 
 Mva  I site into the downstream primer (K3′), as an internal con-
trol for restriction enzyme activity and fi delity [ 12 ].

   As shown in Fig.  1a , the fi rst exon fragments of K- RAS  are 
PCR-amplifi ed with the set of upstream primer K5′ and a new 
downstream primer, K3′wt, that lacks an internal copy of the 
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restriction enzyme site. The 157 base pair (bp) fragment amplifi ed 
in this fi rst-step PCR is digested with  Bst  NI or  Mva  I, thereby 
cleaving the wt products and rendering them unusable in the sub-
sequent amplifi cation. The products of the intermediate digestion, 
enriched in full-length mutant codon 12 sequences, are then 
amplifi ed by the second-step PCR with primers K5′ and K3′. The 
resultant products are subjected to RFLP analysis by digestion with 
the same restriction enzyme and native polyacrylamide gel electro-
phoresis (PAGE). The 157 bp product of mutant K- RAS  is cleaved 

K5’

1st PCR 1st PCR

K5’

K3’wt

K5’

K5’ K5’

114 bp

K3’K3’ K3’

K3’wt

Wild type Mutant

2nd PCR
2nd PCR

29 bp 128 bp

29 bp 14 bp

2nd PCR

143 bp 14 bp

No product

Recognition
site of Mva I

Point mutation
In codon 12

Mva  I

Mva  I Mva  I

Incomplete 
digestion 

Mva  I

Primers Sequence 

K5’ 5’ ACTGAATATAAACTTGTGGTAGTTGGACCT 3’ 

K3’wt 5’ TCAAAGAATGGTCCTGCACCAG 3’

K3’ 5’ TCAAAGAATGGTCCTGGACCAG 3’

K13-5’ 5’ ACTGAATATAAACTTGTGGTAGTTGGCCCT 3’ 

Codon 10 11 12 13

K-ras Exon 1 (wild type) GGA GCT GGT GGC

Primer K5’ GGA CCT

Bst N1/Mva I Site  CCN GG

Primer K13-5’ GGC CCT

Bgl I Site GC CNN NNN GGC

a

b c

  Fig. 1    ( a ) Schematic representation of the two-step procedure of EPCR amplifi cation of mutant K- RAS  codon 
12 sequences. ( b ) The primers used for mutant K- RAS  EPCR. ( c ) Comparison of the sequences of wt K- RAS  
exon 1, mismatched primers, and restriction sites of  Bst NI/ Mva I and  Bgl I. In the fi rst step of amplifi cation (fi rst 
PCR), a set of primers K5′ and K3′wt is used for amplifi cation of 157-bp sequences including K- RAS  codon 12 
sequences. The K5′ primer contains a nucleotide substitution at the fi rst position of codon 11, creating a 
 Bst NI/ Mva I restriction site ( C CTGG,  gray box ) that overlaps the fi rst two nucleotides of wt codon 12. Intermediate 
digestion of the fi rst-step PCR products with  Bst NI or  Mva I leaves products enriched in mutant codon 12 
sequences ( black box ). An aliquot of the digested products is subjected to the second-step PCR (second PCR) 
with primers K5′ and K3′. (which contains a control BstNI/MvaI site). RFLP analysis with  Bst NI/ Mva I distin-
guishes the mutant fragments of 143 bp from wt alleles of 114 bp, as shown in Fig.  2        
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only at the control site created by the primer K3′ to give fragments 
of 143 and 14 bp, while the wt product is cleaved at two sites 
mediated by the primers K5′ and K3′, generating fragments of 
114, 29, and 14 bp. Elimination of normal alleles from the ampli-
fi cation process has been found to enable detection of one mutant 
allele of  ras  among 1,000–10,000 normal alleles (Fig.  2 ) [ 11 ,  13 ]. 
Similarly, the two-step EPCR amplifi cation of a K- RAS  gene with 
an activating mutation in codon 13 is possible using the upstream 
primer K5′-13, which encodes substitutions of A to C in the third 
nucleotide of codon 10 and G to C in the fi rst position of codon 
11 (Fig.  1b ). When the wt K- RAS  codon 13 is amplifi ed with the 
downstream primer K3′wt, the primer K5′-13 creates a new recog-
nition site (GCCNNNNNGGC) specifi c to the restriction enzyme 
 Bgl  I (Fig.  1c ).

    Along with early diagnosis of tumors, one of the optimal ways to 
reduce mortality from, or prevent, colorectal cancer is to identify 
those who are at increased risk of developing sporadic cancer 
(by analogy with the known hereditary cancer syndromes [ 3 ]). 
The precise localization of the small set of  ras  oncogene-activating 
mutations allows for their detection even when they are present in 
a very small fraction of cells, as is often found in the early stages of 
tumor development. In fact, mutant  ras  has served as a classic 
 paradigm of the ability to detect mutations in oncogenes in tissues 
that appear normal at histopathological examination [ 8 ]. A good 
representative of this paradigm comes from our experiences in ana-
lyzing matched pairs of normal and tumor tissues from colorectal 
cancer patients, since the molecular foundation of the multistep 

1.1  Detection of 
K-RAS Oncogene 
Mutations in Normal- 
Appearing 
(Nonneoplastic) 
Tissues of Colorectal 
Cancer Patients

  Fig. 2    Sensitivity of EPCR for detecting mutant K- RAS . Genomic DNA mixtures 
with decreasing ratios of K- RAS  codon 12 mutant DNA (derived from the SW480 
colon cancer cell line) to wt (human placenta) were analyzed to demonstrate the 
sensitivity of the technique for detecting the mutant K- RAS  gene (143-bp frag-
ment). Each PCR product was digested with  Mva I and subjected to electrophore-
sis on a 10 % native polyacrylamide mini-gel. Ratios of SW480 cell line-derived 
DNA to wt human placental DNA in template DNA for EPCR are given  above  each 
lane. An EPCR product from a negative control (containing no DNA) was loaded in 
the W (distilled water) lane, whereas lane U contained the undigested product 
from SW480 DNA and the lane marker M contained molecular weight marker 
DNA (ϕX174 DNA digested with restriction enzyme  Hae III)       
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 carcinogenesis process in human colorectal cancer has been 
 established in great detail [ 14 ,  15 ]. Many independent studies 
have been directed toward sensitive detection of mutations in 
K- RAS  (reviewed in refs.  8 ,  16 ), which occur in more than 40 % of 
colorectal cancers. 

 In a series of EPCR-based studies we clearly demonstrated 
activating K- RAS  mutations in apparently normal tissues taken 
from surgical specimens of patients who underwent treatment for 
colorectal cancer [ 13 ,  17 – 19 ]. When one sample was taken from 
the adjoining nonneoplastic mucosa of surgical specimens, mutant 
K- RAS  was detected in 5–18 % of patients [ 13 ,  17 ]. As shown in 
Fig.  3 , when multiple (three to seven) samples were collected from 

  Fig. 3    Representative detection patterns of mutant K- RAS  in the nonneoplastic mucosa (N) and in tumors (T) 
of the colon and rectum by conventional polymerase chain reaction-restriction fragment length polymorphism 
analysis (PCR-RFLP) and by mutant-enriched PCR (EPCR). In each case, the sample numbers shown above the 
lanes of 10 % polyacrylamide electrophoresis represent the corresponding areas sampled as depicted in the 
fi gures of the corresponding surgical specimen. ( a ) A 59-year-old woman with rectal cancer. The conventional 
PCR-RFLP analysis shows mutant K- RAS  (143 bp band) only in the tumor itself. By EPCR, a mutant with a bp 
alteration identical to that found in the tumor is also detected in one of the four nonneoplastic mucosal sam-
ples. ( b ) A 65-year-old woman with ascending colon cancer. The EPCR again detects a K- RAS  mutation in one 
sample of the adjacent nonneoplastic mucosa, but in this case the bp alteration is different from that found in 
the tumor. ( c ) A 75-year-old man with sigmoid colon cancer. Although no mutant allele is detected in the tumor 
itself, two different mutant forms of K-RAS are found by EPCR in two of the four nonneoplastic samples       
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each patient for EPCR analysis of mutant K- RAS , activating 
 mutations were detected in 20 % of the patients [ 18 ,  19 ]. The latter 
study also demonstrated a confi ned localization of the epithelial 
cells harboring this mutant gene in the nonneoplastic mucosa. 
Interestingly, sequencing analysis showed that the specifi c mutant 
K- RAS  allele found in mucosa that appeared to be normal was not 
always the same as that found in the tumors (Fig.  3 ). We have also 
demonstrated microsatellite DNA instability in normal- appearing 
tissues adjacent to the tumor [ 20 ], suggesting that colorectal can-
cer patients with mutant K- RAS  in apparently normal tissue may 
harbor genetically unstable mucosa that may be predisposed to 
development of second primary tumors. These fi ndings suggest 
that the mutant K- RAS  identifi ed in nonneoplastic mucosa may 
sometimes represent de novo mutations and serve as a useful 
 biomarker for identifying individuals at higher risk of developing 
colorectal cancer. Presupposing either of these speculations in a 
pilot study, we could detect mutant K- RAS  by EPCR in colonic 
lavage fl uids (effl uents) in patients otherwise determined to be at 
high risk for development of colorectal cancer [ 21 ].

   These surprising fi ndings also raise concern as to the biological 
importance of  ras  mutations and consequently the value of their 
early detection. It is clear today that  ras  mutation per se is not 
 suffi cient to yield a transformed phenotype and that cooperation of 
mutant  ras  with other oncogenes and tumor-suppressor genes must 
take place. For these reasons, it is important to analyze  ras  oncogene 
mutation in combination with the analysis of other markers known 
to be associated with tumor development [ 8 ,  16 ,  20 ,  22 ].  

  Studies on very minute preneoplastic or early neoplastic lesions are 
essential for understanding the molecular details of the mechanism 
of colorectal carcinogenesis. Among these lesions are aberrant crypt 
foci (ACF), fi rst identifi ed in methylene blue-stained, whole- mount 
preparations of colon mucosa from carcinogen-treated rodents. 
An aberrant crypt is two to three times larger than normal crypts in 
the same fi eld, has a thickened epithelial layer, frequently has a slit-, 
asteroid-, or oval-shaped lumen, has an increased pericryptal zone 
separating it from the surrounding normal crypts, and is micro-
scopically elevated above the surrounding mucosa. Multiple aber-
rant crypts frequently appear together as a cluster, forming a single 
unit that is referred to as an ACF (Fig.  4a ) [ 23 ,  24 ]. Multiple phe-
notypic alterations, such as decreased hexosaminidase activity, have 
been identifi ed in ACF. These minute foci are also found in surgical 
specimens of human colon cancer (Fig.  4a ) [ 25 ] and have also been 
identifi ed in patients with or without colorectal tumors by magnify-
ing dye endoscopy ([ 26 ],  reviewed in  refs.  27 ,  28 ). Histological 
characteristics of ACF include fi ndings of hyperplasia, dysplasia, 
adenoma, and adenocarcinoma ([ 29 ,  30 ],  reviewed in  ref.  31 ).
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  Fig. 4    Detection of mutant K- RAS  in human colon ACF. ( a ) An ACF, identifi ed in methylene blue-stained grossly 
normal mucosa, consists of a cluster of aberrant crypts showing a thickened epithelial layer; slit-, asteroid-, or 
oval-shaped lumen; an increased pericryptal zone; and microscopic elevation above the surrounding normal 
mucosa. ( b ) Under microscopic observation, an ACF is isolated and divided into two pieces, one for conven-
tional histopathological examination and the other for DNA extraction. ( c ) EPCR analysis of K- RAS  mutations in 
codon 12 ( upper panel ) and codon 13 ( lower panel ) in ACF, carcinomas, and microscopically normal mucosa 
sampled from the same patients with colorectal cancer.  N1  and  N2  normal colorectal mucosa;  A1–A7  ACF;  T1  
and  T2  colorectal carcinomas (N1, A1–A3, and T1 were obtained from a 53-year-old woman with rectal cancer; 
N2, A4–A7, and T2 were obtained from a 63-year-old man with sigmoid colon cancer);  W  wild-type DNA 
derived from human placenta;  Mu  mutant DNA controls derived from an established colon cancer cell line, 
SW480, with a known K- RAS  mutation in codon 12, and from an adenocarcinoma known to harbor a hetero-
zygous mutation in codon 13;  U  undigested PCR product;  N  a PCR product from a negative control reaction 
with no DNA template;  M  molecular size marker (ϕX174 DNA digested with  Hae III). In the former case, K- RAS  
mutations were detected in two ACF and a carcinoma, with one ACF showing the same mutation as that found 
in the carcinoma (GTT) and one ACF showing a different codon 12 mutation (GAT). In the latter case, K- RAS  
mutations were detected in three of the four ACF: two ACF showed two different mutations in codon 12 
(GAT and GTT), and one ACF had a mutation in codon 13 (GAC), whereas no K- RAS  mutation was detected in 
the carcinoma itself       
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   K- RAS  mutation was one of the fi rst molecular alterations 
reported in human ACF [ 32 ]. Practically, ACF are identifi ed and 
dissected from methylene blue-stained mucosal strips of formalin- 
fi xed surgical specimens under a stereomicroscope (Fig.  4a, b ). 
Each focus is divided into two pieces, one for histopathological 
examination and the other for DNA extraction (Fig.  4b ). By con-
ventional PCR-RFLP and EPCR, K- RAS  mutations at codon 12 
and 13 are detected in 46 and 12 % of ACF, respectively (Fig.  4c ) 
[ 25 ]. Sequencing shows that, in ACF, GAT mutants are as  frequent 
as GTT mutations in codon 12, while the latter type of mutation is 
predominant in adenocarcinomas. The high frequency of these 
oncogene mutations and the subsequent demonstration of other 
molecular alterations in these lesions ([ 33 ],  reviewed in  ref.  34 ) 
support the idea that ACF are genetically monoclonal in their 
 evolution. Although ACF are very heterogeneous biologically and 
morphologically, and their fate has yet to be determined defi nitely, 
these minute foci represent one of the most plausible candidates 
for preneoplastic colorectal epithelial foci mutated at various tumor-
related genes, including the K- RAS  locus.   

2    Materials 

 Chemicals and reagents not specifi cally sourced may be purchased 
from local vendors or international suppliers (e.g., Sigma-Aldrich, 
St. Louis, MO). 

      1.    Sources of homozygous mutant DNA: Human colon cancer 
cell lines SW480 (codon 12: GGT to GTT) and HCT116 
(codon 13: GGC to GAC) (American Type Culture Collection, 
Rockville, MD).   

   2.    RPMI cell culture medium supplemented with 10 % fetal bovine 
serum (FBS; Gibco, Grand Island, NY).   

   3.    10-mL Pipets and pipet aid.   
   4.    10- and 15-cm Tissue culture dishes (Falcon, BD Biosciences, 

Franklin Lakes, NJ).   
   5.    Cell culture incubator.   
   6.    Trypsin–EDTA solution (Gibco).   
   7.    Phosphate-buffered saline (PBS), pH 7.4: 137 mM NaCl, 

2.7 mM KCl, 4.3 mM Na 2 HPO 4  (Gibco).   
   8.    50-mL Polypropylene conical tubes (Blue Max, BD Biosciences).   
   9.    Cell scraper (e.g., Cell Lifter, Costar, Cambridge, MA).   
   10.    Table top centrifuge with swing rotor (e.g., KN-70, Kubota, 

Tokyo, Japan).   
   11.    1.5-mL Polypropylene microcentrifuge tubes (Sarstedt AG, 

Nümbrecht, Germany).   

2.1  Control DNA for 
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   12.    Refrigerated microcentrifuge (e.g., Kubota 1920).   
   13.    1-mL Micropipettor and appropriate tips.   
   14.    Cell lysis buffer: 10 mM Tris–HCl, pH 7.5, 10 mM EDTA, 

15 mM NaCl, 2 % sodium dodecyl sulfate (SDS). Ten milliliters 
of this buffer is suffi cient for 25–50 cell samples and can be 
stored at –20 °C for over 1 year.   

   15.    Proteinase K (Beckman, San Ramon, CA): A small volume of 
stock solution (at 20 mg/mL) is initially made by dissolving in 
deionized and distilled water. This stock solution is then 
diluted in cell lysis buffer to a concentration of 100 μg/mL 
immediately prior to use. Two milliliters of cell lysis buffer with 
proteinase K should be suffi cient for at least fi ve samples. Once 
the proteinase K has been dissolved or added, these solutions 
must be used or discarded; they cannot be stored.   

   16.    37 °C water bath.   
   17.    Phenol equilibrated with Tris–HCl, pH 8.0 (Wako, Osaka, Japan).   
   18.    Chloroform.   
   19.    Ethanol: 99 % (absolute), 95 %, 70 % solutions.   
   20.    10 mg/mL RNase A stock solution (Roche Diagnostics, 

Mannheim, Germany;  see   Note 1 ): Thaw one aliquot per 
experiment (can include multiple samples), and discard unused 
portion.   

   21.    Human placenta DNA (Sigma-Aldrich).      

      1.    Nonneoplastic mucosa and tumor tissues taken from fresh 
 surgical specimen of patients with colorectal cancer.   

   2.    ACF of colon dissected from formalin-fi xed mucosal strips of 
surgical specimen.   

   3.    Frozen storage container.   
   4.    Liquid nitrogen.   
   5.    Mortar and pestle.   
   6.    Tissue lysis buffer: 10 mM Tris–HCl, pH 8.0, 1 mM EDTA, 

10 mM NaCl, 0.1 % SDS. Ten milliliters of this buffer is suffi -
cient for 25–50 tissue samples and can be stored at –20 °C for 
over a year.   

   7.    Proteinase K (Beckman): A small volume of stock solution 
(at 20 mg/mL) is initially made by dissolving in deionized 
 distilled water. This stock solution is then diluted in tissue lysis 
buffer to a concentration of 100 μg/mL immediately prior to 
use. Two milliliters of tissue lysis buffer with proteinase K 
should be suffi cient for at least fi ve samples. Once the proteinase 
K has been dissolved or added, these solutions must be used or 
discarded; they cannot be stored.   

2.2  Preparation 
of Tissue Samples 
and DNA Extraction
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   8.    45 °C water bath.   
   9.    Phenol equilibrated with Tris–HCl pH 8.0 (Wako).   
   10.    Chloroform.   
   11.    Ethanol: 99 % (absolute), 95 %, 70 % solutions.   
   12.    Tris–EDTA (TE) solution: 10 mM Tris–HCl, pH 8.0, 1 mM 

EDTA ( see   Note 2 ). This solution is also commercially avail-
able from a number of sources.   

   13.    10 mg/mL RNase A stock solution (Roche;  see   Note 1 ): Thaw 
one aliquot per experiment (can include multiple samples), 
and discard unused portion.   

   14.    Glass slides used for conventional microscopic examination.   
   15.    0.2 % Methylene blue solution—will require 2 mL per ACF 

sample. This solution can be stored indefi nitely at 4 °C and can 
be reused (fi lter before returning to storage container).   

   16.    Light microscope (e.g., Olympus model BX50, Tokyo, Japan).   
   17.    Pasteur pipets.   
   18.    Ampoule cutter (or fi le).   
   19.    DNA concentrator (e.g., Microcon model 100, Amicon, 

Beverly, MA).      

      1.    Primers ( see   Note 3 ):
   K5′: 5′ ACTGAATATAAACTTGTGGTAGTTGGA C CT 3′.  
  K3′wt: 5′ TCAAAGAATGGTCCTGCACCAG 3′.  
  K3′: 5′ TCAAAGAATGGTCCTG G ACCAG 3′.  
  K5′-13: 5′ ACTGAATATAAACTTGTGGTAGTTGG CC CT 3′.      

   2.     Taq  DNA polymerase (Applied Biosystems, Foster City, CA).   
   3.    10× PCR buffer containing MgCl 2 , comes with commercial 

purchase of  Taq  DNA polymerase (Applied Biosystems): 1× 
buffer consists of 10 mM Tris–HCl, pH 8.3, 50 mM KCl, 
1.5 mM MgCl 2 , and 0.01 % gelatin.   

   4.    dNTPs (Applied Biosystems).   
   5.    AmpliWax PCR Gems 100 (Applied Biosystems).   
   6.    Distilled and sterilized water in ampoules for medical use 

 commercially available from pharmaceutical companies (e.g., 
Otsuka or Kobayashi Seiyaku, Tokyo,    Japan).   

   7.    Thin-wall tubes for PCR: GeneAmp Thin-Walled Reaction 
Tubes with Flat Caps (Applied Biosystems) or Thin-Wall Tube 
with Flat Cap (MJ Research, Waltham, MA).   

   8.    Thermal cycler: GeneAmp PCR System 9600 (Applied 
Biosystems) or DNA Engine Peltier Thermal Cycler PTC-200 
(MJ Research).   

2.3  Enriched PCR
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   9.    Restriction enzymes:
    Mva I (Takara, Kyoto, Japan).  
   Bst NI (New England Biolabs, Beverly, MA).  
   Bgl I (Toyobo, Osaka, Japan).      

   10.    4 M NH 3 COOCH 3 .      

      1.    Acrylamide stock solution: 40 % acrylamide/ bis -acrylamide (ratio 
29:1) dissolved in distilled water and fi ltered through Whatman 
chromatography paper (3MM Chr, Whatman International, 
Maidstone, England) or a bottle top fi lter (Nalgene, Nalge Nunc 
International, Rochester, NY). Stored in a dark bottle at 4 °C, 
this solution will be stable for more than 1 year, so it can be 
 prepared in bulk (500 mL). This solution is also available com-
mercially (Sigma-Aldrich). A 2.5-mL aliquot of this stock  solution 
is suffi cient for preparation of 10 mL of 10 % native acrylamide 
gel solution for a 1.0-mm-thick mini-gel.   

   2.    20× TBE buffer: 1 M Tris base, 1 M boric acid, 0.02 M EDTA 
(EDTA·2Na·2H 2 O). 500–1,000 mL of this solution can be 
prepared at a time, as it is stable for more than 1 year at room 
temperature. Precipitate, when it appears after longer storage, 
can be redissolved with warming. An aliquot of 0.5 mL is 
 necessary for preparation of a 1.0-mm-thick mini-gel (10 mL).   

   3.    10 % Ammonium peroxodisulfate (APS; Sigma): APS solid 
powder is stable when dispensed into the dark at room tem-
perature. Practically, aliquots of 100 mg (0.1 g) of APS powder 
are dispensed into dark-colored, 1.5 mL microcentrifuge tubes 
and stored at 4 °C. Prior to use, an aliquot of the powder is 
 dissolved in 1.0 mL of distilled water to make a 10 % solution. 
It is important to inscribe the date of preparation on the tube, 
because this solution is stable only for 1 or 2 weeks at 4 °C. 
Typically, 100 μL of APS solution is used for preparation of 
10 mL acrylamide gel solution for a 1.0-mm-thick mini-gel.   

   4.     N , N , N ′, N ′-Tetramethyl ethylene diamine (TEMED; Wako, 
Osaka, Japan).   

   5.    6× Gel loading buffer: 0.25 % bromophenol blue, 0.25 % xylene 
cyanol FF, 15 % Ficoll (type 400, Amersham Biosciences Corp., 
Piscataway, NJ) dissolved in water. Typically, 10 mL of this 
solution is prepared, which is stable at room temperature for 
over 1 year. Similar solutions are also available commercially.   

   6.    Minislab gel apparatus (Bio-Rad, Hercules, CA, or Hoeffer 
Pharmacia Biotech, San Francisco, CA) and power supply 
(Crosspower 500 L, ATTO, Tokyo, Japan, or PowerPac 300, 
Bio-Rad).   

   7.    Ethidium bromide (EtBr; stock solution, 10 mg/mL) or SYBR 
Green I nucleic acid stain (Molecular Probes, Eugene, Oregon): 

2.4  Polyacrylamide 
Gel Electrophoresis
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10–100 mL of EtBr stock solution is prepared, depending on 
the frequency of electrophoresis, size of gels to be stained, etc., 
in each laboratory. The stock solution is stable in the dark at 
4 °C. Similar solutions are available commercially. For staining 
mini-gels, a working solution is prepared by dissolving 10 μL 
of EtBr stock solution in 100 mL of distilled water. A 1.0-mm-
thick 10 % polyacrylamide mini-gel can be stained in this solu-
tion in 5 min. This working solution can be used several times 
if recovered and stored in the dark.   

   8.    Molecular marker DNA: Bluescript SKII (+) plasmid DNA 
(Stratagene, La Jolla, CA) digested with  Hpa II (TaKaRa or 
Toyobo, Tokyo, Japan;  see   Note 4 ).   

   9.    UV transilluminator (UVP, Upland, CA).   
   10.    Gel photography equipment (e.g., LightCapture Type AE-6960/ 

C/FC, ATTO, Tokyo, Japan).       

3    Methods 

      1.    Plate an aliquot of frozen stock of the SW480 and/or the 
HCT116 human colon adenocarcinoma cell line into a 10-cm 
tissue culture dish containing 10 mL RPMI supplemented 
with 10 % FBS. When this culture is semiconfl uent, it is used to 
initiate three 15-cm tissue culture dishes.   

   2.    Grow the three culture dishes to semi-confl uent to confl uent 
status, then decant the medium, and gently wash each dish 
three times with 10 mL ice-cold PBS (introduce PBS with a 
pipet along the inner wall of the dish and swirl gently before 
decanting).   

   3.    Harvest cells in the fi rst dish by scraping in a further 10 mL 
ice-cold PBS. Transfer this cell suspension into the second 
dish, and harvest it by scraping; meanwhile, wash the fi rst dish 
with a further 10 mL ice-cold PBS. Transfer the cell suspension 
from the second dish to the third and harvest by scraping; 
transfer the wash solution from the fi rst dish to the second and 
wash. Transfer the cell suspension from the third dish into a 
50 mL polypropylene conical tube containing 10 mL ice-cold 
PBS, and wash the third dish with the wash solution from the 
second dish. Finally, transfer the wash solution to the tube, 
such that it contains harvested cells from all three dishes in 
about 30 mL ice-cold PBS.   

   4.    Centrifuge cell suspension at    3,000–5,000 rpm for 5–10 min 
to pellet cells.   

   5.    Remove and discard the supernatant by gentle decantation.   
   6.    Wash the cell pellet three times with 40 mL of ice-cold PBS (resus-

pend by vortexing, pellet, and decant wash as in  steps 4  and  5 ).   
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   7.    Resuspend the cell pellet in 1.0 mL of ice-cold PBS by gentle 
pipetting, and transfer the suspension into a 1.5-mL polypro-
pylene microcentrifuge tube.   

   8.    Centrifuge cell suspension at 10,000 rpm for 5 min at 4 °C to 
pellet cells.   

   9.    Aspirate the supernatant through a 1-mL micropipet tip using 
a vacuum pump system and discard.   

   10.    Resuspend the cell pellet in 100–200 μL (1 μL per initial mg 
of wet weight, can be estimated with experience) cell lysis 
 buffer containing 100 μg/mL proteinase K by pipetting and 
incubate for 1–2 h at 37 °C in a water bath, with occasional 
tapping to keep the cells suspended in the lysis buffer.   

   11.    Extract genomic DNA, purify by serial treatment with phenol 
and chloroform, and then precipitate with 99 % ethanol, all 
according to standardized methodologies [ 35 ,  36 ].   

   12.    Serially wash the precipitated DNA with 1 mL of 95 and 70 % 
ethanol (resuspension by gentle mixing or vortexing, followed 
by microcentrifugation) and then dissolve in distilled water at 
a concentration of 1 μg/μL. Divide this DNA solution into 
conveniently sized aliquots (~50 μL) and store at –20 °C.   

   13.    To prepare mixtures with different ratios of mutant to wild-
type control DNAs, make a tenfold dilution of 1 μg/μL of 
SW480- or HCT116-derived mutant DNA with a 1 μg/μL 
solution of placenta-derived wild-type DNA. Use 0.5 or 1.0 μL 
of each mixture for validation of EPCR sensitivity.      

      1.    Take 0.1–0.2 g (wet weight) samples of fresh tissue from 
 normal mucosa and colon cancer immediately after removal of 
surgical specimens ( see   Note 5 ). Samples of this size range 
should correspond to volumes of 100–200 μL.   

   2.    Snap-freeze samples ( see   Note 6 ) and store at –80 °C until use.   
   3.    To begin DNA extraction, selected frozen tissue samples are 

homogenized and powdered in a mortar containing liquid 
nitrogen ( see   Note 7 ).   

   4.    Suspend powdered tissue in one or two volumes (assume that 
0.1 g weight = 100 μL) of tissue lysis buffer containing 100 μg/
mL of proteinase K in a microcentrifuge tube and incubate in 
a water bath at 45 °C for 2–5 h.   

   5.    Extract genomic DNA and purify by serial treatment with 
 phenol and chloroform, precipitating with ethanol, all accord-
ing to standardized methodologies [ 35 ,  36 ].   

   6.    Wash precipitated DNA serially in 95 and 70 % ethanol 
 (resuspension by gentle mixing or vortexing, followed by 
microcentrifugation), then dissolve in 100–200 μL TE (the 
exact volume is dependent on the amount of input tissue and 

3.2  DNA Extraction 
from Fresh Tissue 
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the effi ciency of DNA extraction), and treat with 25–50 ng/
μL of RNase A at 37 °C for 30 min.   

   7.    Repurify DNA by treatment with phenol and chloroform and 
precipitate with ethanol as described in  step 5 .   

   8.    Wash precipitated DNA again serially in 1 mL 95 and 70 % 
ethanol, then dissolve in distilled and sterilized water or TE at 
a concentration of 1.0 μg/μL, and store at –20 °C. Again, the 
exact volume of water or TE is dependent on the amount and 
quality of the original tissue sample and the effi ciency of the 
DNA extraction.      

      1.    Strip off the grossly normal mucosal layer from the formalin- 
fi xed surgical specimen of colorectal cancer.   

   2.    Cut mucosal strips into pieces the size of conventional glass 
slide used for light microscopic examination.   

   3.    Stain each piece in 2 mL of 0.2 % of methylene blue solution for 
a few minutes and then wash briefl y by immersion in distilled 
water and gentle shaking. This distilled water may be exchanged 
several times until no excess dye appears in the wash.   

   4.    Place the stained piece of a mucosal strip on a glass slide, and 
overlay it with distilled water, suitable for observation under 
the microscope at 40-fold magnifi cation.   

   5.    Under microscopic observation, excise ACF showing charac-
teristic morphological fi ndings (Fig.  4a ) from the tissue sample 
using a Pasteur pipet whose tip has been enlarged by precut-
ting it with an ampoule cutter.   

   6.    Divide each isolated ACF into two pieces (Fig.  4b ), one for 
histopathological examination and the other for DNA extrac-
tion after removal of as many normal crypts as possible, under 
microscopic observation.   

   7.    Extract genomic DNA from each individual ACF by serial 
treatment with proteinase K (100 μg/mL) and RNase A (25–
50 ng/μL) in 20–50 μL of tissue lysis buffer, depending on the 
size of the sample.   

   8.    Purify extracted DNA and concentrate according to the manu-
facturer’s instructions. An aliquot of 0.5–1.0 μL of this DNA 
solution is used for PCR analysis.      

      1.    Prepare the two reaction mixtures for the fi rst-step PCR, 
 dividing them into two layers with AmpliWax according to the 
manufacturer’s instructions: the lower layer should contain 
100 ng of the primer K5′, 70 ng of primer K3′wt (not K3′), 
and 0.2 mM of each dNTP in a volume of 13.5 μL; the upper 
layer should contain 7.5 μL of 10× PCR buffer with MgCl 2 , 
1.25 U of  Taq  DNA polymerase, and 0.5–1.0 μg of genomic 
DNA in a volume of 61.5 μL ( see   Notes 8–10 ).   
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   2.    Run the fi rst-step amplifi cation for 20 cycles of 1-min 
 denaturation at 94 °C, 1-min annealing at 59 °C, and 1-min 
extension at 72 °C, followed by 10-min extension at 72 °C 
( see   Note 11 ).   

   3.    Intermediate digestion: Digest 1 μL of the fi rst-step PCR 
products with 10 U of  Mva I in a fi nal volume of 10 μL at 
37 °C for more than 2 h ( see   Note 12 ).   

   4.    Prepare the reaction mixtures for the second-step PCR in the 
presence of AmpliWax. The mixture should contain 140 ng 
of primer K5′, 100 ng of primer K3′ (not K3′wt), 0.2 mM 
of each dNTP, 1.25 U of  Taq  DNA polymerase, and 1 μL of 
 Mva I- digested  fi rst-step PCR product in a fi nal volume of 
75 μL (13.5 μL of lower layer + 61.5 μL of upper layer) of 1× 
PCR buffer ( see   Notes 8–10 ).   

   5.    Run the second-step amplifi cation for 30 cycles of 1-min 
 denaturation at 94 °C, 1-min annealing at 59 °C, and 1-min 
extension at 72 °C, followed by 10-min extension at 72 °C 
( see   Note 10 ).      

        1.    Digest 8 μL of the second-step PCR product with 10 U 
of  Mva I in a total volume of 10 μL containing 1 μL of 10× 
enzyme buffer at 37 °C for 1 h.   

   2.    Add 2 μL of 6× gel loading buffer to the digested PCR product 
solution.   

   3.    Separate digested products on a 10 % native polyacrylamide 
(29:1) minislab gel at 100 V for 1 h in the presence of 1× TBE 
buffer ( see   Note 13 ).   

   4.    Stain the gel with 0.5 μg/mL EtBr solution at room tempera-
ture for 5–10 min with gentle shaking.   

   5.    Wash the stained gel with distilled water for 1 min with gentle 
shaking.   

   6.    Detect and photograph the characteristic mutant signal (142 bp) 
under the UV transilluminator, and save the picture.      

      1.    If a mutant band is detected in a sample, repeat the second-
step PCR in duplicate.   

   2.    Digest 8 μL of PCR product from each tube with  Mva I and 
separate on a native polyacrylamide gel ( see  Subheading  3.5 , 
 step 3 ) to confi rm reproducibility of enrichment of the mutant.   

   3.    Digest the remaining PCR product (about 130 μL in total 
from two tubes) with 50 U of  Mva I in 160 μL solution 
 containing 1× enzyme buffer at 37 °C for 1 h.   

   4.    Mix the digested PCR product with an equal amount of 4 M 
NH 3 COOCH 3  and precipitate with ethanol at –80 °C for 
15–30 min.   

3.5  Detection of 
Mutant K-RAS by 
RFLP Analysis

3.6  Characterization 
of Mutant K-RAS 
Bands Detected by 
EPCR
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   5.    Dissolve the precipitated PCR product in 20 μL of TE and 
separate on a 10 % native polyacrylamide gel as described 
 previously ( see  Subheading  3.5 ,  step 3 ).   

   6.    Cut out a piece of gel (~5 × 1–2 mm, 1 mm thick) containing 
the mutant band from the EtBr-stained gel under the UV 
transilluminator.   

   7.    Elute the mutant PCR product from the cutout piece of gel in 
50 μL of sterilized water in a 1.5-mL microcentrifuge tube by 
heating at 80 °C for 20 min.   

   8.    Analyze this purifi ed product by sequencing by one of the 
 following methods ( see   Note 14 ):

    (a)     The dideoxy chain-termination method using the Sequenase 
DNA Sequencing Kit (USB, Cleveland, OH).   

   (b)     The dye terminator method using the Dye Primer Cycle 
Sequencing Kit (Applied Biosystems, Foster, CA) after 
cloning PCR product by blunt-end ligation.   

   (c)    Direct sequencing by the dye terminator method.    

4           Notes 

     1.    Dissolve 20 mg of RNase A powder in 2 mL of 10 mM 
Tris–HCl, pH 7.5 buffer containing 15 mM NaCl. Heat the 
enzyme solution at 100 °C for 15 min and then allow to cool 
down slowly to room temperature. Aliquot this stock solution 
(50 μL aliquots) and store at –20 °C (should be usable for 
1 year or longer).   

   2.    TE is chemically stable but easily biologically contaminated. 
Whether small amounts are made fresh or a larger stock solution 
is kept on hand must be decided by the individual laboratory.   

   3.    As a prerequisite, to maximize the sensitivity of EPCR, all 
 synthesized primers must be gel-purifi ed.   

   4.    Prepare the molecular weight marker DNA as follows: Digest 
10 μg of Bluescript SKII (+) plasmid DNA with 30 U of  Hpa II 
in 30 μL of 1× enzyme buffer at 37 °C for 1 h. Add 6 μL of 
6× gel loading buffer to this solution. A 1–2 μL aliquot of this 
marker solution is suffi cient for a lane of a gel.   

   5.    When collecting tissue samples, normal tissue should be excised 
prior to tumor tissue, using different forceps and scissors. 
Before storage, normal tissue is extensively washed with cold 
PBS to remove desquamated tumor cells.   

   6.    “Snap” freezing simply implies freezing samples as fast as 
 possible. We use a unique method with equipment of our own 
design: two metal plates joined with hinges. This piece of 
equipment is chilled in liquid nitrogen prior to use. Then, each 
tissue sample is placed in an 8 × 5-cm plastic bag, sealed, frozen 

Toshinari Minamoto



397

by compression between the two plates (this also causes the 
tissue to be fl attened), and stored at –80 °C.   

   7.    Pour liquid nitrogen into a mortar just before homogenization 
of tissue sample to prechill both mortar and pestle.   

   8.    In the original method [ 11 ], 10 ng each and 150 ng each of 
primers were used in the fi rst- and second-step PCR amplifi ca-
tion, respectively. However, the optimal enrichment of mutant 
is obtained with the amounts of primers given in this protocol.   

   9.    The concentration of each NTP should be kept at 0.2 mM to 
obtain optimal amplifi cation.   

   10.    AmpliWax is used to minimize nonspecifi c amplifi cation.   
   11.    To confi rm the validity of the assay and to avoid contamina-

tion, placenta DNA (wild-type control), SW 480 cell-derived 
DNA (mutant control), and sterilized water instead of DNA 
are amplifi ed in parallel with DNA samples in every PCR run.   

   12.    When a mutant band is detected, the intermediate digestion 
mixture is stored at –20 °C for further use with the sequencing 
reactions.   

   13.    Detection and separation of a mutant signal are more sensitive 
and feasible on a 10–15 % polyacrylamide gel than on an 
 agarose gel. The method for elution of the target DNA band 
from the former type of gel is also simpler and more feasible 
than from the latter type.   

   14.    The exact protocols of the respective sequencing methods are not 
described here, owing to space limitations. These protocols are 
available from the suppliers’ instructions. The upstream primer 
K5′ is used for sequencing in forward direction. The sequence of 
the downstream primer SK3′ used for sequencing in the reverse 
direction is 5′ CTCTATTGTTGGATCATATTC 3′ [ 13 ].         

   References 

    1.    Hanahan D, Weinberg RA (2000) The hallmarks 
of cancer. Cell 100:57–70  

    2.    Vogelstein B, Kinzler KW (2004) Cancer genes 
and pathways they control. Nat Med 10: 
789–799  

     3.    Ponder BAJ (2001) Cancer genetics. Nature 
411:336–341  

    4.    Malumbres M, Barbacid M (2003)  RAS  onco-
genes; the fi rst 30 years. Nat Rev Cancer 3: 
7–13  

    5.    Cox AD, Der CJ (2002) Ras family signaling. 
Cancer Biol Ther 1:599–606  

    6.    Dawnward J (2003) Targeting Ras signalling 
pathways in cancer therapy. Nat Rev Cancer 
3:11–22  

     7.    Schubbert S, Shannon K, Bollag G (2007) 
Hyperactive Ras in developmental disorders 
and cancer. Nat Rev Cancer 7:295–308  

       8.    Minamoto T, Mai M, Ronai Z (2000) K- ras  
mutation: early detection in molecular diagno-
sis and risk assessment of colorectal, pancreas, 
and lung cancers—a review. Cancer Detect 
Prev 4:1–12  

     9.    van Mansfeld ADM, Bos JL (1992) PCR-based 
approaches for detection of mutated  ras  genes. 
PCR Methods Appl 1:211–216  

      10.    Ronai Z, Yakubovskaya M (1995) PCR in clin-
ical diagnosis. J Clin Lab Anal 9:269–283  

     11.    Kahn SM, Jiang W, Culbertson TA et al (1991) 
Rapid and sensitive nonradioactive detection of 
mutant K- ras  genes via ‘enriched’ PCR ampli-
fi cation. Oncogene 6:1079–1083  

    12.    Jiang W, Kahn S, Guillem J, Lu S, Weinstein IB 
(1989) Rapid detection of  ras  oncogenes in 
human tissues: applications to colon, esophageal, 
and gastric cancer. Oncogene 4:923–928  

K-RAS Oncogene Mutations in Fresh and Fixed Tissue Samples



398

       13.    Minamoto T, Ronai Z, Yamashita N et al 
(1994) Detection of Ki- ras  mutation in non- 
neoplastic mucosa of Japanese patients with 
colorectal cancers. Int J Oncol 4:397–401  

    14.    Chung DC (2000) The genetic basis of colorec-
tal cancer: insights into critical pathways of 
tumorigenesis. Gastroenterology 119:864–865  

    15.    Markowitz SD, Bertagnolli MM (2009) 
Molecular basis of colorectal cancer. N Engl J 
Med 361:2449–2460  

     16.    Minamoto T, Ronai Z (2001) Gene mutation 
as a target for early detection in cancer diagno-
sis. Crit Rev Oncol Hematol 40:195–213  

     17.    Ronai Z, Luo FC, Gradia S, Hart WJ, Butler R 
(1994) Detection of K- ras  mutation in normal 
and malignant colonic tissues by an enriched 
PCR method. Int J Oncol 4:391–396  

    18.    Minamoto T, Yamashita N, Ochiai A et al 
(1995) Mutant K- ras  in apparently normal 
mucosa of colorectal cancer patients. Its poten-
tial as a biomarker of colorectal cancer patients. 
Cancer 75:1520–1526  

     19.    Ronai Z, Minamoto T, Butler R et al (1995) 
Sampling method as a key factor in identifying 
K- ras  oncogene mutations in preneoplastic 
colorectal lesions. Cancer Detect Prev 19: 
512–517  

     20.    Minamoto T, Esumi H, Ochiai A et al (1997) 
Combined analysis of microsatellite instability 
and K- ras  mutation increases detection inci-
dence of normal samples from colorectal cancer 
patients. Clin Cancer Res 3:1413–1417  

    21.    Tobi M, Luo F-C, Ronai Z (1994) Detection 
of K- ras  mutation in colonic effl uent samples 
from patients without evidence of colorectal 
carcinoma. J Natl Cancer Inst 86:1007–1010  

    22.    Zhang B, Ougolkov A, Yamashita K, Takahashi 
Y, Mai M, Minamoto T (2003) β- catenin  and 
 ras  oncogenes detect most human colorectal 
cancers. Clin Cancer Res 3:3073–3079  

    23.    Alrawi SJ, Schiff M, Carroll RE et al (2006) 
Aberrant crypt foci. Anticancer Res 26:107–119  

    24.    Gupta AK, Pretlow TP, Schoen RE (2007) 
Aberrant crypt foci: what we know and what 
we need to know. Clin Gastroenterol Hepatol 
5:526–533  

     25.    Yamashita N, Minamoto T, Ochiai A, Onda M, 
Esumi H (1995) Frequent and characteristic 
K- ras  activation and absence of p53 protein 

accumulation in aberrant crypt foci of the 
colon. Gastroenterology 108:434–440  

    26.    Takayama T, Katsuki S, Takahashi Y et al 
(1998) Aberrant crypt foci of the colon as pre-
cursors of adenoma and cancer. N Engl J Med 
339:1277–1284  

    27.    Gupta AK, Schoerr RE (2009) Aberrant crypt 
foci: are they intermediate endpoints of 
colon carcinogenesis in humans? Curr Opin 
Gastroenterol 25:59–65  

    28.    Khare S, Chaudhary K, Bissonnette M, Carroll 
R (2009) Aberrant crypt foci in colon cancer 
epidemiology. Methods Mol Biol 472:373–386  

    29.    Otori K, Sugiyama K, Hasebe T, Fukushima S, 
Esumi H (1995) Emergence of adenomatous 
aberrant crypt foci (ACF) from hyperplastic 
ACF with concomitant increase in cell prolif-
eration. Cancer Res 55:4743–4746  

    30.    Konstantakos AK, Siu I-M, Pretlow TG, Stellato 
TA, Pretlow TP (1996) Human aberrant crypt 
foci with carcinoma in situ from a patient 
with sporadic colon cancer. Gastroenterology 
111:772–777  

    31.    Orlando FA, Tan D, Baltodano JD et al (2008) 
Aberrant crypt foci as precursors in colorectal 
cancer progression. J Surg Oncol 98:207–213  

    32.    Pretlow TP, Brasitus TA, Fulton NC, Cheyer 
C, Kaplan EL (1993) K-ras mutation in puta-
tive preneoplastic lesions in human colon. 
J Natl Cancer Inst 85:2004–2007  

    33.    Takayama T, Ohi M, Hayashi T et al (2001) 
Analysis of K- ras ,  APC , and  β-catenin  in aberrant 
crypt foci in sporadic adenoma, cancer, and 
familial adenomatous polyposis. Gastroenterology 
121:599–611  

    34.    Suehiro Y, Hinoda Y (2008) Genetic and 
 epigenetic changes in aberrant crypt foci and 
serrated polyps. Cancer Sci 99:1071–1076  

     35.    Moore DD, Strauss WM (1995) Preparation of 
genomic DNA from mammalian tissue. In: 
Ausubel F, Brent R, Kingston RE et al (eds) 
Short protocols in molecular biology, 3rd edn. 
Wiley, Hoboken, NJ, pp 2–8  

     36.    Wolff R, Gemmill R (1997) DNA from 
 mammalian sources. In: Birren B, Green ED, 
Klapholz S, Myers RM, Roskams J (eds) 
Genome analysis: a laboratory manual, vol 1, 
Cold Spring Harbor Laboratory Press. Plainview, 
NY, pp 4–16    

Toshinari Minamoto



399

Phouthone Keohavong and Stephen G. Grant (eds.), Molecular Toxicology Protocols, Methods in Molecular Biology, 
vol. 1105, DOI 10.1007/978-1-62703-739-6_30, © Springer Science+Business Media New York 2014

    Chapter 30   

 Detection of DNA Double-Strand Breaks 
and Chromosome Translocations Using 
Ligation-Mediated PCR and Inverse PCR 

           Sheetal     Singh    ,     Shyh-Jen     Shih    , and     Andrew     T.    M.     Vaughan    

    Abstract 

   Current techniques for examining the global creation and repair of DNA double-strand breaks are 
restricted in their sensitivity, and such techniques mask any site-dependent variations in breakage and 
repair rate or fi delity. We present here a system for analyzing the fate of documented DNA breaks, using 
the  MLL  gene as an example, through application of ligation-mediated PCR. Here, a simple asymmetric 
double-stranded DNA adapter molecule is ligated to experimentally induced DNA breaks and subjected 
to seminested PCR using adapter- and gene-specifi c primers. The rate of appearance and loss of specifi c 
PCR products allows detection of both the break and its repair. Using the additional technique of inverse 
PCR, the presence of misrepaired products (translocations) can be detected at the same site, providing 
information on the fi delity of the ligation reaction in intact cells. Such techniques may be adapted for the 
analysis of DNA breaks and rearrangements introduced into any identifi able genomic location. We have 
also applied parallel sequencing for the high-throughput analysis of inverse PCR products to facilitate the 
unbiased recording of all rearrangements located at a specifi c genomic location.  

  Key words     LM-PCR  ,   IPCR  ,   Parallel sequencing  ,   Translocation  ,   DNA  ,   Double-strand break repair  , 
  Apoptosis  ,    MLL   

1      Introduction 

 Chromosome translocations involving the mixed-lineage leukemia 
( MLL ) gene are a frequent fi nding in infant, adult, and therapy- 
related leukemias [ 1 ,  2 ]. Although the mechanism(s) responsible 
for the formation of a translocation is (are) unknown, two models 
are beginning to evolve. The two mechanisms, illegitimate V(D)J 
recombination and targeted cleavage via apoptotic effectors, share 
one element in common, in that both mechanisms involve the 
presence of DNA double-strand breaks (DSBs) [ 3 – 7 ]. DNA DSBs 
in the genome have been shown to be potent inducers of chromo-
some translocations and can be produced by a multitude of agents, 
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including ionizing radiation, genotoxic chemicals, and cellular 
processes such as apoptosis [ 8 ,  9 ]. Traditional Southern blot-based 
techniques have been used in the past to visualize the presence of 
DNA breaks in a gene, but such methods have two major draw-
backs: they require large amounts of starting material and are 
rather insensitive. The technique of ligation-mediated polymerase 
chain reaction (LM-PCR), coupled with nested PCR, confers both 
greater sensitivity to detect DNA breaks and effi ciency, requiring 
much smaller amounts of DNA template. 

 The detection of chromosome translocations has previously 
employed both the Southern blot technique and in situ hybridiza-
tion [ 10 ,  11 ]. However, these techniques are only capable of 
detecting chromosome translocations when both partner genes are 
known. Inverse PCR (IPCR) is performed using a gene-specifi c 
primer set orientated in opposing directions. Therefore, IPCR 
allows for the detection of chromosome translocations when only 
one of the translocation partners is known. The further analysis of 
such amplicons has traditionally required their individual extrac-
tion from the gel, cloning, and subsequent sequencing. This has 
been a slow and inherently biased process in that specifi c bands are, 
by defi nition, preselected for analysis. The process of parallel 
sequencing removes the majority of the bias inherent in this pro-
cess by analyzing all the material that is available. Many useful 
reviews of parallel sequencing are available [ 12 ,  13 ]. In this chapter 
we apply parallel sequencing to the analysis of IPCR products. 

 
 This technique takes advantage of the extreme sensitivity of 
 seminested PCR, coupled with the specifi city of LM-PCR to 
amplify gene fragments produced during the process of apoptosis. 
LM-PCR has been used to amplify DNA adjacent to the internu-
cleosomal breaks induced during apoptosis as well as breaks intro-
duced during V(D)J recombination [ 5 ,  6 ]. Since DNA lesions 
introduced by apoptotic nucleases produce blunt-end DSBs, it is 
possible to ligate a blunt-end linker molecule to the break site. This 
allows for the specifi c amplifi cation of DNA sequences ligated to 
the linker molecule using primers to the linker and to the gene of 
 interest. In the second round of PCR, the use of nested primers 
exponentially increases the sensitivity of the assay to detect DNA 
breaks. 

 Prior to PCR amplifi cation the double-stranded linker  molecule 
must be constructed and ligated to the genomic DNA. The linker 
is made by incubating two homologous oligonucleotides under a 
gradually decreasing temperature gradient. This is most easily 
achieved using the thermocycling fi le type on a Perkin Elmer 480 
thermocycler. After the linker is made it will have a staggered and 
a blunt-end terminus (Fig.  1a ). Next, the linker is ligated to the 
isolated genomic DNA using T4 DNA ligase. Just prior to 
LM-PCR, the reaction is heated to 72 °C, causing the 11-mer 

1.1  Ligation- 
Mediated PCR
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oligomer to dissociate from the ligated linker molecule, leaving a 
5′ 25-mer overhang. The 25-mer remains ligated to the DNA 
because the genomic DNA contributed its 5′ phosphate to the 
ligation reaction and the 11-mer dissociates because the ligation 
lacked a 5′ phosphate, resulting in incomplete ligation (Fig.  1b ). 
During PCR,  Taq  polymerase elongates the staggered 25-mer end 
to create the homologous strand. Now the DNA end has a double- 
stranded 25-mer linker molecule ligated to its terminus. LM-PCR 
is conducted using the linker-ligated DNA as a template, the 
25-mer oligomer as a primer, and a primer specifi c to the gene or 
the target of interest, in this case  MLL . Seminested PCR is 
 conducted using the PCR products from the fi rst-round reactions. 
It is seminested because only the  MLL  primer is nested, whereas 
the same 25-mer oligomer used as a primer in the fi rst round is 
used again. The second-round PCR products are analyzed by 
Southern blot using a 0.75-kb cDNA probe to the  MLL  break-
point cluster region (bcr) [ 14 ]. Amplifi cation of cleaved  MLL  
 fragments with the primers stated in this technique returns a 
 product of approximately 290 bp (Fig.  2 ).

     
 During apoptosis, the  MLL  bcr is subjected to cleavage, creating a 
DSB. One possible consequence of nonhomologous end joining 
(NHEJ) repair ( see  Chapter   39    ) operating at the  MLL  cleavage site 
is incorrect repair of the break, leading to the formation of a 
 chromosomal translocation. The identifi cation of such misrepair 
events within damaged cells would provide specifi c evidence that a 

1.2  Inverse PCR

Anti-CD95 
antibody1.

2.

3.

4.

3'5'

3' 5'
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a b

  Fig. 1    LM-PCR amplifi cation of apoptotically cleaved  MLL.  ( a ) Schematic of the 
LM-PCR technique used to amplify apoptotically cleaved  MLL and described fur-
ther in the text . The linker-specifi c primers are gray in color, and  MLL -specifi c 
primers are black. ( b ) TK6 cells were induced to apoptosis by treatment with 
anti-CD95 antibody. Cell aliquots were removed at the stated times and DNA 
prepared.  MLL  cleavage was analyzed by LM-PCR. Control cells were not induced 
to undergo apoptosis. NC, negative control, contains sfH 2 O instead of DNA       
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break- rejoining cycle had occurred. To determine whether the 
apoptotic program is capable of generating a chromosomal trans-
location, an IPCR strategy can be employed (Fig.  3 ). This procedure 
is able to amplify both the germline  MLL  sequence at the location 
of the apoptotic cut site as well as any rearranged fragments 
 containing an  MLL  translocation.

   IPCR was fi rst described by Ochman et al. [ 15 ] as a means to 
perform chromosome walking and identify bacterial genes 
 inactivated by insertional mutagenesis. Since its advent, this tech-
nique has been further tailored to identify DNA translocations 
when the partner gene is unknown [ 16 ,  17 ]. The template for 
IPCR is a circularized DNA molecule created by restriction enzyme 
digestion followed by ligation. A restriction enzyme is chosen such 
that it has a high probability of cutting the unknown DNA 
sequence. This is achieved through the use of an enzyme with a 
short, 4-bp recognition sequence. Statistically, such enzymes cut 
a random DNA sequence every 256 bp and thus are very likely to 
cut the unknown DNA sequence. 

S P S S BP S?

S BP

Two rounds of IPCR

  Fig. 2    IPCR analysis.  Top:  Shown is the circular template created by ligating a 
known DNA fragment at a  Sau3AI  restriction site (S). Divergent primers amplify 
the product that may be enriched for rearrangements by using a restriction 
endonuclease such as  PvuII  (P) to cut the template at a known location. Only a 
fragment that has lost this site (such as by a rearrangement) will be amplifi ed. 
BP: Breakpoint.  Bottom left:  Shown is the conventional analysis of amplifi ed 
material using electrophoresis of amplicons that require subsequent individual 
excision and sequencing.  Bottom right:  Alternatively, all IPCR-amplifi ed material 
may be fragmented, capped with chip-specifi c adapters, and their sequence 
tracked by sequential base addition. In this procedure all possible rearrange-
ments are detected as software builds the original non-fragmented sequence 
from the sequenced fragments       
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 The protocol described herein utilizes a second more infre-
quently cutting restriction enzyme with a 6-bp restriction target 
sequence that should cut a random DNA sequence on average once 
every 4,096 bp. The infrequently cleaving restriction enzyme is 
chosen such that its target sequence lies both on the 3′ side of the 
presumed chromosomal break site and on the 5′ side of the 4-bp 
restriction enzyme cut site (an infrequent restriction site would 
have a low probability of lying between two frequent- cutting 
restriction sites). The infrequently cutting enzyme can be utilized 
to prevent the circularization of germline DNA molecules contain-
ing only the known DNA sequence (frequent cutter to frequent 
cutter) when both restriction enzymes are used. Therefore, circular 
germline molecules can be removed from the reaction mixture, 
thereby favoring the PCR amplifi cation of molecules containing a 
DNA translocation (Fig.  2 ). However, any DNA translocations 
that contain this infrequent restriction site lying between the two 
frequent restriction sites will be eliminated from the pool. PCR is 
conducted from the circular templates using a pair of primers ori-
entated in opposing directions that are specifi c to the known DNA 
sequence. This allows the PCR reaction to proceed from the known 
sequence through the unknown sequence. An example of the IPCR 
technique’s ability to detect  MLL  translocations is shown in Fig.  3 . 
Here, DNA from the human TK6 cell line (not containing an MLL 
translocation) treated with anti- CD95 antibody with or without 
pretreatment with SAHA is subjected to the IPCR assay.  

 
 Parallel sequencing offers substantial advantages over conventional 
(Sanger) sequencing techniques, in that many small targets are 
sequenced in parallel. Their assembly in silico and reconstruction 
of the intact sequence require substantial computing and bioinfor-
matics knowledge [ 12 ]. Hence the amount of material that can be 
sequenced using this approach exceeds by many orders of magni-
tude that attainable using conventional PCR/sequencing systems. 

 To execute parallel sequencing, the genetic material that would 
traditionally be applied to a gel for amplicon analysis is instead 

1.3  Parallel 
Sequencing

  Fig. 3    IPCR results of TK6 cells treated with anti-CD95 antibody with or without pretreatment with SAHA. 
Individual amplicons representing possible aberrations are observed. All amplicons were subsequently 
extracted from the gel, cloned, and sequenced.  M  Molecular weight marker       
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fragmented by ultrasound or enzymatic cleavage. The fragmented 
DNA is then isolated on a gel to enrich for a specifi c size range 
(usually 2–300 bp), and these fragments are then capped with spe-
cifi c terminal adapters to allow eventual attachment to the parallel 
sequencing chip or fl ow cell. The library created is then amplifi ed 
one fi nal time using adapter-specifi c PCR. When placed in a suit-
able fl ow cell the adapters mediate attachment and the system then 
builds a copy of each fragment using individually identifi able 
 fl uorescent nucleotides sequentially hybridizing to each attached 
fragment. The stepwise addition of each nucleotide therefore 
allows the recording of sequence data for each fragment. On com-
pletion of the sequencing reaction, all the material applied will 
have been sequenced, which may be in the range of a Gbp or more. 
Subsequently, all sequenced fragments may be aligned in silico to 
reconstruct a linear sequence of the original material. Further anal-
ysis of the material requires bioinformatic input dependent on the 
type of information required.  

 
 In this chapter describing the methodologies of LM-PCR and IPCR 
we use a frequently fragmented location within the  MLL  gene, at 
11q23, as an example. This location may be broken by exposure to a 
number of genotoxic agents and may subsequently undergo rear-
rangement to a wide variety of chromosomal partners [ 18 ,  19 ]. As an 
aid to the description of these techniques, we have demonstrated 
 fragmentation occurring in human TK6 cells that were pretreated 
with suberoylanilide hydroxamic acid (SAHA) followed by exposure 
to anti-CD95 antibody, a pro-apoptotic agent. Subsequently, in a 
single population of exposed cells, four unique rearrangements 
were observed by conventional IPCR and gel electrophoresis analysis 
using sequential identifi cation of individual amplicons, cloning, and 
sequencing. In addition, the same sample was analyzed by parallel 
sequencing and the same four rearrangements identifi ed (Fig.  4 ). This 
example both validates the utilization of parallel sequencing in 
this context and opens additional possibilities for rearrangement anal-
ysis using high-throughput sequencing technologies.

2        Materials 

       1.    0.22-μm fi ltered and autoclaved H 2 O (sfH 2 O).   
   2.    Oligonucleotides (MWG Biotech, High Point, NC).

   (a)    Linker 11 (5′-GAA TTC AGA TC-3′).   
  (b)     Linker 25 (5′-GCG GTG ACC CGG GAG ATC TGA 

ATT C-3′).       
   3.    Oligonucleotide resuspension buffer: 75 mM Tris–HCl, pH 

8.8 (Sigma, St. Louis, MO).   
   4.    1× T4 DNA ligase buffer: Dilute from 10× with sfH 2 O, keep 

at −20 °C (Promega, Madison, WI).      

1.4  A Representative 
Translocation in MLL

2.1  Ligation- 
Mediated PCR

2.1.1  Construction 
of the Asymmetric 
Double-Strand Linker
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      1.    Puregene DNA isolation kit (Gentra Systems, Minneapolis, MN).   
   2.    Asymmetric double-stranded linker.   
   3.    10× T4 DNA ligase buffer (Promega).   
   4.    T4 DNA ligase (Promega).   
   5.    70 °C Heating block.      

      1.     Taq  DNA polymerase (MBI Fermentas, Hanover, MD).   
   2.    10× and 1× (NH 4 ) 2 SO 4  buffer: 10× stock comes with Taq 

polymerase; dilute to 1× with sfH 2 O.   
   3.    500 μM Oligonucleotides (MWG Biotech).

   (a)    in12.2F (5′-ATG CCC AAG TCC CTA GAC AAA ATG 
GTG-3′).   

  (b)    Nin12.3F (5′-GTC TGT TCA CAT AGA GTA CAG AGG 
CAA CTA-3′).       

   4.    Oligonucleotide resuspension buffer: 75 mM Tris–HCl, pH 8.8.   
   5.    50 μM stock solutions of Linker 11, Linker 25, in12.2F, and 

Nin12.3F.   
   6.    25 mM MgCl 2  (Sigma).   

2.1.2  Purifi cation 
and Preparation of 
Template DNA

2.1.3  Seminested 
PCR Amplifi cation of 
Linker-Ligated DNA

Genomic DNA collected from
TK6 cells treated with 2µM

SAHA and anti CD-95 antibody

Second round of IPCR

First round of IPCR

Analysis by conventional
methodology: cloning &

sequencing of individual bands
from the gel

Analysis by parallel sequencing
methodology: IPCR amplified
material fragmented, capped

with adapters, sequence tracked
by sequential base addition.

GTTTGTGTATTGAGCCATGTTCA  Chr. 2
CTGTTGTGAGCCATTTTTTATTTC Chr. 3
GTTGTGAGCCAAAACAGGATG   Chr. 13
AAGTCTGTTGTGAGCCACTGCAC  Chr. 18

  Fig. 4    Inverse PCR detection of rearranged  MLL  using conventional and parallel sequencing. Here, both 
 conventional sequencing of amplicons extracted from a gel and direct application of parallel sequencing on 
IPCR-amplifi ed material were compared (2.0 μM data set only). Both systems were able to identify the same 
rearrangements.  Underline  microhomology,  Bold  partner sequence       
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   7.    25 mM dNTP stock: Equal volumes of 100 mM dCTP, dTTP, 
dATP, and dGTP.   

   8.    Thermocycler (e.g., Perkin Elmer 480, Foster City, CA).      

      1.    ZetaProbe GT nylon membrane (BioRad, Hercules, CA).   
   2.    0.4 M NaOH buffer (Sigma).   
   3.    Prime-a-Gene kit (Promega).   
   4.    6,000 Ci/mmol [a- 32 P] dCTP (Amersham Pharmacia, 

Piscataway, NJ).   
   5.    0.75-kb cDNA fragment to  MLL  exons 8–14.       

       1.    TK6 cells (ATCC, Manassas, VA).   
   2.    25- and 75-cm 2  Tissue culture fl asks (e.g., Corning, Corning, 

NY).   
   3.    RPMI 1640 cell culture media (e.g., Sigma) or medium appro-

priate for cells of interest.   
   4.    Fetal bovine serum (FBS; e.g., Biologos, Naperville, IL).   
   5.    Apoptotic stimulus: Anti-Fas antibody (Kamiya Biomedical, 

Seattle, WA), radiation source (e.g., a dual-head Cs-137 
Gammacell irradiator, Nordion International, Ontario, Canada).   

   6.    Centrifuge (e.g., Jouan, Winchester, VA).   
   7.    Phosphate-buffered saline (PBS; Cambrex Bio Sciences, 

Walkersville, MD).   
   8.    DNeasy kit (Qiagen, Valencia, CA).      

      1.     Sau 3AI and  PvuII  (Promega).   
   2.    3 M Sodium acetate, pH 5.2 (Sigma).      

      1.    T4 DNA ligase (Promega).   
   2.    0.1 M Spermidine (Sigma).      

      1.    Primers:
   Forward 1 (5′-CAC TCT TAG GTC ACT TAG CAT GTT-3′).  
  Forward 2 (5′-TAC TCT GAA TCT CCC GCA GTG TCC-3′).  
  Reverse (5′-ACA GTT GTA AGG TCT GGT TTG TCC-3′) 

(MWG Biotech, High Point, NC).      
   2.     Taq  DNA polymerase (MBI Fermentas).   
   3.    Thermocycler (e.g., Perkin Elmer 480, Foster City, CA).      

      1.    Qiaquick PCR purifi cation kit (Qiagen).   
   2.    Qiaquick gel extraction kit (Qiagen).   
   3.    TOPO TA Cloning ®  kit (Invitrogen, Carlsbad, CA).   

2.1.4  Southern Blot 
Analysis of PC-Amplifi ed 
DNA

2.2  Inverse PCR

2.2.1  Preparation and 
Purifi cation of the DNA 
Template

2.2.2  Restriction 
Enzyme Digestion

2.2.3  Ligation Reaction

2.2.4  Inverse PCR

2.2.5  Cloning and 
Sequencing of IPCR 
Products

Sheetal Singh et al.



407

   4.    Wizard Miniprep kit (Promega).   
   5.    DNA sequencer (e.g., model 377 Prism DNA Sequencer ® , 

Applied Biosystems, Foster City, CA).      

      1.    Computer with Internet access.       

       1.    Use seminested IPCR round 1 sample as template for semin-
ested IPCR round 2 reaction.      

      1.    About 10 μg DNA sample of IPCR round 2 product.      

      1.    5 μg sonicated IPCR DNA (from Subheading  3.3.1 ,  step 2 )   .   
   2.    QIAquick PCR spin column (Qiagen).   
   3.    T4 DNA ligase buffer with 10 mM ATP (NEB, Ipswich, MA).   
   4.    dNTP mix (10 mM) (NEB).   
   5.    T4 DNA polymerase (3 U/μL; NEB).   
   6.    Klenow DNA polymerase (5 U/μL; NEB).   
   7.    T4 Polynucleotide kinase (PNK, 10 U/μL; NEB).   
   8.    NEB end repair module    NEBNext(R)   
   9.    Sterile distilled H 2 O.      

      1.    Eluted end-repaired DNA (from Subheading  3.3.2 ,  step 4  or 
Subheading  3.3.3 ,  step 3 ).   

   2.    Klenow buffer (buffer #2, NEB).   
   3.    100 mM dATP (MBI Fermentas).   
   4.    Klenow fragment (3′–5′ exonuclease) (5 U/μL; NEB).   
   5.    QIAquick PCR spin column (Qiagen).   
   6.    Sterile distilled H 2 O.      

      1.    Eluted DNA with added adenosines (from Subheading  3.3.4 , 
 step 4 ).   

   2.    Sterile distilled H 2 O.   
   3.    2× Quick Ligation buffer (Quick Ligation™ kit, NEB).   
   4.    PE Adaptor oligomer mix (Illumina, San Diego, CA).   
   5.    Quick DNA Ligase (1 U/μL, Quick Ligation™ kit; NEB).      

      1.    1.5 % agarose gel (Fisher BioReagents, Pittsburgh, PA).   
   2.    50× TAE buffer (Qiagen).   
   3.    Ethidium bromide (EtBr) (Fisher BioReagents, Pittsburgh, PA).   
   4.    100 base pair DNA ladder solution (Fermentas, Hanover, MD).   

2.2.6  Translocation 
Sequence Analysis

2.3  Parallel 
Sequencing

2.3.1   IPCR

2.3.2  Sonication

2.3.3  End Repair

2.3.4  Adding 3′ 
Adenosines

2.3.5  Ligation 
of Adapters

2.3.6  Purifi cation 
of Ligation Products
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   5.    MinElute Gel Extraction Kit (Qiagen, Valencia, CA).   
   6.    Isopropanol (EMD, Darmstadt, Germany).      

      1.    Gel-purifi ed adapter-modifi ed DNA.   
   2.    Sterile distilled H 2 O.   
   3.    5× Phusion Buffer HF (NEB, Ipswich, MA).   
   4.    Illumina PCR primer PE 1.0 and PE 2.0 (Illumina Inc., San 

Diego, CA).   
   5.    25 mM dNTP mix (NEB, Ipswich, MA).   
   6.    Phusion polymerase (NEB, Ipswich, MA).   
   7.    QIAquick PCR spin column (Qiagen, Valencia, CA).        

3    Methods 

       1.    Resuspend Linker 11 and Linker 25–500 μM with oligonucle-
otide resuspension buffer.   

   2.    Mix 500 pmol Linker 11 and 500 pmol Linker 25 in the 
 presence of 2 μL 1× T4 DNA ligase buffer and 1 μL sfH 2 O to 
a total volume of 5 μL.   

   3.    Incubate the reaction at 95 °C for 5 min and 70 °C for 1 s and 
then lower the temperature from 70 to 25 °C over 60 min.   

   4.    Continue to incubate the reaction at 25 °C for 60 min and 
 subsequently lower the temperature from 25 to 4 °C over 
60 min.   

   5.    Store the double-stranded linker at –20 °C.      

      1.    10 million TK6 cells are resuspended in 20 mL of fresh 10 % 
FBS RPMI-1640 media. Cells are then treated with anti-Fas 
antibody (0.5 μg/mL fi nal).   

   2.    Aliquots containing 1.5 × 10 6  cells are removed at 0, 2, 4, 6, 8, 
and 24 h post addition of the apoptotic stimulus. Genomic 
DNA is isolated using Puregene DNA Isolation kit ( see   Note 1 ).   

   3.    To 1.0 μg of genomic DNA add 100 pmol (1.0 μL) of double- 
strand linker, 6 μL of 10× T4 DNA ligase buffer, and 1.0 μL 
(3 U) of T4 DNA ligase and add sfH 2 O to a fi nal volume of 
60 μL ( see   Note 2 ). Flick mix the tubes. Incubate the reaction at 
15 °C for 14 h, 70 °C for 10 min, and then at 4 °C ( see   Note 3 ).   

   4.    Dilute the reaction to 5 ng/μL and then 0.5 ng/μL with 
sfH 2 O ( see   Note 4 ).      

      1.    Dilute  Taq  DNA polymerase 1:1 with 1× (NH 4 ) 2 SO 4  buffer 
for a fi nal concentration of 2.5 U/μL.   

   2.    Dilute 5 μL of 500 μM primers to 50 μM with 45 μL of oligo 
resuspension buffer.   

2.3.7  Enrich the 
Adapter-Modifi ed DNA 
Fragments by PCR

3.1  Ligation- 
Mediated PCR

3.1.1  Construction 
of the Asymmetric 
Double-Strand Linker

3.1.2  Purifi cation 
and Preparation 
of Template DNA

3.1.3  Seminested PCR 
Amplifi cation of Linker- 
Ligated DNA
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   3.    To 2.0 μL of (1.0 ng) linker-ligated DNA add 5.0 μL of 10× 
(NH 4 ) 2 SO 4  buffer, 6.0 μL of 25 mM MgCl 2 , 0.5 μL of 50 μM 
Linker 25 primer, 0.5 μL of 50 μM in12.2F primer, 0.5 μL of 
25 mM dNTP mix, and 34.5 μL of sfH 2 O ( see   Notes 5  and  6 ).   

   4.    Incubate the reactions at 72 °C for 3 min, and then add 1.0 μL 
of diluted  Taq  DNA polymerase. Mix the reactions by vortex-
ing and briefl y centrifuge ( see   Note 7 ).   

   5.    Thermocycle the reactions 1× (72 °C for 5 min), 1× (95 °C for 
4 min), 30× (95 °C for 45 s, 66 °C for 60 s, 72 °C for 45 s), 
1× (72 °C for 10 min), and 1× (4 °C).   

   6.    To 1.0 μL of 1st-round PCR product add 2.5 μL of 10× 
(NH 4 ) 2 SO 4  buffer, 3.0 μL of 25 mM MgCl 2 , 0.25 μL of 50 μM 
Linker 25 primer, 0.25 μL of 50 μM in12.3F primer, 0.25 μL 
of 25 mM dNTP mix, 0.25 μL of (1.25 U)  Taq  polymerase, 
and 17.5 μL of sfH 2 O ( see   Note 6 ).   

   7.    Thermocycle the reactions 1× (95 °C for 4 min.), 25× (95 °C 
for 45 s, 66 °C for 60 s, 72 °C for 45 s), 1× (72 °C for 5 min), 
and 1× (4 °C).   

   8.    Size fractionate the 2nd-round PCR products on a 2.0 % 
 agarose gel, and transfer the DNA to a ZetaProbe GT mem-
brane with 0.4 M NaOH buffer according to the membrane 
manufacturer.   

   9.    Construct an  MLL  cDNA probe using the 0.75 kb fragment, 
the Prime-a-Gene kit, and [a- 32 P] dCTP.   

   10.    Perform Southern blot analysis by standard methods using the 
 MLL  cDNA probe [ 18 ].       

        1.    TK6 cells were treated with DMSO or with 0.5 μM/2.0 μM 
of SAHA for 24 h, followed by treatment with anti-CD95 
 antibody (0.5 μg/mL) for 4 h.   

   2.    Cells are pelleted by centrifugation at 700 ×  g  for 5 min. Pellets 
are washed once in 500 μL of PBS and centrifuged again at 
700 ×  g . Pellets are then resuspended in 200 μL PBS, and DNA 
was harvested using DNeasy kit (Qiagen, Valencia, CA) accord-
ing to the manufacturer’s protocol.      

      1.    Set up a restriction enzyme digestion in a 1.5 mL microfuge 
tube containing 5 μg of DNA (prepared in Subheading  3.2.1 ). 
Digest with 10 U  Sau 3AI in a reaction volume of 50 μL.   

   2.    Incubate the reaction at 37 °C for 3 h.   
   3.    Inactivate the restriction enzymes by heating the reaction 

 mixture to 70 °C for 15 min.   
   4.    DNA is cleaned up by using Qiaquick PCR purifi cation kit 

according to the manufacturer’s protocol. Digested DNA was 
eluted in 50 μL of sfH 2 O.      

3.2  Inverse PCR

3.2.1  Preparation 
and Purifi cation of the 
DNA Template

3.2.2  Restriction Enzyme 
Digestion
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      1.    Ligation reaction is set up by using 15 U of T4 DNA ligase 
(Promega, Madison, WI) and 6.5 μL of 10× ligation buffer, 
total volume brought up to 65 μL with sfH 2 O. Allow reaction 
to proceed overnight at 4 °C or for 3 h at room temperature.   

   2.    Inactivate the ligase by heating to 70 °C for 10 min.      

      1.    20 μL of each ligated sample was further digested with  PvuII , 
and the reaction was inactivated at 70 °C for 15 min. This step 
re-linearizes the native  MLL  fragment and therefore removes it 
as a template for the IPCR reaction that follows.   

   2.    The fi rst round of seminested PCR was performed with 100 ng 
ligated DNA or  PvuII -redigested DNA as template. PCR was 
conducted using round 1 forward primer and reverse primer. 
The following cycles were used: denaturing for 10 min at 
95 °C; 30 cycles of 94 °C (1 min), 58 °C (1 min), and 72 °C 
(1 min 30 s); and fi nal extension at 72 °C for 10 min. The 
second round of IPCR was performed, using 1 μL of the fi rst-
round PCR as a template, under the same conditions except 
with an annealing temperature of 60 °C and round 2 forward 
primer.   

   3.    Following PCR samples are loaded onto a 1.2 % agarose gel 
and electrophoresed for a suffi cient amount of time to resolve 
a 100 base pair ladder.      

      1.    Stain agarose gels with ethidium bromide and visualize under 
UV. Bands observed were excised and gel purifi ed.   

   2.    Gel-purifi ed PCR products were cloned into pCR4-TOPO 
and selected on plates containing 50 mg/mL ampicillin, 
according to the manufacturer’s instructions.   

   3.    Colonies were selected and expanded in 5 mL of liquid LB, 
and the cloned PCR product was purifi ed by performing a 
miniprep according to the manufacturer’s protocol.   

   4.    The DNA Sequencing and Synthesis Facility preformed DNA 
sequencing at Iowa St. University through the use of an 
Applied Biosystems Inc. Model 377 Prism DNA Sequencer ®  
using either T7 or T3 primers.      

      1.    DNA sequences obtained were searched against the NCBI 
database (  http://www.ncbi.nlm.nih.gov/BLAST/    ). Accession 
numbers providing a match to the input DNA sequence were 
selected and analyzed for the region of DNA extending beyond 
the point at which it breaks off at  MLL .       

  Material used as starting point was taken from a TK6 DNA mate-
rial that had been exposed to SAHA and anti-CD95 antibody. 
Prior conventional analysis of induced rearrangements within this 

3.2.3  Ligation Reaction

3.2.4  Inverse PCR

3.2.5  Cloning of Inverse 
PCR Products

3.2.6  Translocation 
Sequence Analysis

3.3  Parallel 
Sequencing
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sample had identifi ed four specifi c rearrangements. The IPCR 
round 2 product of this material was used for parallel sequencing 
analysis. 

       1.    5 μg IPCR DNA is sonicated at power setting #4 for 6 times 
10 s each with 1-min interval in ice using a Fisher Scientifi c* 
Model 100 Sonic Dismembrator ( see   Note 8 ).   

   2.    Purify the sonicated IPCR DNA with a QIAquick PCR spin 
column and elute in 32 μL of elution buffer.      

       1.    Prepare reaction mix by adding in order fragmented IPCR 
DNA 30.0 μL; H 2 O 45.0 μL; T4 DNA ligase buffer with 
10 mM ATP (NEB) 10.0 μL; dNTP mix (10 mM) 4.0 μL; T4 
DNA polymerase (3 U/μL) 5.0 μL; Klenow DNA polymerase 
(5 U/μL) 1.0 μL; and T4 PNK (10 U/μL) 5.0 μL.   

   2.    Mix well by tapping the tubes a few times. Avoid foam and 
bubbles.   

   3.    Incubate the sample at room temperature for 30 min.   
   4.    Purify the DNA with a QIAquick PCR spin column and elute 

in 32 μL of elution buffer.      

       1.    Mix the following components in a sterile microfuge tube: 
Fragmented IPCR DNA 30 μL; NEBnext End repair reaction 
buffer (10×) 10 μL; NEBnext end repair enzyme mix 5 μL; 
Klenow DNA polymerase 1.0 μL; and sterile water 54 μL. 
Total volume should be 100 μL.   

   2.    Incubate for 30 min at RT.   
   3.    Follow the instructions in the QIAquick PCR Purifi cation Kit 

to purify using one QIAquick column, eluting in 32 μL of 
 elution buffer.      

       1.    Prepare reaction mix by adding in order eluted end-repaired 
DNA 30 μL; Klenow buffer (10×) (NEB buffer #2) 5 μL; 
dATP 1 mM 10 μl ( see   Note 10 ); Klenow 3′–5′ exo (5 U/μL) 
3.0 μL; and sterile water 2 μL.   

   2.    Mix well by tapping the tubes a few times. Avoid foam and 
bubbles.   

   3.    Incubate the sample at 37 °C for 30 min.   
   4.    Purify the DNA with a MinElute PCR spin column and elute 

in 12 μL of elution buffer.      

  This procedure uses a 10:1 M ratio of Illumina PE adapter 
( see   Note 11 ) to genomic DNA insert; based on Illumina’s guid-
ance, a starting quantity of 5 μg of DNA before fragmentation is 
used.

3.3.1  Sample Sonication

3.3.2  Sample DNA End 
Repair ( See   Note 9 )

3.3.3  Alternative DNA 
End Repair Using NEB End 
Repair Module

3.3.4  Addition of Adenine 
to the 3′ End of DNA 
Fragments

3.3.5  Ligate Adapters 
to DNA Fragments
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    1.    Prepare reaction mix by adding in order eluted DNA with 
addition of adenine to the 3′ end 10 μL; sfH 2 O 11.5 μL; 
2× Quick ligation buffer; Illumina PE Adapter/Oligo mix 
1 μL ( see   Notes 11 – 13 ); and Quick DNA Ligase (1 U/μL) 
2.5 μL.   

   2.    Mix well by tapping the tubes a few times. Avoid foam and 
bubbles.   

   3.    Incubate the sample at RT for 30 min.   
   4.    Purify the DNA with a MinElute PCR spin column (Qiagen, 

#28004) and elute in 12 μL of elution buffer ( see   Note 14 ).    

        1.    Prepare a 1.5 % agarose gel with distilled water and 50× TAE 
(fi nal concentration of TAE should be 1×).   

   2.    Add EtBr into the TAE-agarose; fi nal concentration of EtBr 
should be around 400 ng/mL.   

   3.    Load 100 base pair DNA ladder solution to one lane of the gel, 
and load the entire sample in another lane of the gel ( see   Note 15 ).   

   4.    Run the gel at 100 V in 1× TAE buffer for 60–90 min.   
   5.    Shield with bottom tray of gel, and view the gel on a Dark 

Reader UV transilluminator. Minimize exposure to UV if 
possible.   

   6.    Excise a region of gel in the 300 base pair range with a clean 
razor blade guided by the sizes of DNA ladder. Keep the 
 volume of gel slices as low as possible (around 100–300 μL).   

   7.    Use a MinElute Gel Extraction Kit to purify the DNA from the 
agarose slices.   

   8.    6× volume of QG buffer was added into 1× volume of gel and 
incubated at 50 °C.   

   9.    Make sure that gel slice has dissolved completely, and then add 
2 gel volumes of isopropanol to the sample and mix.   

   10.    Follow the Qiagen protocol to fi nish gel extraction. If the gel 
slice is large and sample volume (gel slice volume + 6× volume 
of QG buffer + 2× volume of isopropanol) more than 800 μL, 
load sample and spin the minElute column multiple times.   

   11.    Elute DNA in 12 μL Qiagen elution buffer.      

      1.    Set up 50.0 μL PCR master mix using 50 ng of adaptor- 
modifi ed DNA fragment for PCR reaction. Prepare reaction 
mix by adding in order adaptor-modifi ed DNA (~50 ng) 4 μL; 
sfH 2 O 34 μL; 5× Phusion buffer 10 μL; Illumina PE1.0 PCR 
primer 0.5 μL ( see   Note 16 ); Illumina PE2.0 PCR primer 
0.5 μL ( see   Note 16 ); 25 mM dNTP mix 0.5 μL; and Phusion 
polymerase enzyme 0.5 μL.   

3.3.6  Ligation Product 
Purifi cation

3.3.7  Amplifi cation 
of the Adapter-Modifi ed 
DNA Fragments
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   2.    Run the following PCR cycle: [usually 16–18 cycles ( see   Note 
17 )] 98 °C 30 s, 98 °C 10 s, 65 °C 30 s, 72 °C 30 s, 72 °C 
3 min, and 4 °C hold.   

   3.    After PCR cycle is completed, load 5 mL of PCR reaction and 
run the sample on a 1.5 % agarose gel ( see   Note 18 ).   

   4.    Purify the rest of DNA with a QIAquick column (Qiagen, 
#28106) and elute in 32 μL of elution buffer.   

   5.    Determine the DNA concentration by bioanalyzer and qPCR 
quantitation ( see   Note 19 ).        

4    Notes 

     1.    The protocol has been successfully conducted on the lympho-
blastoid cell lines TK6 and WIL2-NS and the glioblastoma cell 
lines M059K and M059J. The genomic DNA must be fully 
resuspended. This can be achieved by resuspending the DNA 
with 200–350 μL of DNA hydration buffer and incubating it 
at 65 °C for 2–3 h. During this incubation fl ick mix the tubes 
frequently.   

   2.    The reaction stated is for one sample; it is best to make a  master 
mix of double-stranded linker, T4 DNA ligase buffer, and T4 
DNA ligase that can be added to each sample of DNA diluted 
in the required amount of sfH 2 O. The master mix provides for 
greater accuracy in measuring small volumes and uniformity 
between samples.   

   3.    The 70 °C incubation heat-inactivates the T4 DNA ligase.   
   4.    Vortex the DNA dilutions rigorously to ensure uniform 

solutions.   
   5.    The amount of linker-ligated DNA used for amplifi cation must 

be titrated. This is done to minimize the signal produced by 
basal levels of apoptosis in culture. Titrate the linker-ligated 
DNA to the point at which the break of interest is undetect-
able in control cells. A good titration range is 1.0–5.0 ng of 
linker-ligated DNA as template for LM-PCR.   

   6.    Make a master mix of PCR components to ensure PCR  reaction 
uniformity.   

   7.    Use of  Taq  DNA polymerase from Fermentas eliminates the 
need to optimize MgCl 2  concentrations in PCR reactions.   

   8.    Fragmentase from New England Biolab (NEB, Ipswich, MA) 
has also worked quite well for DNA fragmentation in our lab.   

   9.    An alternative method is the use of NEB end repair module 
(#E6050, NEB, Ipswich, MA).   

Detection of DNA Abnormalities by LM- and IPCR
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   10.    Before starting this step, prepare for 1 mM dATP from 
100 mM dATP. Add 10 μL of 100 mM dATP to 990 μL 
Qiagen elution buffer; then make 30 μL aliquots and freeze at 
−20 °C. The aliquots should be defrosted only once.   

   11.    Illumina provides different adapter primers for single-end read 
and paired-end read libraries. The paired-end read adaptor 
primers can be used for single-end read purpose. Please make 
sure that you use the correct primers for your purpose.   

   12.    The paired-end (PE) adaptor oligo mix is part of Illumina kit. 
We did not know exact DNA concentration of the PE adaptor 
oligo mix which may need to be titrated relative to the quan-
tity of starting material. To adjust for the smaller amount of 
IPCR DNA, dilute the Illumina adapters with distilled water.   

   13.    You could design and make your bar-coded adaptors based on 
Illumina’s adaptor sequence. For further information, please 
go to the forum of Illumina/Solexa Genome Analyzer Primer 
at   http://seqanswers.com/    .   

   14.    To get rid of excess adapters that may interfere with sequenc-
ing, perform more washing steps when purifying the adaptor- 
modifi ed DNA by Qiagen MinElute PCR spin column.   

   15.    Between the lane of ladder and DNA sample and also between 
the lane of DNA samples, leave at least a gap of one empty lane 
to avoid sample contamination when loading your samples or 
excising your samples from gel.   

   16.    PE 1.0 and PE 2.0 primers are part of Illumina kit. Again, we 
did not know the concentration of the primers for paired-end 
sequencing. We diluted the Illumina primers 1:1 with distilled 
water and used 0.5 μL of each primer in a 50 μL PCR reaction. 
You can make your own PE 1.0 and PE 2.0 primer based on 
DNA sequence information of PE 1.0 and PE 2.0. Please fi nd 
the related information from forum of Illumina/Solexa 
Genome Analyzer Primer at   http://seqanswers.com/    .   

   17.    More PCR cycles at this step are needed if there is low DNA yield.   
   18.    This step is to confi rm that the adapter-modifi ed DNA frag-

ments have been enriched by PCR with two primers that anneal 
to the ends of the adapters. Usually, other than column, no 
DNA purifi cation from gel excision is necessary following PCR 
for most libraries. However, if there are nonspecifi c bands other 
than library band or primer band is too intensive, the enriched 
library bands need to be re-purifi ed by running gel. Remember 
that the expected PCR-enriched library bands are about 30 base 
pair larger than original adapter-modifi ed DNA fragment.   

   19.    It is not accurate enough to only use nanodrop to determine 
DNA concentration. Bioanalyzer and qPCR quantitation are 
more accurate.         

Sheetal Singh et al.
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    Chapter 31   

 Quantitative PCR-Based Measurement of Nuclear 
and Mitochondrial DNA Damage and Repair 
in Mammalian Cells 

           Amy     Furda    ,     Janine     H.     Santos    ,     Joel     N.     Meyer    , and     Bennett     Van     Houten    

    Abstract 

   In this chapter, we describe a gene-specifi c quantitative PCR (QPCR)-based assay for the measurement of 
DNA damage, using amplifi cation of long DNA targets. This assay has been used extensively to measure 
the integrity of both nuclear and mitochondrial genomes exposed to different genotoxins and has proven 
to be particularly valuable in identifying reactive oxygen species-mediated mitochondrial DNA damage. 
QPCR can be used to quantify both the formation of DNA damage as well as the kinetics of damage 
removal. One of the main strengths of the assay is that it permits monitoring the integrity of mtDNA 
directly from total cellular DNA without the need for isolating mitochondria or a separate step of mito-
chondrial DNA purifi cation. Here we discuss advantages and limitations of using QPCR to assay DNA 
damage in mammalian cells. In addition, we give a detailed protocol of the QPCR assay that helps facilitate 
its successful deployment in any molecular biology laboratory.  

  Key words     Mitochondrial DNA  ,   Nuclear DNA  ,   DNA damage  ,   Reactive oxygen species (ROS)  , 
  Quantitative PCR (QPCR)  

1      Introduction 

  The quantitative PCR (QPCR) assay of DNA damage is based on 
the principle that many kinds of DNA lesions can slow down or 
block the progression of DNA polymerase [ 1 ]. Therefore, if equal 
amounts of DNA from differently treated samples are QPCR- 
amplifi ed under identical conditions, DNA with fewer lesions will 
amplify to a greater extent than more damaged DNA [ 2 ,  3 ]. For 
example, DNA from a biological sample exposed to UV radiation 
will be amplifi ed less than the DNA from a corresponding untreated 
control sample [ 4 ] .  Damage can be expressed in terms of lesions per 
kilobase mathematically ( see  Subheading  3.4 ,  step 4 ) by assuming a 
Poisson distribution of lesions. Additionally, DNA repair kinetics can 
be followed by measuring restoration of amplifi cation of the target 
DNA over time, after the removal of the DNA- damaging agent. 

1.1  Principle 
of the Assay
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QPCR can be performed using genomic DNA from cultured cells or 
extracted DNA from tissue obtained from treated animals (such as 
rat, mouse, fi sh, or even nematodes).  

 
 Strengths of QPCR include its sensitivity, the requirement for only 
nanogram amounts of total (genomic) DNA, its applicability to 
measurement of gene-specifi c DNA damage and repair, and the fact 
that it can be used to directly compare damage to nuclear DNA 
(nDNA) and to mitochondrial DNA (mtDNA) from the same 
 sample. Gene-specifi c QPCR is highly sensitive because of the use of 
“long” PCR methodology that permits the quantitative amplifi ca-
tion of fragments of genomic DNA between 10 and 25 kb in length 
[ 5 ,  6 ]. As a result, low levels of lesions (approximately 1 per 10 5  kb) 
can be detected, permitting the study of DNA damage and repair at 
levels of lesions that are biologically relevant. Because this is a PCR-
based assay, it is possible to use as little as 1–2 ng of total genomic 
DNA, which allows analysis of a much wider range of biological 
samples than is feasible with other methods (such as Southern blots 
or HPLC electrochemical detection) that require 10–50 μg of total 
cellular DNA. In fact it is possible to perform this assay on one 
nematode that has been simply lysed in a PCR tube. 

 Any gene (or region of DNA) that can be specifi cally PCR- 
amplifi ed can be studied using QPCR. Thus, it is possible to  compare 
the rate of damage and/or repair in regions that are hypothesized to 
be more quickly repaired than others. For example, using this 
method, it was demonstrated that normal human fi broblasts showed 
higher rates of repair in the actively transcribed hypoxanthine- 
guanine phosphoribosyl transferase ( HPRT ) gene than in the non-
transcribed ß-globin gene ( HBB ) [ 4 ]. This study also demonstrated 
that repair defi ciencies in cells from patients with xeroderma pig-
mentosum could be clearly detected with this assay. Finally, the use 
of genomic DNA, which includes both nuclear and mitochondrial 
genomes, allows direct comparison of the degree of damage and/
or repair in nDNA versus mtDNA in the same biological sample. 
In fact, QPCR has been used successfully to quantify damage and 
repair in nDNA and mtDNA after many types of genotoxicants in a 
wide variety of cells and tissues [ 7 – 25 ].  

 
 Since the fi rst publication of this chapter six years ago, QPCR has 
been utilized in a wide variety of studies. These include the utiliza-
tion of the QPCR method to determine the ability of modulating 
experimental conditions to infl uence DNA damage levels or repair in 
mtDNA or nDNA, such as a 2009 study by Jung et al. that  measured 
benzo[ a ]pyrene-induced DNA damage in the Atlantic killifi sh [ 26 ] 
and the 2009 Trnka et al. study showing that MitoTEMPOL pro-
tects against the oxidative mtDNA damage caused by menadione 
[ 27 ] as well as many others [ 28 – 41 ] .  QPCR has also been employed 

1.2  Advantages 
of the Assay

1.3  Recent 
Discoveries Using 
the Gene-Specifi c 
QPCR Assay
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to directly compare mtDNA and nDNA damage in aged tissues [ 42 , 
 43 ] as well as determine the effects of disease conditions [ 37 ,  44 – 46 ] 
and conditions such as oxidative stress [ 31 ,  40 ] on repair in mtDNA 
and nDNA. The assay has also been used to show that repair of UV 
photoproducts is reduced by approx 50 % in aging nematodes [ 47 ] .  
In addition to the range of discoveries acquired using QPCR, several 
recent reviews have been published regarding the adaptability of 
QPCR to a wide range of applications [ 48 – 50 ] as well as articles in 
which authors have adapted the QPCR technique to apply to their 
own fi eld of study [ 26 ,  31 ,  33 ,  39 ,  51 ,  52 ]. 

 While the importance of damage to the nuclear genome is 
widely recognized, the role of mtDNA damage in pathobiology 
and disease is only now being fully appreciated. To this end, we 
discuss below the consequences of damage to the mitochondrial 
genome.  

  The mammalian mitochondrial genome is a circular molecule  present 
in multiple (often 2–10) copies in each mitochondrion, with hun-
dreds to thousands of mitochondria per cell (more mitochondria are 
generally present in cells with high energy requirements). The human 
mtDNA encodes 2 rRNAs, 22 tRNAs, and 13 polypeptides, all of 
which are involved in oxidative phosphorylation through the  electron 
transport chain (ETC). While the important role of nDNA damage 
in human pathological conditions such as cancers is well known, 
increasing attention is being paid to the association of mtDNA dam-
age with various human diseases [ 53 ,  54 ]. Some of these include 
neurodegenerative disorders such as Alzheimer’s, Parkinson’s, and 
Huntington’s disease [ 55 – 57 ] ;  hereditary diseases such as Leber 
hereditary optic neuropathy and Kearns–Sayre syndrome [ 58 ];  cancer 
[ 59 ]; and aging [ 60 – 62 ] .  The MITOMAP website (  http://www.
mitomap.org    ) provides additional information and links related to 
mtDNA mutations and deletions and the pathological conditions 
associated with them. 

 Substantial evidence suggests that mtDNA may be more 
 vulnerable than nDNA to certain kinds of damage, in particular 
reactive oxygen species (ROS)-mediated lesions [ 7 ,  14 ,  19 ]. Several 
reasons may underlie this observation, including the immediate 
proximity of mtDNA to the ETC in the inner mitochondrial mem-
brane, which is the main source of endogenous ROS production. 
ROS are generated at substantial rates under normal circumstances 
by the ETC; it is estimated that perhaps as much as 1 % of the 
 oxygen consumed in vitro by mitochondrial preparations is released 
as superoxide (O 2  − ) and hydrogen peroxide (H 2 O 2 ) [ 63 ,  64 ], 
although the in vivo level of production is probably lower [ 65 ] .  
The rate of ROS generation by the ETC can be increased by exposure 
to some xenobiotics (e.g., certain redox-cycling compounds and 
ETC inhibitors [ 62 ,  66 ]); and lipophilic xenobiotics tend to 
 accumulate in the mitochondrial membranes (reviewed in ref.  67 ). 

1.4  Mitochondrial 
DNA Damage
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Redox-active metals, such as iron and copper that can participate in 
Fenton chemistry, are in close proximity to or can directly bind to 
mtDNA [ 68 ,  69 ] .  Additionally, mtDNA lacks many of the protec-
tive protein structures associated with nDNA, and it is believed 
that repair of mtDNA lesions occurs only via base excision repair 
[ 62 ,  70 ,  71 ] .  In fact, while oxidative damage can be repaired in the 
mtDNA, bulky DNA adducts, which are removed by the nucleo-
tide excision repair machinery, are not (reviewed in ref.  67 ). 

 In the past three decades, various studies using different 
 methodologies have identifi ed higher rates of damage in the mtDNA 
than in the nDNA of the same biological sample, most notably 
ROS-mediated damage [ 7 ,  14 ,  72 – 74 ] .  Early studies often relied 
upon DNA extraction techniques that caused extensive DNA oxida-
tion, resulting in reports of artifactually high levels of adducts [ 75 ]. 
Moreover, in some cases the higher levels of damage observed in 
mtDNA may have been due to the additional handling necessary to 
fi rst isolate mitochondria from whole-cell (or tissue) extracts in 
order to obtain nDNA-free mtDNA [ 76 ]. Thus, the ability of the 
long PCR assay to measure mtDNA damage without manipulation 
of mitochondria, and compare the mtDNA to nDNA damage in the 
same samples, makes it particularly appropriate for this use.  

 
 Four limitations are associated with QPCR. First, DNA lesions 
that do not signifi cantly stall progression of DNA polymerase, such 
as 8-hydroxydeoxyguanosine (8-OHdG), will not be detected with 
high effi ciency by this assay. However, agents that cause oxidative 
stress, such as H 2 O 2  or ionizing radiation, are very unlikely to pro-
duce only one type of lesion. In fact, it is estimated that only 10 % 
of H 2 O 2 -induced damage is 8-OHdG [ 77 ]. Second, although we 
can identify the presence of damage on the DNA template, the 
specifi c nature of the lesion cannot be inferred by QPCR alone. 
Both of these limitations are shared by some of the other methods 
available, however. An additional hypothetical concern is that, in 
terms of the nuclear genome, typically only one or a few genes or 
regions are amplifi ed. Thus, if the nDNA damage induced by a 
given agent were highly regiospecifi c, such as for the p53 gene 
[ 78 ], the results of this assay could possibly be skewed (indicating 
no or low DNA damage if the target regions were principally away 
from the fragments amplifi ed, or too many lesions if the fragments 
amplifi ed were preferentially damaged). For example, it has also 
been shown that oxidative lesions preferentially occur at promoter 
regions in certain genes during aging [ 79 ]. A fourth problem has 
been recently encountered. Using an automated extraction method 
(QIAcube) that is apparently more gentle on the DNA, we have 
found that a large portion of mitochondrial DNA appears to exist 
in a supercoiled, covalently closed circular form that does not easily 
denature and therefore inhibits free access to primers (discussed 
below). Thus, mock-treated samples are not amplifi ed as much as, 

1.5  Limitations of 
the Long PCR Assay
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for instance, H 2 O 2 -treated samples, whose oxidatively induced 
nicks and single-strand breaks convert the supercoiled mtDNA to 
open circular DNA, which readily denatures and increases the 
accessibility to primers. This inherent issue with amplifi cation and 
the accurate determination of mtDNA copy number can be over-
come by cutting the mtDNA with restriction enzymes that cut in 
regions outside of the amplifi ed regions. For example, the  Hae II 
restriction enzyme cuts the mouse mitochondrial genome in a region 
proximal to the D-loop that is outside the regions of amplifi cation we 
use in our version of the assay. The use of restriction enzymes greatly 
enhances the amplifi cation of the mtDNA in both mock-treated and 
treated samples, suggesting that a totally intact mitochondrial genome 
may inherently limit amplifi cation (discussed below).   

2    Materials ( See   Notes 1  and  2 ) 

      1.    QIAGEN Genomic Tip (QIAGEN, Valencia, CA; cat. no. 
10323).   

   2.    QIAGEN Genomic DNA Buffer Set Kit (cat. no. 19060).      

      1.    Extracted DNA samples (routinely stored at −20 °C; avoid 
unnecessary cycles of freezing and thawing). For quantitation, 
dilute to a range of around 20 ng/μL   . Diluted samples can be 
kept at 4 °C for up to several weeks before use.   

   2.    PicoGreen dye (dsDNA quantitation reagent; Molecular 
Probes [Invitrogen, Carlsbad, CA], cat. no. P-7581;  see   Note 4 ). 
Store as 50 μL aliquots at −20 °C. Thaw only immediately prior 
to use.   

   3.    20× TE buffer: 200 mM Tris–HCl, 20 mM EDTA, pH 8.0. 
Dilute to 1×, and store at room temperature.   

   4.    λ  Hind III-cut DNA (Gibco [Invitrogen], cat. No. 15612-
013) diluted to generate a standard curve.   

   5.    Fluorescent plate reader with capability for measuring 485 nm 
excitation and 528 nm emission (e.g., Synergy 2 Multi-Mode 
microplate reader, BioTek, Winooski, VT).      

      1.    GeneAmp XL PCR Kit (Perkin-Elmer, Foster City, CA) for 
long QPCR. Kit includes  rTth  DNA polymerase XL (400 U; 
2 U/μL), 3.3× XL PCR buffer, and 25 mM Mg(OAc) 2 . All 
reagents are stored at −20 °C.   

   2.    Bovine serum albumin (BSA).   
   3.    Deoxyribonucleoside triphosphates (dNTPs): Purchase sepa-

rately from Pharmacia (Pfi zer, New York, NY; cat. No. 
27-2035- 01). Prepare a solution of 10 mM total dNTPs 
(2.5 mM of each nucleotide) and store as 100-μL aliquots 

2.1  DNA Sample 
Extraction ( See   Note 3 )

2.2  DNA Quantitation 
and PCR Analysis

2.3  PCR Reagents
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at −20 °C to minimize degradation. Thaw the dNTPs immediately 
prior to use, and they are reused.   

   4.    Primer stocks and aliquots of the working concentration 
(10 μM) are maintained at −20 °C. The lyophilized oligos are 
initially diluted in sterile deionized water (to 100 μM); further 
dilution to the working concentration is then done with 1× 
TE. It is not necessary to purchase oligonucleotides purifi ed 
beyond simple desalting.       

3    Methods 

  High-molecular-weight DNA is essential in order to effi ciently 
amplify long genomic targets. We have found that the DNA puri-
fi ed using the QIAGEN Genomic Tip and Genomic DNA Buffer 
Set Kit (QIAGEN, cat, nos. 10323 and 19060, respectively) is 
of high quality and quite reproducible from sample to sample. 
In addition, the purifi ed DNA is very stable, yielding comparable 
amplifi cation over long periods of storage. 

 DNA template integrity is essential for the reliable amplifi cation of 
long PCR targets [ 80 ]. Although various kits are commercially avail-
able for DNA isolations, procedures that involve phenol extraction 
should be avoided due to potential introduction of artifactual DNA 
oxidation. As mentioned above, we use a DNA extraction kit from 
QIAGEN, which, in our hands, gives rise to templates of  relatively 
high molecular weight and highly reproducible yield. The protocol for 
DNA isolation is followed as suggested by the manufacturer. Note 
that when using the manual genomic- tip protocol, the tissue protocol 
is used irrespective of whether tissue or cells are being studied, since 
the protocol for DNA extraction of cultured cells involves isolation of 
nuclei and hence loss of mtDNA. Samples that cannot be processed 
immediately after experiments should be stored at −80 °C until DNA 
is extracted.  See  additional information in  Note 2 .  

  
 Quantitation of the purifi ed genomic DNA, as well as of PCR prod-
ucts, is performed fl uorimetrically using the PicoGreen dsDNA 
quantitation reagent from Molecular Probes (catalog number 
P-7581). The free dye has very low fl uorescence but exhibits a 
>1,000-fold increase in fl uorescence signal upon binding to dsDNA. 
The assay displays a linear correlation between dsDNA quantity and 
fl uorescence over a wide range of concentrations and is extremely 
sensitive (limit of detection is approximately 25 pg/ mL). 

 The success of QPCR is absolutely dependent upon the accurate 
quantitation of the DNA present in the samples [ 6 ]. As mentioned 
previously, we have adopted PicoGreen as a means to quantify DNA. 
The DNA concentration of the samples is calculated based on a 
DNA standard curve, plotting the fl uorescence values on a Microsoft 
Excel spreadsheet ( see  Fig.  1 ; template available upon request). 
Additional aspects of this procedure are found in Subheading  4 .

3.1  DNA Extraction

3.2  Quantitation 
of DNA Template

Amy Furda et al.
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  Fig. 1    ( a ) Spreadsheet used for DNA quantitation. Example depicts fl uorescence values obtained during the fi rst 
step of quantitation, pre-quantitation, and the graph shows values obtained for the standard curve. Above the 
graph are all calculations related to the DNA standard curve. The fi rst column represents the concentrations of 
DNA used as standards. The second and third columns show the raw fl uorescence readings. These values were 
averaged (last column). Below the graph is an example of values obtained for an experimental set of DNA sam-
ples. Read 1 and Read 2 columns show raw fl uorescence readings for each sample; the third column is the mean 
of those values. DNA concentration is calculated based on the slope of the standard curve. The last two columns 
show, respectively, the amount of DNA and of TE buffer necessary to dilute the sample DNA to 3 ng/μL       
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   We perform quantitation in a minimum of two different steps, 
called pre- and fi nal quantitation. The fi rst gives a rough estimate 
of the initial amount of DNA in each sample. At the end of this fi rst 
step, the amount of DNA necessary to make a 10 ng/μL solution 
of DNA is calculated. The fi nal quantitation uses this latter  solution 
to calculate the exact amount of DNA needed to dilute samples 
to 3 ng/μL, which is the amount of template routinely used for 
QPCR in our laboratory. Our protocol for quantitation is as follows:

    1.    Dilute lambda/HindIII DNA (in 1× TE buffer) yielding 
 different concentrations to generate a standard curve (for 
example, from 1.25 to 20 ng/μL of DNA).   

   2.    Add 95 μL of 1× TE buffer to each well that will be used (for 
standards and samples).   

   3.    Add 5 μL of each lambda DNA standard per well (producing a 
curve of 0–200 ng DNA/well), at least in duplicate ( see   Note 3 ).   

   4.    For pre-quantitation, pipette 5 μL of the sample DNA in dupli-
cate at a 1:10 dilution in 1× TE.   

   5.    Prepare a solution containing the PicoGreen reagent (5 μL 
reagent per mL of 1× TE). This solution is mixed, and 100 μL 
are added into each well containing the DNA samples.   

   6.    Incubate for 10 min, at room temperature, in the dark (the plate 
can be covered with foil paper).   

   7.    Read fl uorescence; in our laboratory we use the FL600 
Microplate Fluorescence Reader from Bio-Tek with the follow-
ing parameters: excitation and emission wavelengths 485 and 
528 nm, respectively; sensitivity limit 75; and shaking of the 
plate set at level 3 for 20 s. For additional details  see   Note 4 .      

 
 The PicoGreen reagent has proven effi cient for quantitation not only 
of DNA template but also of PCR products. In fact, the accuracy of 
the data obtained with this assay is comparable to or can exceed the 
reproducibility that is accomplished with  32 P-radiolabeled nucleotides 
(Chen, Y. and Van Houten, B., unpublished observation) followed 
by subsequent agarose gel electrophoresis. Analysis of PCR products 
is performed similarly to the DNA quantitation ( see  Subheading  3.2 ), 
using 10 μL of the PCR products and  subtracting the fl uorescence 
of a PCR reaction run without template. For data analysis 
 see  Subheading  3.4.4 .  Important : When fi rst developing the assay in 
your laboratory it is essential to assess the PCR products by agarose 
gel electrophoresis to verify the size of the product and to assure that 
no other spurious products are generated.  

    The appropriate primer selection is highly important and is empiri-
cally based. In general, the oligonucleotides should be 20–24 bases 
in length with a G + C content of ~50 % and a  T  M  of ~68 °C. 
The selected primers should be evaluated for secondary structures 

3.3  Quantitation 
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using appropriate software since the formation of artifacts such as 
 primer- dimers can compete with the QPCR reaction [ 6 ]. Additionally, 
the production of one unique band should be verifi ed by gel electro-
phoresis prior to further use. We have purchased oligonucleotides 
from several vendors and fi nd that the primers work well with no 
purifi cation beyond standard desalting. Table  1  shows the sequences 
of the oligonucleotides currently in use in our laboratory to amplify 
human, mouse, and rat target genes.  See  also  Note 5 .

    
 Once the primers are selected, fi nding the optimal reaction condi-
tions is the next step. Different target genes and different primers 
usually require distinct conditions. Our laboratory has established 
optimal concentrations of reagents to amplify specifi c genes of our 
interest. Using the Perkin-Elmer kit mentioned above, the PCR 
reactions are prepared as follows:

    1.    15 ng of DNA (total).   
   2.    1× buffer.   
   3.    100 ng/μL fi nal concentration of BSA.   
   4.    200 μM fi nal concentration of dNTPs ( see   Note 6 ).   
   5.    20 pmol of each primer.   
   6.    1.3 mM fi nal concentration of Mg ++ .   
   7.    Water to complete a total volume of 45 μL.     

 Begin the PCR reaction by a “hot start.” Bring the reaction 
mixture to 75 °C prior to addition of enzyme (1 U/reaction, dilute 
0.5 μL of the polymerase in 4.5 μL of sterile water ( see   Note 7 )) 
and subsequent cycling. 

 Primers and magnesium concentrations may need to be opti-
mized for different genes ( see   Note 8 ). In addition, add the reaction 
components to the PCR tube in a consistent order. The DNA 
 template should be added fi rst (remember to include a control that 
contains no genomic DNA—any signal produced in this sample 
would be indicative of a carryover problem; this is a serious prob-
lem and can only be cured by strict adherence to the conditions 
described above and starting with all new reagents), followed by 
the PCR mix, and fi nally the enzyme (as a hot start). In our labora-
tory reactions are set up at room temperature.  

 
 The usefulness of the QPCR assay for the detection of DNA 
 damage requires that amplifi cation yields be directly proportional 
to the starting amount of template. These conditions must be met 
by keeping the PCR in the exponential phase. The fi rst step towards 
this criterion is to perform cycle tests to determine quantitative 
conditions for the gene of interest [ 3 ]. This can be accomplished 
using a non-damaged sample and a “50 % control” containing half 
of the amount of the non-damaged template (1.5 ng/μL DNA). 
This control should give a 50 % reduction of the amplifi cation 

3.4.2  PCR Reaction

3.4.3  Cycle Number 
and Thermal Parameters
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   Table 1  
  Gene targets and primer pairs for QPCR   

 Human primers 

 8.9 kb mitochondria fragment, accession 
number J01415 

 14841  5′-TTT CAT CAT GCG GAG 
ATG TTG GAT GG-3′ 

 Sense 

 5999  5′-TCT AAG CCT CCT TAT 
TCG AGC CGA-3′ 

 Antisense 

 12.2 kb region of the DNA polymerase beta 
gene, accession number L11607 

 2372  5′-CAT GTC ACC ACT GGA 
CTC TGC AC-3′ 

 Sense 

 3927  5′-CCT GGA GTA GGA ACA 
AAA ATT GCT G-3′ 

 Antisense 

 Mouse primers 

 6.6 kb fragment of the DNA polymerase beta 
gene, accession number AA79582 

 Chr8, 23735019  5′-TAT CTC TCT TCC TCT 
TCA CTT CTC CCC TGG-3′ 

 Sense 

 Chr8, 23741702  5′-CGT GAT GCC GCC GTT 
GAG GGT CTC CTG-3′ 

 Antisense 

 10 kb mitochondria fragment 

 3278  5′-GCC AGC CTG ACC CAT 
AGC CAT AAT AT-3′ 

 Sense 

 13337  5′-GAG AGA TTT TAT GGG 
TGT AAT GCG G-3′ 

 Antisense 

 117 bp mitochondria fragment 

 13597  5′-CCC AGC TAC TAC CAT 
CAT TCA AGT-3′ 

 Sense 

 13688  5′-GAT GGT TTG GGA GAT 
TGG TTG ATG T-3′ 

 Antisense 

 Rat primers 

 12.5 kb fragment from the clusterin (TRPM-2) 
gene, accession number M64733 

 5781  5′-AGA CGG GTG AGA CAG 
CTG CAC CTT TTC-3′ 

 Sense 

 18314  5′-CGA GAG CAT CAA GTG 
CAG GCA TTA GAG-3′ 

 Antisense 

(continued)
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 signal ( see   Note 9 ). Thus, a cycle test should identify a range of 
cycles over which the product amplifi cation is exponential and 50 % 
controls are very close to 50 %. Once the optimal number of cycles 
is identifi ed, always run this 50 % control as a quality control. 

 Another concern when performing QPCR is fi nding the optimal 
thermal conditions for amplifi cation of your target gene. As men-
tioned before, QPCR in our laboratory is routinely performed using 
hot start, which produces cleaner PCR products because it prevents 
nonspecifi c annealing of primers to each other, as well as to template, 
before enzyme addition. Keep in mind that the melting temperature 
of the primers and the annealing temperature used in the PCR deter-
mine how stably and specifi cally the primers hybridize to the DNA 
template. Thus, it is important to check this parameter with suitable 
software beforehand, and annealing temperatures must be experi-
mentally optimized. Table  2  shows the most favorable  conditions for 
human and rodent amplifi cations currently used in our laboratory.

     
 Analysis of data obtained by the PicoGreen protocol described above 
is done using a Microsoft Excel spreadsheet ( see  example in Fig.  2 ). 
The fl uorescence readings (of the duplicated samples) are averaged, 
and blank value (from no-DNA control) is subtracted. These values 
are used to calculate the “relative amplifi cation,” which refers to the 
comparison between amplifi cation of treated samples with non-
treated (or undamaged) control. This is accomplished simply by 
dividing the respective fl uorescence values. These results are then 
used to determine the lesion frequency per fragment at a particular 
dose, such that lesions/strand (average for both strands) at dose 
 D  = −ln  A  D / A  C . This equation is based on the “zero class” of a Poisson 
expression. Note that a Poisson distribution requires an assumption 
that DNA lesions are randomly distributed   . We normally analyze 
each DNA sample in two separate PCR runs which allows higher 
reproducibility.

3.4.4  Data Analysis

 13.4 kb mitochondria fragment 

 13559  5′-AAA ATC CCC GCA AAC 
AAT GAC CAC CC-3′ 

 Sense 

 10633  5′-GGC AAT TAA GAG TGG 
GAT GGT CGG TT-3′ 

 Antisense 

 211 bp mitochondria fragment 

 14678  5′-CCT CCC ATT CAT TAT 
CGC CGC CCT TGC-3′ 

 Sense 

 14885  5′-GTC TGG GTC TCC TAG 
TAG GTC TGG GAA-3′ 

 Antisense 

Table 1
(continued)
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   Table 2  
  PCR conditions for human and rodent targets   

 Target  Primer set  Mg++ conc. (mM)   T  M  (°C)  Cycle number 

 Human 

 Large mito  5999/14841  1.2  64  19 

 Small mito  14620/14841  1.1  60  19 

 β-pol  3927/2372  1.2  64  26 

 Mouse 

 Large mito  3278/13337  1.2  64  19 

 Small mito  13688/13597  1.1  60  19 

 β-pol  MBFor1/MBEX1B  1.2  64  26 

 Rat 

 Large mito  10633/13559  1.2  65  20 

 Small mito  14678/14885  1.1  60  20 

 Clusterin  5781/18314  1.2  65  28 

  Fig. 2    Representation of the raw fl uorescence values obtained after PCR amplifi cation of the mitochondrial 
genome of mammalian fi broblasts exposed to 200 μM of hydrogen peroxide for the indicated times. Column 
one, sample identifi cation; columns two and three, raw fl uorescence readings for each sample; fourth column, 
average of values from fi rst two columns; these values are then background corrected (column 5). Relative 
amplifi cation (column 6) is calculated comparing the values of the treated samples with undamaged control 
and is plotted in the  left  graph. Lesion frequency (column 7) is obtained based on the values plotted on column 
6 and are expressed as lesions per 10 kb of the mitochondrial genome (column 8 and  right  graph)       
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     It is known that DNA content can vary in mitochondria from 
 different cells or tissues, depending, for instance, on energy 
requirements. Thus, in samples from distinct areas of a specifi c 
organ, one could expect discrepancies in the ability to amplify 
the mtDNA based not on different levels of lesions within the 
sample but simply from fl uctuation in the number of copies of the 
 mitochondrial genome present. Therefore, to normalize for 
mitochondrial copy number, we routinely amplify an additional 
short fragment (no longer than 300 bp) of the mitochondrial 
gene under study. The idea is that the amplifi cation of the short 
fragment refl ects only undamaged DNA due to the low probabil-
ity of introducing lesions in small segments. The results obtained 
with the short sequence are used to monitor the copy number of 
the mitochondrial genome and, more importantly, to normalize 
the data obtained with the large (7–15 kb) fragment. As noted 
above if DNA is extracted using an automated system employing 
the QIAcube (QIAGEN, catalog number 9001292) with the 
QIAamp DNA mini kit for human samples (QIAGEN, catalog 
number 51304), linearization of the mtDNA is necessary to 
get an accurate level of mtDNA. We have found that HaeII is 
compatible with our primer sets for mouse mtDNA ( see  Fig.  3 ) 
and  Pvu II or  Cla I are compatible with our primer sets for human 
mtDNA.

4          Notes 

        1.    In addition to high-quality reagents, the most important factor 
for the success of QPCR is the diligent avoidance of sample 
cross-contamination with PCR products. Use sterile technique 
for all steps. The constant use of disposable gloves when han-
dling samples and reagents is essential to avoid the introduc-
tion of nucleases, foreign DNA, or other contaminants that 
can cause degradation of the template or inhibition of the 
polymerase during cycling.   

   2.    We have found that it is extremely important to have distinct, 
dedicated workstations for different steps of the procedure, 
preferably in physically separate laboratories ( see  additional 
information in  Note 5 ). We also suggest that micropipettes, 
racks, tubes, tips, and other materials used for QPCR be 
 exclusively used for the assay. In our laboratory, we set up PCR 
reactions in a hood that is sterilized with ultraviolet light (that 
will also extensively damage any potentially contaminating 
product- carryover DNA) immediately before each use.   

   3.    An automated method of DNA purifi cation for QPCR has 
recently been developed using the QIAcube (QIAGEN, cat. 
no. 9001292) with the QIAamp DNA mini kit for human 

3.4.5  Normalization 
to mtDNA Copy Number
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  Fig. 3    PCR products of QIAcube-extracted mouse DNA +/− digestion with HaeII. 
QIAcube extraction apparently results in mostly covalently closed supercoiled 
mtDNA, which limits primer access. HaeII digestion near the D-Loop (bp ~2,607) 
greatly increases amplifi cation of the large target. Raw fl uorescence values of 
Lmito ( a ) and Smito ( b ) and hence lesion frequencies ( c ) are affected by  digestion. 
Lesion frequencies represent the decrease in amplifi cation of the large mito-
chondrial fragment normalized to the small fragment. Data represent the mean 
+/− SD of two biological samples. Net fl uorescence: Picogreen fl uorescence of 
the PCR product minus a “no-template” control       
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samples (QIAGEN, cat. no. 51304) or the DNeasy blood and 
tissue kit for animal samples (QIAGEN, cat. no. 69504). When 
using this method of extraction, the initial DNA yield is lower 
than when using QIAGEN Genomic tips, but the DNA 
endures less damage and is more homogenous. As described 
above (and in Fig.  3 ), caution must be used to accurately 
amplify mitochondrial DNA under these conditions.   

   4.    The free dye has very low fl uorescence but exhibits a >1,000- 
fold increase in fl uorescence signal upon binding to dsDNA. 
The assay displays a linear correlation between dsDNA quan-
tity and fl uorescence over a wide range of concentrations and 
is extremely sensitive (limit of detection is approximately 
25 pg/mL).     

  5.    Because of the long run time of our PCR programs, we add 
BSA (100 ng/μL fi nal concentration) to the PCR mix to 
increase the stability of the polymerase [ 6 ].

    6.    It is of extreme importance not to open the PCR tubes after 
the last cycle in the same laboratory where the reactions were 
set up. Small DNA quantities can volatilize and contaminate 
other reactions, particularly if the tube is still hot, and com-
pleted reactions contain very high numbers of PCR products. 
The inclusion of a blank sample (where no DNA is added) 
helps to assure that no contamination has occurred with spuri-
ous DNA or PCR products. This sample should give no DNA 
band, if checked on gel, nor high fl uorescence signal (as gauged 
by PicoGreen).   

   7.    When extracting DNA, vortex the samples well prior to lysis 
and again before adding them to the columns. This vortexing 
does not affect the subsequent amplifi cation of the DNA.   

   8.    Load samples as well as standard DNA in duplicates, and average 
the fl uorescent reading of two wells. This helps increase the accu-
racy of the readings and, thus, of the estimated concentration.   

   9.    Make sure that the samples are well homogenized (by  vortexing, 
for example) prior to quantitation. If samples are still highly 
concentrated after the fi rst dilution (i.e., well above 10 ng/μL), 
we recommend an additional round of quantitation. This assures 
accuracy of the concentration of the fi nal 3 ng/μL solution.   

   10.    Primers: Since the same batch of primers when used over a 
long period of time (several months) can give rise to lower 
amplifi cation, it is valuable to make new dilutions from time to 
time. Always protect primer stocks from unnecessary tempera-
ture fl uctuation and contamination. If frozen, primer stocks 
should be completely thawed prior to use (Unpublished data).   

   11.    dNTPs: Higher misincorporation frequency for the enzyme 
and reduction in effective magnesium concentration can occur 
if dNTPs exceed 200 μM (Unpublished data).   
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   12.     rTth  polymerase: Increasing amounts of the thermostable 
polymerase beyond 2.5 U per reaction can increase the pro-
duction of nonspecifi c amplifi cation products (Unpublished data).   

   13.    Magnesium: The optimal concentration must be determined 
for each set of primers and template. The  rTth  polymerase is 
extremely sensitive to magnesium; we advise that amplifi cation 
of the fragment of interest be evaluated using varying quanti-
ties of Mg ++ , starting from 0.9 mM and increasing by 0.1 incre-
ments (Unpublished data).   

   14.    Quantitative aspect of amplifi cation—During each set of 
amplifi cations we routinely amplify a control sample in which 
only 50 % of the template is added to the QPCR. Depending 
on the DNA quality and the products being amplifi ed, relative 
amplifi cation ranging from 40 to 60 % is considered accept-
able. Any experiments that are outside this range are not 
 satisfactory, and the entire set of reactions is discarded. It may 
be necessary to re-optimize the PCR by varying the number 
of cycles to establish a linear response to increasing template 
concentrations from 1.25 to 30 ng (Unpublished data).    
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    Chapter 32   

 The Sister Chromatid Exchange (SCE) Assay 

           Dawn     M.     Stults    ,     Michael     W.     Killen    , and     Andrew     J.     Pierce    

    Abstract 

   A fully optimized staining method for detecting sister chromatid exchanges in cultured cells is presented. 
The method gives reproducibly robust quantitative results. Sister chromatid exchange is a classic toxicology 
assay for genotoxicity and for detecting alterations to the biochemistry underlying cellular homologous 
recombination. Growth of cells in the presence of 5′-bromo-deoxyuridine for two rounds of DNA replica-
tion followed by collecting metaphase spreads on glass slides, treatment with the UV-sensitive dye Hoechst 
33258, long-wave UV light exposure, and Giemsa staining gives a permanent record of the exchanges.  

  Key words     Sister chromatid exchange (SCE)  ,   Homologous recombination (HR)  ,   Genotoxicity  

1      Introduction 

 Homologous recombination (HR) is an important pathway for 
genomic repair of many forms of DNA damage including chromo-
somal double-strand breaks (DSBs), interstrand cross-linking dam-
age, and collapsed replication forks [ 1 ]. HR is usually considered 
to be “error-free” repair because it uses the available, identical 
sequence from the sister chromatid to repair the DSB, thereby 
 preserving DNA sequence information. Mitotic HR is a complex, 
varied, and tightly regulated process, and defects in several of the 
components of HR have long been associated with cancer (reviewed 
in refs.  2  and  3 ). The clinical importance of recombination as a 
mechanism for infl uencing overall genomic integrity in human dis-
ease is illustrated by the manner in which defects in the HR tumor 
suppressor genes  BRCA-1  or  BRCA-2  lead to cancer susceptibility 
[ 4 ,  5 ]. Importantly, the defective HR status of cancers in  BRCA1/2  
mutation carriers can also be exploited therapeutically through 
chemical inhibition of the poly(ADP-ribose) polymerase (PARP), 
which is involved in the base excision repair pathway (BER) [ 6 ]. 
PARP inhibitors induce the accumulation of DNA single-strand 
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breaks (SSBs), which are synthetically lethal in cells that are already 
defective in  BRCA1/2 -mediated HR, but which are effi ciently 
repaired in cells with functional HR. 

 The most established means of detecting dysregulated homol-
ogous recombination, whether in cells with defective/defi cient 
HR capacity, or in response to damage, is the sister chromatid 
exchange assay (SCE) which differentially stains sister chromatids, 
allowing for microscopic detection of the physical exchange of 
DNA which occurs with crossover HR [ 7 ]. The SCE assay has 
been in use since the 1970s for the purpose of identifying potential 
“chromosomal mutagenicity” of chemical agents [ 8 ]. Chemicals 
that generate interstrand cross-links, such as mitomycin C, are 
potent inducers of SCE, since HR is required to repair the resul-
tant blockage during replication [ 9 ]. Conditions and drugs which 
increase the number of SSBs also increase the number of SCEs, 
presumably by overburdening the BER pathway such that unre-
paired SSBs remain, become DSBs during replication, and elicit 
repair by HR [ 7 ]. Mutation or knockdown of BLM, the genetic 
determinant of Bloom syndrome which is involved in DSB repair, 
causes a tenfold elevation in SCE [ 10 ]. 

 The protocol described below utilizes 5-bromo-2′-deoxyuridine 
(BrdU) incorporation and fl uorescence plus Giemsa (FPG) staining 
to make exchanges between sister chromatids visible [ 11 ,  12 ]. BrdU 
is a nucleoside analog that resembles thymidine and is effi ciently 
incorporated into replicating DNA. Since DNA replication is semi-
conservative, after BrdU has been made available to cells, it is incor-
porated as the nascent strand is elongated. After two rounds of 
replication, paired metaphase sister chromatids differ in the amount 
of BrdU each contains. One sister has one strand of non-BrdU-
substituted DNA and one strand with BrdU substitution. In the 
other sister, both DNA strands contain BrdU substitutions. 
Subsequent incorporation of the intercalating ultraviolet (UV) light-
absorbing Hoechst 33258 dye into the DNA, followed by UV light 
exposure, causes “bleaching” of the DNA in proportion to amount 
of incorporated BrdU in the double-stranded molecule, likely due to 
free-radical mediated damage. Subsequent staining of the UV-treated 
chromosomes with Giemsa makes this differential bleaching appar-
ent by light microscopy [ 7 ], where doubly substituted chromosomes 
stain much more faintly than hemi-substituted chromosomes. 
 See  Fig.  1  for a schematic of the procedure and expected results. 
SCEs following either the fi rst or second round of DNA replication 
in the presence of BrdU lead to visible exchanges after the staining 
procedure.

   Other methods for measuring SCE following differential BrdU 
incorporation include fl uorescent imaging and the use of either acri-
dine orange in place of UV treatment followed by Giemsa staining 
[ 13 ], or an anti-BrdU antibody with either propidium iodide or 
DAPI counterstain for bulk DNA [ 7 ,  12 ,  14 ]. Rapid photobleach-
ing is a potential pitfall, however, especially with the use of acridine 
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orange, and fl uorescent fi lters are required. We have achieved 
 excellent results with optimized FPG staining (described in this 
work), and prefer the convenience of bright-fi eld microscopy and 
the permanence of this staining method, including the possibility 
for repeated and extended viewing of the same spread. 

  Fig. 1    Schematic of sister chromatid staining using two rounds of BrdU incorporation followed by Hoechst 
33258 staining, exposure to UV light, and staining with Giemsa.  Solid black lines : unsubstituted DNA single 
strand;  dotted gray lines : BrdU substituted DNA single strand;  ellipse : point of physical SCE. ( a ) Schematic of 
the effect of a SCE following the fi rst round of DNA synthesis in the presence of BrdU. ( b ) Schematic of the 
effect of a SCE following the second round of DNA synthesis in the presence of BrdU. Without an exchange, 
one sister stains uniformly dark and the other uniformly light ( top ). With exchange, light and dark staining 
regions switch at the point of exchange ( bottom ). ( c ) Results of the full staining procedure on K562 cells. The 
 magnifi ed circular inset  has exchanges indicated by  arrows        

 



442

 This protocol has been tested in a wide variety of human cancer 
cell lines that have been immortalized to undergo unlimited rounds 
of replication. We have not tested it in primary cell lines, plant 
cells, or non-cultured tumor cells extracted from donors. It is not 
effective for cells that are not actively dividing, due to the require-
ment for differential BrdU incorporation.  

2    Materials 

      1.    Latex or nitrile gloves.   
   2.    10-cm Tissue culture plates (or tissue culture fl asks for non- 

adherent cells).   
   3.    Well-characterized line of adherent or non-adherent mamma-

lian cells.   
   4.    Tissue culture incubator.   
   5.    Laminar fl ow hood with standard tissue culture setup, including 

serological pipets, micropipets, and vacuum aspiration apparatus.   
   6.    Phase-contrast inverted light microscope with 4×, 10× and 

25× objective lenses with 10× eyepieces for viewing plates of 
growing cells.   

   7.    Tissue culture medium such as Dulbecco’s Modifi ed Eagle 
medium or RPMI-1640.   

   8.    95 % reagent grade ethanol.   
   9.    Fetal bovine serum (FBS).   
   10.    Penicillin–streptomycin– L -glutamine 100× solution (10,000 U/

mL penicillin, 10,000 μg/mL streptomycin, 200 mM 
 L -glutamine).   

   11.    25 mg/mL Plasmocin (for mycoplasma prophylaxis).   
   12.    Complete culture medium: Medium appropriate for in vitro 

growth of cells. We typically use MEM or RPMI supplemented 
with 5–10 % fi nal concentration FBS, with 1× penicillin– 
streptomycin– L -glutamine, and a 1:10,000 dilution of the 
Plasmocin stock solution.   

   13.    70 % Ethanol: 95 % Reagent grade ethanol diluted to 70 % 
with sterile distilled water.   

   14.    Trypsin–EDTA (0.05 % Trypsin, 0.53 mM EDTA).   
   15.    15-mL Conical centrifuge tubes.   
   16.    Clinical centrifuge.      

      1.    10 mM BrdU stock aliquots: dissolve BrdU (Fisher Bioreagents, 
Pittsburgh, PA) powder in water. Make 200 μL aliquots and 
store at −20 °C. The 10 mM stock solution should be made in 
the dark and stored in 1.5 mL Eppendorf tubes which have 
been covered with aluminum foil ( see   Note 1 ).   

2.1  Growing Cells

2.2  Cellular BrdU 
Incorporation
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   2.    Sterile distilled water.   
   3.    Aluminum foil.      

      1.    Colcemid: demecolcine solution 10 μg/mL in Hank’s Balanced 
Salt Solution (HBSS; Sigma-Aldrich, St. Louis, MO).   

   2.    Ca 2+ /Mg 2+ -free phosphate-buffered saline (PBS): 200 mg/L 
KCl, 200 mg/L KH 2 PO 4 , 8 g/L NaCl, 2.16 g/L Na 2 HPO 4 - 
7H  2  O (Invitrogen, Carlsbad, CA).   

   3.    Potassium chloride.   
   4.    Sodium citrate.   
   5.    Methanol.   
   6.    Glacial acetic acid.   
   7.    Hypotonic solution: 46.5 mM KCl, 8.5 mM Na   ⋅Citrate.   
   8.    3:1 Methanol–acetic acid fi xative: add 1 vol glacial acetic acid 

to 3 vol reagent grade ethanol.  MAKE FRESH BEFORE 
EACH USE!!       

      1.    Microscope slides.   
   2.    Glass Coplin jars or other glass container suitable for holding a 

rack with at least a dozen slides.   
   3.    Slide racks and containers for staining, such as EasyDip™ slide 

staining system (Fisher), which allows for easy transfer of an 
entire rack of slides from one solution to another.   

   4.    Refrigeration at 4 °C for chilling and holding slides.   
   5.    Small rubber suction bulbs.   
   6.    5″ glass Pasteur pipets.   
   7.    Slide warmer with adjustable temperature.      

      1.    Hoechst 33258 98 % (Acros Organics [Fisher]).   
   2.    Na 2 HPO 4 .   
   3.    KH 2 PO 4 .   
   4.    NaCl.   
   5.    Long-wave UV light source: two 20-W F20T10BLB/RS-type 

blacklight/blue bulbs (Sanyo-Denki, Torrance, CA).   
   6.    Shaker, hybridization oven, or warm room that can be main-

tained at 50 °C.   
   7.    Concentrated Giemsa stain solution (50 % Giemsa in methanol 

and glycerin), (Acros Organics [Fisher]).   
   8.    1 mg/mL Hoechst 33258 in H 2 O (protect from light), stored 

at 4 °C ( see   Note 2 ).   
   9.    Sorensen phosphate buffer (0.1 M, pH 6.8): mix equal vol 

0.1 M Na 2 HPO 4  and 0.1 M KH 2 PO 4 .   

2.3  Harvesting 
Cells for Metaphase 
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   10.    20× Salt sodium citrate buffer (SSC): 3 M NaCl and 300 mM 
sodium citrate in water.   

   11.    10 % Giemsa in Sorensen buffer: Add concentrated Giemsa 
stain solution to Sorensen buffer such that the concentration 
of Giemsa stain solution (not total concentration of Giemsa 
itself) comprises 10 % of the total volume. It is convenient to 
mix this 100 mL at a time and store in a 100 mL glass bottle 
protected from light. The stain solution can be poured back 
into the bottle after staining and reused several times.   

   12.    Cytoseal-60 low viscosity mounting medium.   
   13.    Coverslips for slides: 24 × 50 × 1 mm.       

3    Methods 

      1.    Wear latex or nitrile gloves. Wipe down the working surface of 
the laminar fl ow hood with 70 % EtOH. Add 8 mL of tissue 
culture medium to a 10-cm tissue culture dish or fl ask for non- 
adherent cells and warm for 15 min in a tissue culture incuba-
tor to equilibrate temperature and pH.   

   2.    Remove a vial of cryopreserved cells from liquid nitrogen 
freezer. In the laminar fl ow hood, thoroughly wipe down the 
outer surface of the vial and gloves to limit bacterial contami-
nation. Unscrew the cap of the cryovial to equalize gas  pressure 
inside the vial with normal atmospheric pressure. Screw the lid 
back down to seal the vial. Hold the vial in your gloved hand 
to rapidly warm the contents until partially thawed.   

   3.    Remove the tissue culture plate or fl ask from the incubator and 
place it in the tissue culture hood. When the cells are suffi -
ciently thawed that the still frozen portion moves freely in the 
tube, invert the tube vigorously to break up any cell pellet that 
may have formed during the freezing process, then unscrew 
the cap and dump the entire contents onto the tissue culture 
plate. Quickly replace the lid to the tissue culture plate and 
GENTLY agitate the plate so that the frozen pellet thaws 
and is evenly distributed in the pre-warmed medium. Place the 
plate in the humidifi ed tissue culture incubator and leave 
 overnight at 37 °C and 5 % CO 2 . Non-adherent cells should be 
stored in the incubator with either a breathable fi ltered cap or 
with a non- breathable cap in place but not screwed tight, to 
permit appropriate gas and humidity equilibration.    

    4a.    FOR ADHERENT CELLS: The next day, vacuum-aspirate 
the medium to remove the cryopreservative and dead cells. 
Replace with room-temperature complete culture medium 
(containing FBS).   

3.1  Thawing 
Cryopreserved Cells
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   4b.    FOR NON-ADHERENT CELLS: The next day, titurate cells 
to ensure a good cell suspension, then transfer the cells and 
medium from the fl ask to a 15-mL conical tube and centrifuge 
at 200 ×  g  for 5 min to pellet the cells. Aspirate medium 
and replace with fresh, pre-warmed complete medium: fi rst, 
add 1 mL and pipet up and down to disperse, then add 7 mL 
more. Transfer cell suspension to a new fl ask and put back in 
the incubator.    

    5a.    FOR ADHERENT CELLS: Visualize the plate with the 10× 
objective on an inverted microscope to estimate survival. Cells 
should be checked under the microscope at least once a day to 
verify the morphology as that of a healthy, dividing culture.   

   5b.    FOR NON-ADHERENT CELLS: Flasks or plates may be 
viewed on an inverted microscope. Cells from healthy non- 
adherent cultures have a round surface and bright, glowing 
edges on phase contrast. Dead cells and debris are generally 
irregularly shaped and dark under phase contrast. Trypan blue, 
and propidium iodide exclusion techniques are also commonly 
used to determine the viability of a non-adherent culture, either 
in a hemocytometer, or in a fl ow cytometer, respectively [ 15 ].    

          1.    Cells usually need at least 1 day to recover from thawing and 
begin to divide. Depending on how many cells survived freez-
ing, expansion may be required in concert with removal of 
dead cells and cryopreservative; or, depending upon the health 
of the culture and the number of cells originally frozen, cells 
may require a day or two before they are ready for expansion.    

    2a.    FOR ADHERENT CELLS: A culture is ready for expansion 
when it is at about 80 % confl uence on the plate. If, the day after 
thawing, there are only a few cells adhering to the plate, another 
vial should be thawed. It should not require more than a day or 
two after thawing for cells to reach 80 %  confl uence. Ideally, at 
least 50 % of the frozen cells should  survive thawing.   

   2b.    FOR NON-ADHERENT CELLS: The phenol red pH  indicator 
in the medium will begin to turn from rosy-peach to yellow as 
the pH becomes more acidic, the result of metabolic wastes being 
released into the medium. For a healthy culture, the medium will 
begin to turn during the fi rst 48 h after  thawing. Upon micros-
copy, the population of healthy cells should have signifi cantly 
increased in proportion to the debris observed upon thawing. 
Medium that is still peach-colored 2 days after thawing indicates 
that most or all of the culture is dead. Check for viability via prop-
idium iodide or trypan blue exclusion staining. It may be neces-
sary to thaw another frozen stock, or put the cells into a smaller 
volume container (such as an individual well of a 6-well plate) to 
concentrate the suspension, as some cell lines fare better when 
grown in a dense culture. Expand the population by dividing the 
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dense  culture into fi ve plates, wells, or fl asks, and adding warmed 
 complete medium to the appropriate volume. Skip to  step 4 .    

    3.    Once the cells have reached 80 % confl uence they are ready for 
expansion. Aspirate medium and add 2 mL of 0.05 % trypsin–
EDTA to detach cells. Trypsin works by cleaving proteins that 
attach cells to the plate and to each other. After about 2 min, 
the bottom of the plate will appear a little cloudy to naked-eye 
visual inspection, indicating that the cells are beginning to 
“ball up” and disengage themselves from the plate. This is 
 visible under the microscope, as the cells become circularized 
and show brightly glowing edges on phase-contrast micros-
copy. Detachment time may vary depending upon how tightly 
the cells adhere to the plate, but should not be more than 
10 min. Once the cells have begun to ball up, tap the plate 
gently against your palm or carefully but fi rmly shake it to 
detach the cells. Pipeting up and down is also helpful to ensure 
full detachment. Tilt and swirl the plate to coax the cells off of 
the bottom of the plate.   

   4.    Once the cells are completely detached, add 5 mL complete 
culture medium including at least 5 % FBS to “stop” the action 
of the trypsin–EDTA. Leaving the cells for an extended period 
of time in trypsin–EDTA is undesirable and decreases cellular 
viability.   

   5.    Using a 5-mL serological pipette, remove the detached cells to 
a 15-mL conical centrifuge tube and centrifuge for 5 min at 
200 ×  g  to pellet the cells.   

   6.    During centrifugation, prepare fi ve different 10-cm diameter 
tissue culture plates with 7 mL each of room-temperature 
complete culture medium.   

   7.    Use vacuum apparatus to aspirate the medium overlaying the 
centrifuged cell pellet, taking care not to aspirate the pellet 
itself. Leave a small volume of medium on top of the pellet in 
order to minimize the risk of aspirating the pellet.   

   8.    Using a P1000 variable volume pipette (e.g., PIPETMAN, 
Gilson, Middleton, WI), add 1 mL of fresh complete culture 
medium and gently pipette up and down to break up and 
resuspend the pellet. Add 4 mL of medium and mix by gentle 
inversion in the conical tube.   

   9.    Pipet 1 mL of resuspended cells onto each of the fi ve plates and 
swirl to evenly distribute. Each of the plates should contain 
approximately the same number of cells.   

   10.    While the cells are still in suspension, and BEFORE they have 
had a chance to settle to the bottom of the plate, remove a few 
microliters from at least three of the plates and determine the 
initial cell density using a hemocytometer or fl ow cytometer 
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with volumetric counting to count live cells. The density values 
should not be signifi cantly different from one plate to the next. 
Average cell densities to approximate the initial cell number 
and concentration of cells in each of the plates. This is merely 
to get an idea of the number of cells on each plate and verify 
that there is equal distribution amongst the plates.   

   11.    After 24 h, harvest the cells from ONE of the plates as before 
as a quantifi cation control. Count the number of cells from 
this plate as in  step 10 . Record this value as the density at  T  0  
(time = zero) for the remaining uncounted plates. Remember 
that it takes the cells several hours to recover from plating. The 
input cell number should not be used as the value for  T  0 .   

   12.    The remaining plates should be harvested and counted at 
 convenient intervals of less than 24 h, such as +18, +36, +48, 
and +60 h. Record these cell densities and plot them on a semi- 
log curve (log total cell number vs. linear time elapsed) to 
determine how quickly the cells are dividing. Calculate the 
amount of time required for cells to reach a population of 
approximately twice the density at  T  0 . You will use this dou-
bling time to determine when to harvest cultures after BrdU 
has been added. The process for establishing doubling time is 
inexact. The objective is to get a general idea, within a few 
hours, of how quickly the cells are dividing, in order to opti-
mize the differential incorporation of BrdU. Most immortal-
ized human cells double about once every 24 h in culture and 
adequate results may therefore often be obtained by adding 
BrdU 48 h before harvest. Some cell lines may proliferate sub-
stantially more rapidly or more slowly. The effects of having 
added BrdU too soon or too late will not be apparent until the 
 procedure is complete, however; so, especially for a new or 
unfamiliar cell line, it is worth investing the time to establish 
how fast a particular cell line is actually dividing in culture 
under your specifi c laboratory conditions.    

        1.    After having established the doubling time for the cell line of 
interest, split cells into a fresh plate for growth at approx. 
10–20 % confl uency.   

   2.    When cells appear to be 80 % confl uent, split and expand the 
culture by dividing the cells evenly across fi ve plates prepared 
as in Subheading  3.2 ,  step 6 . Incubate overnight at 37 °C in 
the tissue culture incubator to allow the cells to recover.   

   3.    The next day, thaw an aliquot of 10 mM BrdU stock. The tube 
should be protected from direct light while it is thawing and 
throughout the procedure. Turning off the nearest room lights 
and the fl uorescent lamp in the laminar fl ow hood is usually 
suffi cient.   

3.3  BrdU 
Incorporation
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   4.    Add BrdU to each of the four plates to a fi nal concentration of 
20 μM (1:500 dilution from 10 mM stock). Gently swirl the 
medium to hasten the even distribution of BrdU. Cover the 
plates LOOSELY with aluminum foil to block out ambient 
light and place in the incubator.   

   5.    Have a backup-plate in case something goes wrong: the fi fth 
plate from the expansion should remain in culture until it is 
80 % confl uent. It may then be frozen. Alternatively, the fi fth 
culture may be carried until the procedure is complete and 
satisfactory results have been obtained, in order to avoid the 
delay of having to thaw, grow, and split a new culture in the 
event of assay failure.      

 
 Cells should be harvested after two rounds of cell division. Approx. 
4 h before harvest is scheduled, add Colcemid to a fi nal concentra-
tion of 0.02 μg/mL and swirl to distribute. This should be 
 performed using aseptic technique in laminar fl ow hood, in the 
dark, as above. Replace the aluminum foil and return the plates to 
the incubator. In general, about 5 % of the cells in an actively divid-
ing culture are in metaphase at any given time. Colcemid works by 
inhibiting mitotic spindle formation, preventing cells from segre-
gating chromosomes. The prescribed concentration of Colcemid 
in the medium is suffi cient to arrest cells in metaphase and prevent 
them from continuing through the cell cycle; thus, time in the 
presence of Colcemid allows for enrichment of the percentage of 
the population of cells in metaphase ( see   Note 3 ).  

      1a.    FOR ADHERENT CELLS: Remove cells from the incubator 
and aspirate medium as usual. Add 2 mL 0.05 % trypsin–
EDTA, wait for cells to round up, then fully detach all cells by 
gentle pipeting, adding back complete medium followed by 
centrifugation to recover a cell pellet, as described in 
Subheading  3.2 ,  steps 3 – 9  ( see   Note 4 ).   

   1b.    FOR NON-ADHERENT CELLS: No harvest with trypsin–
EDTA is necessary. Centrifuge cell suspension to pellet and go 
directly to  step 2 .    

    2.    Aspirate medium. Gently fl ick the sides of the tube with your 
fi nger to mechanically loosen the pellet, then add 1 mL hypo-
tonic solution. Pipet up and down gently with a P1000 
PIPETMAN to completely and homogenously resuspend the 
pellet in the hypotonic solution.   

   3.    Add 7 mL more hypotonic solution, mix by gentle inversion, 
and place in the incubator for 12 min. The hypotonic solution 
causes water to diffuse into cells by osmosis, making them 
swell. This change in morphology is visible under the micro-
scope. The amount of time is approximate. About 12 min is 
usually suffi cient. Leaving the cells in hypotonic solution for 
too long will cause delicate cells to lyse ( see   Note 5 ).   

3.4  Arresting Cells 
in Metaphase
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   4.    Add 2 mL freshly prepared 3:1 methanol–acetic acid fi xative and 
invert the tube a few times to mix and fully resuspend the cells. 
If the cells have lysed due to an overlong exposure to hypotonic 
solution, it will be apparent at this time, since DNA released 
from lysed cells will appear “gooey” and will not resuspend.   

   5.    Centrifuge for 5 min at 200 ×  g  to pellet the swollen, partially 
fi xed cells.   

   6.    Remove the hypotonic solution–methanol–acetic acid by aspi-
ration, taking care not to aspirate the pellet.   

   7.    Add 5 mL of 3:1 methanol–acetic acid fi xative and resuspend 
the pellet. Cells will appear opaque white and the pellet will only 
require gentle inversion of the tube for complete resuspension 
after this step. The protocol may be stopped at this point and 
the cells stored in the fi xative solution at 4 °C indefi nitely.    

    We fi nd that a very slight “roughening” and degreasing of the slide 
surface with dilute HCl helps cells adhere better to the slide upon 
dropping. This process should be completed the day before drop-
ping to ensure that slides are completely chilled.

    1.    Fill a slide rack with new, dry microscope slides.   
   2.    Completely immerse the slides in a solution of 0.1 N HCl in 

95 % EtOH at room temperature for 20 min.   
   3.    Remove the rack and completely immerse in a container fi lled 

with 95 % EtOH.   
   4.    Remove the rack, discard the EtOH, replace with fresh 95 % 

EtOH, and immerse the slides again.   
   5.    Repeat for a total of three rinses in EtOH.   
   6.    Follow with three rinses in fresh distilled H 2 O.   
   7.    Store the slides completely submerged in distilled H 2 O at 4 °C. 

It takes several hours for the water and the slides to chill to 
4 °C. Although the process may be hastened by chilling in a 
−20 °C freezer, there is a risk for freezing, container breakage, 
and slide breakage. We fi nd it most convenient to prepare the 
slides at least a day in advance of dropping. Unused slides can 
be stored indefi nitely, submerged in distilled H 2 O, at 4 °C.      

      1.    Use 3:1 methanol–acetic acid fi xative made fresh on the day 
that cells are to be dropped onto the slides. According to some 
protocols, this procedure works best on wet days, when the 
room is air particularly humid due to the manner in which 
atmospheric conditions affect the speed of evaporation of the 
fi xative solution on a microscope slide. We have not found 
 normal room air humidity to be problematic. This procedure 
works well at normal humidity, 28–35 %. It does seem to work 
better, even on sunny days, if the room temperature is slightly 
high, around 27 °C.   

3.6  Preparing and 
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   2.    Centrifuge swollen/fi xed cells at 200 ×  g  for 5 min, aspirate 
fi xative, resuspend in 5 mL fresh fi xative.   

   3.    Repeat for a total of three aspirate/resuspend/centrifuge 
cycles.   

   4.    Resuspend cells in the minimal amount of fi xative that causes 
the suspension to have a slightly translucent, milky appearance 
similar to Scotch tape.   

   5.    Remove a slide from the container of chilled water. Prop one 
end on a disposable 10 mL serological pipette so that the slide 
angles slightly downward.   

   6.    Attach a rubber suction bulb to a 1 mL glass Pasteur pipet with 
a 5″ barrel. Squeeze the bulb, then insert the pipet into the cell 
suspension and gently release the bulb to draw up the cells. 
Position the end of the pipet about 5 in above the slide and 
quickly distribute 7–10 drops of cell suspension along the length 
of the still-wet slide ( see   Note 6 ).   

   7.    Allow most of the liquid to pool at the bottom of the slide, and 
quickly follow with 7 or 8 drops of 3:1 methanol–acetic acid 
fi xative distributed over the slide.   

   8.    Once this has also pooled at the bottom of the slide, blot the 
excess liquid from the bottom edge of the slide using a paper 
towel. Hold the slide about an inch from your open mouth 
and gently exhale a single breath (Do not blow! The goal is to 
temporarily increase the local humidity and temperature), then 
fan the slide once back and forth in the air. Set the slide verti-
cally upright at approx. 90° to the benchtop, leaning against a 
vertical surface (such as an empty test tube rack).   

   9.    After about 30 s, pick up the slide and watch for the fi xative to 
begin to recede from around the edges of the slide as it evapo-
rates. When this occurs, place the slide on a slide warmer at 
42 °C and allow to completely dry. If the slides are too dry, the 
chromosomes will be too close to each other to allow for 
appropriate staining and scoring. If the slides are too wet, 
 individual chromosomes will fl oat away from one another and 
not form obvious spreads which can be visualized in a single 
microscope fi eld.   

   10.    Repeat this process to make several slides from each cell 
 suspension. The cells will settle relatively rapidly in the tube. 
Handle them carefully, inverting gently to remix. Vigorous 
pipeting will cause cells to rupture while still in the tube.   

   11.    Once the slides are dry (about 10 min on the slide warmer at 
42 °C), metaphases can be located using a 25x objective on the 
inverted microscope with 10× eyepieces for a total of 250× 
power. The vast majority of cells will be round and intact 
 (predominantly non-metaphase cells), but occasionally, there 
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should be easily visible, tiny, X-shaped chromosomes arranged 
in small spreads. These are the metaphases that will be stained 
and scored in subsequent steps. Screen each slide to ensure 
that there are at least 20–30 metaphases. Allow the slides to 
dry overnight in the open air at room temperature on the 
benchtop.      

      1.    Immerse slides with metaphases in 10 μg/mL (1/100th vol of 
1 mg/mL stock) Hoechst 33258 in water for 20 min. Hoechst 
33258 is a UV sensitizer.   

   2.    Rinse by immersing slides in Sorensen buffer ( see   Note 7 ).   
   3.    Remove each slide from the rack, quickly pipet a few drops of 

Sorensen buffer along the length of the slide, and immediately 
add a coverslip (0.15-mm average thickness) to prevent slides 
from drying out ( see   Note 8 ).   

   4.    Expose slides coverslip-side-up on a 55 °C slide warmer to 
long wavelength (approximately 365 nm) UV light (for example, 
at a distance of 5–10 cm from two 20 W blacklight-blue bulbs) 
for 20–30 min. Exposure to UV preferentially degrades DNA 
more highly incorporated with BrdU, preventing it from 
accepting Giemsa stain later in the procedure.   

   5.    Carefully remove and discard the coverslips and place the slides 
back in an empty rack. Immerse the rack in 1× SSC and 
 incubate for 1 h at 50 °C. We use an EasyDip container immo-
bilized in a shaker oven, but a regular hybridization oven or 
warm room would work equally well.   

   6.    Remove the slides from SSC and immerse the slides in 10 % 
Giemsa made up in Sorensen buffer for 30 min at room 
temperature.   

   7.    Rinse by quickly immersing the slides in distilled H 2 O and 
allowing them to drain on a paper towel. Two or three quick 
rinses in water may be required to remove the Giemsa solu-
tion, although it is not necessary for all of the Giemsa stain to 
be completely rinsed away. The slides will retain a purplish tint 
at the end of this procedure. Only rinse the slides suffi ciently to 
keep droplets of relatively concentrated Giemsa solution from 
collecting and drying on the slide surface, which would obscure 
the results.   

   8.    Allow the slides to dry face up without a coverslip on the 
benchtop overnight at room temperature.      

  Place one or two drops of Cytoseal-60 low viscosity mounting 
medium onto slide and add coverslip. Ideally, slides should be left 
face-up overnight to allow the Cytoseal-60 to dry completely. 
Although the medium is characterized as fast drying, we have 
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experienced some diffi culty with coverslip displacement when the 
slides were not allowed to dry completely before microscopy.  

      1.    Observe SCEs using bright-fi eld microscopy and a 63× or 
100× high-quality oil-immersion objective lens. A microscope 
with good optics is absolutely required. At a minimum, a 63× 
plan apochromatic oil-immersion objective lens with a numeri-
cal aperture of 1.4 is necessary. Otherwise, the differentially 
stained sister chromatids will fail to resolve, and the lighter 
staining chromatid will appear washed out to the point of 
invisibility. This assay is impossible with inferior quality optics. 
High-quality digital imaging equipment and interface is also 
essential for effective and effi cient data acquisition. Adjust the 
exposure and gain settings to capture as optimal an image as 
possible. Use the microscope/camera’s imaging software and 
manufacturer’s instructions to save captured images as tiff or 
high-quality .JPEG fi les. Images may be saved as grayscale.   

   2.    After capture and saving, open the image in image processing 
software such as Adobe Photoshop or Macintosh Preview and 
adjust the magnifi cation, contrast, and grayscale levels to maxi-
mize the differential staining of the sister chromatids.      

 
 Well-stained metaphase spreads are straightforward to score for SCEs 
( see   Note 9 ). It is convenient to print a high-resolution  hardcopy of 
the image fi le and score the number of exchanges and chromosomes 
on the paper printout, then input the numbers into a spreadsheet 
program such as Microsoft EXCEL. A properly  differentially stained 
chromatid pair with no SCEs will appear as one black stripe (the 
mono-strand BrdU-substituted sister) and one lighter gray stripe 
(the doubly BrdU-substituted sister). A single exchange is any time 
the dark and light staining on the chromatids switches places. The 
BrdU itself induces a low level of SCEs so it is rare to fi nd an entire 
spread with no exchanges whatsoever. Count the total number of 
exchanges in the spread and also the total number of scorable chro-
mosomes in a spread. If the change happens at the centromere, this 
may be due to the chromosome being twisted and does not represent 
a true SCE. Do not include these chromosomes in your scoring. 
If the image is ambiguous and it is not possible to determine with 
reasonable certainty that an exchange has taken place (i.e., on a par-
tially stained chromosome) do not include that chromosome in the 
count. For each metaphase spread, divide the number of exchanges by 
the total number of scorable chromosomes in the spread. This is the 
number of exchanges per chromosome. Scoring 20 metaphases 
should provide a general idea of the level of stability ( see   Note 10 ).   

4    Notes 

     1.    BrdU must be protected from light at all times in order to 
avoid UV-light mediated free radical decomposition.   

3.10  Visualizing 
and Digital Imaging 
of Chromosomes

3.11  Scoring SCEs 
and Analyzing Data
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   2.    Dilute Hoechst 33258 works equally well dissolved in PBS 
instead of water, however, concentrated Hoechst 33258 is well 
soluble in water but only sparingly soluble in PBS, so the 
 powder should fi rst be dissolved in water and then subse-
quently diluted in PBS if so desired.   

   3.    Adding a higher concentration of Colcemid WILL NOT 
increase the number of cells in metaphase. The amount of time 
the cells are left in Colcemid will infl uence the number of 
metaphases, however, and should be adjusted depending on 
how quickly the cells divide. The longer the time in Colcemid, 
the higher the percentage of cells in metaphase will be. 
However, if cells are arrested in metaphase by the Colcemid for 
too long, the chromosomes will condense and shrink some-
what, rendering them suboptimal for staining and scoring later 
in the procedure. We have found that for a cell line which dou-
bles approximately every 24 h, 4 h in Colcemid is suffi cient for 
enriching the number of metaphases with minimal numbers of 
shrunken chromosomes.   

   4.    Some investigators prefer to enrich for metaphase cells from 
adherent cultures by using dilute trypsin–EDTA to slow the 
detachment process so that cells can be recovered by agitation 
as they begin to ball up. Theoretically, the metaphase cells will 
preferentially round up on the plate and become gently 
mechanically detachable fi rst, enabling non-metaphase cells to 
be left behind. Many protocols include this step for preferen-
tial harvest of cells in metaphase. We do not recommend this 
method, since we fi nd it diffi cult to perform reproducibly, 
and to generally result in a much smaller cell yield without 
signifi cantly increasing the proportion of metaphases. By this 
method, the overall size of the cell pellet is reduced by 80 or 
90 %, and even though the pellet may contain a much larger 
percentage of cells in metaphase, the pellet itself becomes 
physically diffi cult to work with and is easily lost during 
repeated rinses in fi xative and/or dropping onto slides. By har-
vesting the entire plate, the non-metaphase cells add volume to 
the pellet, making it easy to work with. Using four confl uent 
plates of cells and a dense suspension eliminates the need for 
further metaphase enrichment by preferential harvest.   

   5.    Depending on membrane characteristics, some cell lines are 
more amenable to this procedure than others. It may be useful 
to practice making metaphase spreads using relatively easy to 
grow and manipulate cells such as HeLa or K562 fi rst.   

   6.    Ensure that the steps from removing the slide from the chilled 
water to dropping the swollen/fi xed cells onto the slide are 
done as rapidly as possible, to ensure that the slide is still very 
wet with distilled water when the cells are dropped onto it. 
It may be helpful to fi ll the pipet with cell suspension and rest 
it in the centrifuge tube. Remove the slide from the H 2 O 
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 container with one hand and rest it on the serological pipette. 
IMMEDIATELY drop the cells using the other hand.   

   7.    Some protocols call for using McIlvaine’s buffer at this step, 
but in our hands, McIlvaine’s solution tends to precipitate and 
leave debris on the slide. We get excellent results with the use 
of Sorensen buffer throughout the procedure.   

   8.    Do not seal the coverslip to the slide.   
   9.    If only one chromatid is visible after staining or if chromosomes 

appear extremely desiccated, try decreasing the UV exposure 
time. Overexposure to UV will essentially obliterate the sister 
doubly substituted with BrdU, and render it invisible, rather than 
very lightly stained. If both chromatids appear lightly stained, but 
there is no differentiation, or if there is only partial staining of 
one chromatid, decrease the amount of time between BrdU and 
Colcemid treatment/cell harvest. Allowing more than two 
rounds of division in BrdU will cause incorporation into both of 
the sisters, preventing differential staining. Conversely, if both 
chromatids appear darkly stained, try increasing the time between 
adding BrdU and harvesting. Insuffi cient incorporation of BrdU 
will cause the sister chromatids to accept Giemsa equally well, 
resulting in no differential staining.   

   10.    If there is a great deal of variability between the scores of each 
spread, or if you need to detect small differences in levels of 
SCEs between different cell lines, 50 or even 100 metaphases 
may be required to provide adequate statistical power.         
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    Chapter 33   

 The Gene Cluster Instability (GCI) Assay for Recombination 

           Michael     W.     Killen    ,     Dawn     M.     Stults    , and     Andrew     J.     Pierce    

    Abstract 

   A newly developed method for quantitatively detecting genomic restructuring in cultured human cell lines 
as the result of recombination is presented: the “gene cluster instability” (GCI) assay. The assay is physi-
ological in that it detects spontaneous restructuring without the need for exogenous recombination- 
initiating treatments such as DNA damage. As an assay for genotoxicity, the GCI assay is complementary 
to well-established sister chromatid exchange (SCE) methods. Analysis of the U-2 OS osteosarcoma cell 
line is presented as an illustration of the method.  

  Key words     Genotoxicity  ,   Recombination  ,   Gene cluster  ,   Genomic instability  

1      Introduction 

 Homologous recombination (HR) is essential in the maintenance 
of the integrity of the human genome and is the primary mecha-
nism for error-free DNA repair of double strand breaks. This form 
of repair utilizes non-broken homologous sequence located else-
where in the genome, such as on a sister chromatid, to effectively 
replace damaged sequence through the process of gene conver-
sion. However, dysregulated homologous recombination between 
the many non-allelic repetitive sequences in the human genome 
[ 1 ] can also have disastrous consequences for genomic stability [ 2 ] 
by providing a mechanism for generating physical alterations in the 
genomic architecture, including chromosomal translocations, 
inversions and deletions. Depending on the relative orientations of 
the recombining sequences, the formation of dicentric and acentric 
chromosomes is also possible [ 3 ,  4 ]. These structural anomalies 
may contribute to cellular cancer phenotypes [ 5 ]. This type of dys-
regulated homologous recombination is referred to as non-allelic 
homologous recombination (NAHR) and involves the physical 
exchange of genetic material through crossover between two dif-
ferent chromosomal loci with a high degree of sequence identity. 
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Like error-free HR, NAHR is sequence similarity dependent and 
becomes more effi cient when sequence similarity between the 
recombining sequences is greater than 98 % [ 6 ]. 

 We describe here the Gene Cluster Instability (GCI) assay we 
developed for detecting spontaneous recombination-mediated 
genomic restructuring in human cells. We have successfully applied 
this technique to elucidate the genetics that regulates the NAHR 
reaction [ 7 ] and to show that NAHR is commonly associated with 
human adult solid tumors [ 8 ]. In principle the assay is also suitable 
for evaluating the genomic toxicity of drugs. The assay involves 
physical analysis of gene clusters, genomic loci in which the 
repeated genes have very high levels of sequence identity and are in 
very high local concentration, both factors in accelerating the rate 
at which they undergo recombination-mediated structural altera-
tion. NAHR between similarly oriented repeats causes expansions 
and contractions of the number of repeats in the cluster. These 
length changes can be monitored by excising the gene clusters of 
interest from the genome enzymatically, resolving cluster lengths 
through pulsed-fi eld electrophoresis and detecting the clusters by 
Southern hybridization [ 9 ]. 

 The gene clusters we usually employ (and describe here) to 
monitor recombination are the clusters expressing the precursor 
transcript to the three largest of the four ribosomal RNA molecules. 
There are ten such gene clusters in the human genome found at 
both paternal and maternal 13p12, 14p12, 15p12, 21p12, and 
22p12 chromosomal loci [ 10 ], each consisting of a tandemly 
repeated 43 kb gene (the “rDNA”) with a variety of relative orien-
tations [ 11 ] but commonly oriented such that transcription pro-
ceeds towards the centromere [ 12 ]. The individual rDNA clusters 
range from 1 to over 140 repeat copies representing overall lengths 
ranging from 43 kb to over 6 Mb with very strong variability 
 demonstrated between individual humans [ 9 ]. We have found that 
assaying cluster length changes in the size range from 10 kb to 
1 Mb combines good sensitivity for detecting recombination- 
mediated genomic structural alterations with relative technical ease. 

 A schematic of the procedure is shown in Fig.  1 . High-
molecular- weight genomic DNA from cells of interest is isolated in 
solid phase agarose to prevent mechanical shearing and subjected 

  Fig. 1    Schematic of the restriction digestion procedure for liberating intact gene clusters from bulk genomic 
DNA.  Vertical arrows : hypothetical restriction enzyme recognition sites;  Open Rectangles : individual repeated 
genes in a gene cluster. Reproduced from [ 9 ]       
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to restriction digestion, also in the solid phase. Restriction enzymes 
are selected that do not have a recognition site in the gene cluster 
unit repeat. Since the gene repeats are nearly identical to each 
other, such an enzyme will likely not cut anywhere within the 
entire cluster, whereas non-repetitive fl anking genomic DNA of 
essentially random sequence will be subject to digestion. So long as 
the cluster length is large relative to the cutting frequency of the 
enzyme in random sequence DNA, the cluster will be liberated 
with a relatively negligible length tail of non-cluster DNA on each 
end. For the rDNA, we fi nd EcoRV to be an excellent enzyme: no 
recognition site in the rDNA clusters, frequent cutting in random 
sequence DNA, digests DNA in solid-phase agarose effi ciently, and 
is affordable ( see   Note 1 ).

   Separation of the clusters using pulsed-fi eld electrophoresis 
and detection though Southern hybridization generates a charac-
teristic electrophoretic karyotype of the gene clusters. For a clonal 
cell line with no recombinational instability, this pattern will be 
well defi ned with one band for each cluster, each band with a 
radioactive hybridization signal in proportion to the number of 
repeats in the cluster (Fig.  2 : “Initial Pattern”). If there is no 
recombination-mediated gene cluster restructuring, this pattern 

  Fig. 2    Schematic of expected results.  Solid horizontal lines : gene cluster bands 
detected by Southern hybridization following size separation by pulsed-fi eld 
electrophoresis;  Dotted horizontal lines : potentially allowable cluster lengths 
constrained by the requirement that recombination change cluster lengths by 
integer multiples of the unit repeat length;  Small horizontal arrows : minor-intensity 
gene cluster bands indicative of subpopulations within the culture possessing 
cluster lengths that have been altered by non-allelic homologous recombination 
(NAHR). Adapted from [ 7 ]       
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will be faithfully transmitted to all daughter cells. Recombination 
can, however, change the lengths of these clusters as cells are 
 cultured. Thus, recombinational instability is manifested as sub-
populations of cells in a culture with a different electrophoretic 
karyotype. Experimentally, these subpopulations can be detected 
by reduced-intensity bands that differ in length from the initial 
pattern superimposed upon the initial pattern (Fig.  2 : “Low 
GCI”). In the case of extreme instability, such as when the Bloom 
syndrome protein is lost or inactivated, active restructuring gener-
ates a ladder-like pattern that essentially completely obscures the 
initial pattern (Fig.  2 : “High GCI”) [ 7 ]. The ladder-like banding 
is diagnostic for recombination-mediated changes, since recombi-
nation requires alignment of the repeated sequences and can 
thereby only change cluster lengths by integer multiples of the unit 
repeat length.
   
 GCI analysis results for the human osteosarcoma line U-2 OS are 
illustrative. Figure  3a  shows the electrophoretic karyotype for a 
stock culture of U-2 OS cells along with the SV40-transformed 

1.1  Expected Results

  Fig. 3    GCI analysis. Panel ( a ): non-clonal cell lines. Panel ( b ): clonal isolates of the 
U-2 OS population from ( a ).  Brackets : multiple bands of uneven intensity from 
mixed subpopulations in the U-2 OS parental population.  Star : resolution limit of 
the pulsed fi eld gel       
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wild-type fi broblast line GM00637 (Coriell) and the HeLa S3 
 cervical carcinoma line (ATCC). Since these three lines are derived 
from three different individuals, the initial pattern of bands is 
expected to be different between the three lines, as indeed it is; this 
attribute of the rDNA clusters is useful to ensure that cell lines do 
not become confused with each other. The U-2 OS culture shows 
a profusion of minor-intensity bands with no well-defi ned pattern, 
indicative of recombinational instability. In a non-clonal culture 
such as that shown for the U-2 OS cells in Fig.  3a , however, the 
total accumulated instability is a factor of three independent 
 parameters: (1) the spontaneous per-cell-division recombination 
rate, (2) the number of cell divisions elapsed since clonality, and 
(3) the degree to which the culture has been subject to periodic 
genetic population bottlenecks due to repeated splitting of the 
 culture. Usually it is the spontaneous recombination rate that is of 
interest. This can be determined directly by reinitiating a culture 
from single- cell-derived subclones to clear out all subpopulations, 
followed by free expansion without limit until genomic DNA is 
prepared. DNA isolated from such single-cell-derived subclones of 
the U-2 OS parental population yields the data shown in Fig.  3b . 
Unlike the mixed parental population, now the subclones reveal 
relatively recombination-stable initial patterns with few minor- 
intensity bands. The process can be reiterated by generating 
 sub- subclonal lines from individual cells of the now well-defi ned 
subclonal populations. Figure  4  shows such analysis from sub- 
subclonal populations generated from the U-2 OS parental subclones 
A and B respectively. Recombinational instability is still present, as 
indicated by missing initial pattern bands and new minor-intensity 
bands, but of a similar rate to that seen with other wild-type immor-
talized cell lines [ 7 ]. Clearly the majority of the instability observed 
in the non-clonal parental U-2 OS culture (Fig.  3a ) was due to 
extended time in culture and/or repeated high-dilution passaging.

2         Materials 

      1.    Latex or nitrile gloves.   
   2.    10-cm tissue culture plates (or tissue culture fl asks for non- 

adherent cells).   
   3.    Adherent or non-adherent human cells.   
   4.    Humidifi ed, CO 2  supplemented tissue culture incubator.   
   5.    Laminar fl ow tissue culture biosafety hood with standard tissue 

culture setup, including serological pipettes, micropipettes, 
and vacuum aspiration apparatus.   

   6.    Tissue culture medium appropriate for each cell type such as 
minimal essential medium (MEM) or RPMI 1640.   

2.1  Thawing 
Cryopreserved Cells
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   7.    95 % reagent grade ethanol.   
   8.    Fetal bovine serum.   
   9.     l -glutamine–Penicillin–Streptomycin 100× solution (10,000 U/

ml penicillin; 10,000 μg/ml streptomycin; 200 mM  L -gln).   
   10.    Plasmocin 25 mg/ml (for mycoplasma prophylaxis).   
   11.    Clinical centrifuge (e.g., Marathon model 3200, Fisher, 

Pittsburg, PA).   
   12.    15 ml conical centrifugation tubes.   
   13.    Complete culture medium appropriate for tissue culture growth 

of cells: MEM or RPMI supplemented with 5–10 % fetal bovine 
serum, a 1:100 dilution of the stock Pen–Strep– L - gln  solution, 
and a 1:10,000 dilution of the stock Plasmocin 25 mg/ml 
solution.   

   14.    70 % Ethanol: 95 % ethanol diluted to 70 % with sterile  distilled 
water.      

  Fig. 4    GCI analysis of clonal cell lines: Panel ( a ): subclonal isolates from the clonal U-2 OS-A line shown in Fig.  3b . 
Panel ( b ): subclonal isolates from the clonal U-2 OS-B line shown in Fig.  3b .  Arrows : minor intensity bands indica-
tive of genomic restructuring during the expansion of the indicated sub-subclonal lines.  Open triangles : gene 
clusters found in the sub-subclonal lines but not found in the parental subclonal lines.  Open brackets : gene 
clusters not found in the sub-subclonal lines but present in the parental clonal lines.  Star : resolution limit of the 
pulsed fi eld gel       

 

Michael W. Killen et al.



463

      1.    Laminar fl ow hood with standard tissue culture setup, including 
serological pipettes, micropipettes, and vacuum aspiration 
apparatus.   

   2.    Trypsin–EDTA solution (0.05 % Trypsin, 0.53 mM EDTA).   
   3.    Tissue culture medium such as MEM or RPMI 1640, suitably 

supplemented with fetal bovine serum and antibiotics.   
   4.    10-cm tissue culture plates (or tissue culture fl asks for non- 

adherent cells).      

      1.    20 μl PIPETMAN (Gilson or equivalent) and sterile pipette 
tips.   

   2.    96-well fl at bottom shaped well plates for adherent cells or 
V-bottom shaped well plates for non-adherent cells.   

   3.    24-well tissue culture plates.   
   4.    6-well tissue culture plates.   
   5.    10 cm tissue culture plates.   
   6.    Hemocytometer or fl ow cytometer (e.g., Partec Analysis 

System PAS, Partec, Münster, Germany) for cell counting.      

      1.    Trypsin–EDTA solution (0.05 % Trypsin, 0.53 mM EDTA).   
   2.    Tissue culture medium such as MEM or RPMI 1640, suitably 

supplemented with fetal bovine serum and antibiotics.   
   3.    Clinical centrifuge.   
   4.    15 ml conical centrifugation tubes.   
   5.    Sterile phosphate-buffered saline (also known as PBS or DPBS).   
   6.    Hemocytometer or fl ow cytometer for cell counting.      

      1.    Low-melting-point (LMP) agarose, analytical grade (cat. #V2111, 
Promega, Madison, WI).   

   2.    DPBS (cat. #21-031-CV, Mediatech, Manassas, VA).   
   3.    1 ml syringes (cat. #309602, Becton, Dickinson, San Jose, CA).   
   4.    Single-edged safety razor blades.   
   5.    8 ml fl at bottom tubes.   
   6.    Cell digestion buffer with proteinase K.   
   7.    Environmental incubator shaker capable of maintaining 50 °C 

(e.g., G24 environmental incubator shaker, New Brunswick 
Scientifi c, Edison, NJ).   

   8.    50 ml conical tubes.   
   9.    TE solution.   
   10.    TE–glycerol solution.   

2.2  Subculturing 
Cells for GCI Analysis

2.3  Deriving 
and Expanding 
Clonal Lines

2.4  Preparing 
Subcultured Cells 
for DNA Extraction

2.5  Isolation of 
Solid-Phase High-
Molecular- Weight 
Genomic DNA from 
Human Cells
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   11.    Saturated phenylmethanesulfonylfl uoride (PMSF) in isopropanol. 
 CAUTION : very toxic!   

   12.    Room-temperature shaker.   
   13.    Proteinase K powder. Store at −20 °C.   
   14.    Proteinase K solution: Dissolve in water to 15 mg/ml. Store in 

160 μl aliquots at −20 °C.  CAUTION : proteinase K fi nes are 
intensely irritating. Wear suitable respiratory protection when 
using powered proteinase K.   

   15.    Cell digestion buffer with proteinase K: 500 mM EDTA pH 8.0, 
1 % sarcosyl. Store at room temperature. Add 160 ml proteinase 
K per 5 ml digestion buffer for a fi nal proteinase K concentra-
tion of approximately 0.5 mg/ml immediately before use.   

   16.    TE: 10 mM Tris pH 8.0, 1 mM EDTA pH 8.0.   
   17.    TE–glycerol solution (10 mM Tris, 1 mM EDTA, 50 % 

glycerol(w/v), pH 8.0).   
   18.    Saturated PMSF in isopropanol: Add isopropanol to PMSF 

 crystals to make a saturated solution. Some PMSF crystals should 
remain undissolved in the bottom of the container. Store at 
room temperature.      

      1.    Standard single edge safety razor blades.   
   2.    1.5 ml eppendorf tubes.   
   3.    NEB buffer 3 (cat. #B7003S, New England Biolabs, Beverly, 

MA) or other suitable buffer for the restriction enzyme of choice.   
   4.    EcoRV restriction enzyme (ca.# R0195L, New England Biolabs, 

Beverly, MA).   
   5.    Warm room capable of maintaining 37 °C or environmental 

incubator shaker capable of maintaining 37 °C.   
   6.    Mini-Labroller with 1.5 ml eppendorf tube holder attachment 

or equivalent (Labnet International).      

      1.    Pulsed fi eld certifi ed (PFC) grade agarose (cat. #162-0137, 
Bio-Rad Laboratories, Hercules, CA).   

   2.    125 ml clean glass bottle with screw-cap lid.   
   3.    500 ml pyrex beaker.   
   4.    Hot plate.   
   5.    Nanopure H 2 O.   
   6.    Bio-Rad agarose gel casting system (cat. #107-3689, Bio-Rad 

Laboratories, Hercules, CA).   
   7.    Bio-Rad universal comb holder and 15- or 20-well comb (cat. 

#170-3699; 170-3627; 170-4322, Bio-Rad Laboratories, 
Hercules, CA).   

   8.    Bio-Rad leveling table (cat. #170-4046, Bio-Rad Laboratories, 
Hercules, CA).   

2.6  Enzymatic 
Digestion of High-
Molecular- Weight 
DNA for PFGE

2.7  Preparation of 
Agarose Gel for PFGE
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   9.    Parafi lm M sealing fi lm (cat. #PM-996, SPI supplies).   
   10.    0.5× TBE (45.5 mM Tris–45.5 mM Borate–2.0 mM EDTA): 

To 1,000 ml nanopure H 2 O add 6.6 g Boric acid, 12.94 g TRIS 
base, and 4.8 ml of a 500 mM EDTA pH 8.0 solution. Bring 
volume up to 2,400 ml with water. Make fresh before each use.      

      1.    0.5× TBE.   
   2.    200 μl PIPETMAN (Gilson or similar) and tips.   
   3.    Low-melting-point (LMP) agarose, analytical grade (cat. #V2111, 

Promega, Madison, WI).   
   4.    DPBS (cat. #21-031-CV, Mediatech, Manassas, VA).   
   5.    Standard single edge razor blade.   
   6.    Environmental incubator shaker capable of maintaining 50 °C.   
   7.     S. cerevisiae  chromosome molecular weight markers (New 

England Biolabs: cat. #N0345S). Store at −20 °C.      

      1.    Bio-Rad CHEF MAPPER XA with cooling module system 
(Bio-Rad Laboratories).      

      1.    Gel imaging documentation system.   
   2.    Flat stainless steel pan.   
   3.    Hybridization oven (TECHNE).   
   4.    Kimwipes (Kimberly-Clark).   
   5.    Ethidium bromide: 1 % solution in water stored at 4 °C. 

 CAUTION : Ethidium bromide is a known carcinogen. Wear 
suitable respiratory protection when manipulating ethidium 
bromide powder.   

   6.    Ethidium bromide/glycerol solution. To 197 ml nanopure 
H 2 O add 3 ml 50 % glycerol solution (w/v) and 15 μl of the 
1 % stock solution of ethidium bromide.      

      1.    Oligonucleotides: rDNA11-T: GGGCTCGAGATTTGGGA 
CGTCAGCTTCTG and rDNA11-B: GGGTCTAGAGTGCT 
CCC TTCCTCTGTGAG.   

   2.    Thermocycler (e.g., Mastercycler gradient, Eppendorf Scientifi c).   
   3.    dGATC-TP nucleotide mix, combined and diluted to a fi nal 

concentration of 10 mM of each nucleotide (cat. #10297- 018, 
Invitrogen, Carlsbad, CA).   

   4.    dGCT-TP nucleotide mix, combined and diluted to a fi nal 
concentration of 40 μM of each nucleotide ( see   Note 2 ).   

   5.    dATP diluted to a fi nal concentration of 20 μM.   
   6.    α- 32 P-dATP (50 uCi at 3,000 Ci/mmol) (Perkin Elmer).   
   7.    TAQ polymerase (New England Biolabs).   

2.8  Loading Digested 
DNA Samples into the 
Agarose Gel for PFGE

2.9  Loading and 
Running Pulsed Field 
Electrophoresis Gels

2.10  Ethidium 
Staining and Preparing 
the Gel for In-Gel 
Hybridization of a 
Radiolabeled Probe

2.11  PCR Reaction: 
Non- radiolabeled 
Southern Blot Probe 
Template Preparation 
and Radiolabeled 45S 
rDNA Southern Blot 
Probe Generation
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   8.    10× TAQ buffer (New England Biolabs).   
   9.    Spin-50 mini-column (USA Scientifi c).   
   10.    FlexiGene DNA Kit (Qiagen).   
   11.    Illustra GFX PCR DNA and Gel Band Purifi cation Kit (GE 

Biosciences).      

      1.    Hybridization tube (TECHNE).   
   2.    Nylon mesh (PGC Scientifi cs).   
   3.    Hybridization oven (TECHNE).   
   4.    Polyvinyl chloride plastic wrap.   
   5.    Molecular Probes Phosphor Screen (GE Lifesciences).   
   6.    PhosphorImager (e.g., Storm 860, Molecular Dynamics).   
   7.    SYBR ®  safe stain (Invitrogen).   
   8.    Denaturation solution (0.4 N NaOH, 0.8 M NaCl): 1.6 g of 

NaOH pellets and 4.67 g NaCl dissolved in water to 100 ml. 
Make fresh before use.   

   9.    Neutralization solution (0.5 M Tris pH 8.0, 0.8 M NaCl): 
Add 4.67 g NaCl to 50 ml of 1 M Tris pH 8.0 solution and 
add water to 100 ml fi nal volume. Make fresh before use.   

   10.    20× SSC (3 M NaCl and 300 mM sodium citrate): Dissolve 
175.4 g of NaCl and 88.2 g of sodium citrate dihydrate in 
800 ml nanopure H 2 O. Adjust volume to 1 l.   

   11.    Hybridization solution (2× SSC, 7 % SDS, 0.5 % Hammersten 
casein): Add 100 ml 20× SSC to 700 ml nanopure H 2 O. Warm 
to 65 °C. Dissolve 70 g SDS and 5 g Hammersten casein (USB 
corp. cat. #12840). Adjust volume to 1 l. Store at room 
 temperature.  CAUTION : SDS power fi nes are very irritating. 
Wear suitable respiratory protection.   

   12.    Wash solution 1 (2× SSC and 0.1 % SDS): Add 10 ml of 
20× SSC to 89 ml nanopure H 2 O. Lastly add 1 ml of a 10 % 
SDS solution and mix well. Make fresh before each use.   

   13.    Wash solution 2 (0.5× SSC and 0.1 % SDS) Add 2.5 ml of 
20× SSC to 96.5 ml nanopure H 2 O. Lastly add 1 ml of a 10 % 
SDS solution and mix well. Make fresh before each use.       

3    Methods 

      1.    Prepare a tissue culture plate with pre-warmed culture medium 
at least an hour before thawing cells allowing for ample time 
for it to equilibrate to the correct pH and temperature in the 
tissue culture incubator at 37 °C and with 5 % CO 2 .   

2.12  Southern Blot 
Analysis Using In-Gel 
Hybridization of the 
Radiolabeled rDNA 
Probe

3.1  Thawing 
Cryopreserved Cells

Michael W. Killen et al.



467

   2.    Remove a vial of frozen cells from liquid nitrogen storage and 
wipe it down with 70 % EtOH in a laminar fl ow tissue culture 
hood.   

   3.    Open the vial slightly to allow the gas pressure inside the cryo-
vial to equalize with the ambient atmosphere. Close the vial of 
cells and continue thawing in your gloved hand until there is a 
still-frozen pellet in thawed liquid that is mobile when the tube 
is shaken.   

   4.    Shake the vial vigorously, then remove the lid from the vial and 
pour the liquid and semi-frozen pellet of cells into the medium 
of the prepared tissue culture dish. Swirl the cells to thaw the 
residual frozen pellet and to get an even distribution of cells 
across the plate. Place the plate containing the cells immedi-
ately back in the tissue culture incubator overnight.   

   5.    The next day the medium should be replaced to get remove any 
residual cryopreservative from the freezing media. For adherent 
cells the medium should be aspirated off and replaced with fresh 
pre-warmed medium. For non-adherent cells the cell suspen-
sion should be removed to a 15 ml conical tube and centrifuged 
at 200 ×  g  for 5 min. The media can then be aspirated off and 
the resulting cell pellet be resuspended in pre-warmed culture 
medium and placed in a new tissue culture plate.      

      1.    Once the cells are growing and semi-confl uent in their tissue 
culture dish, remove the cells from the incubator and place 
them in a laminar fl ow tissue culture hood.  For non-adherent 
cell lines, skip to   step 6  .    

   2.    Aspirate the medium completely from the plate.   
   3.    Add an appropriate amount of trypsin–EDTA solution to the 

plate making sure that the entire bottom surface of the plate is 
evenly covered. For a 10-cm dish 2 ml is typically suffi cient.   

   4.    Allow cells to sit for several minutes while gently rocking the 
plate to maintain an even distribution of the solution and 
 monitor the cells as they start to detach from the plate. The 
amount of time it takes for the cells to detach will vary widely 
depending on the cell type; however, this is easily determined 
by careful observation.   

   5.    Once most of the cells have detached add 2× the volume of 
 culture medium containing at least 5 % FBS. The FBS in the 
culture medium inactivates the trypsin and prevents it from 
damaging the cells through prolonged exposure. If the trypsin is 
not inactivated, prolonged exposure can cause the cells to lyse.   

   6.    Pipette the cells up and down vigorously in order to break up 
any clumps and to ensure all cells have detached from the plate 
and are homogenously suspended.   

3.2  Subculturing 
Cells
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   7.    Once you have a single cell suspension distribute the  suspension 
among new culture dishes with pre-warmed medium in a ratio 
that is ideal for the cell line of interest. This can typically range 
from a 1:3 dilution for slower growing cells to a 1:10 dilution 
for faster growing cells such as HeLa.      

  When the GCI assay is used to determine ongoing genomic insta-
bility in cultured cell lines it requires the development of clonal 
lines derived from a given cell line.

    1.    Start by preparing a single cell suspension in the same fashion 
as you would above as if subculturing the cells. The single cell 
suspension is then used to prepare a limiting dilution series and 
derive colonies grown from a single cell.   

   2a.     For adherent cells  set up a dilution series and plate the cells in 
10-cm plates at 1:10; 1:50; 1:250; 1:500; 1:1,000; 1:2,000; 
and 1:4,000 dilutions.     

   or 
    2b.     For non-adherent cells  determine the cell density with a hemo-

cytometer or fl ow cytometer, then dilute cells suitably with 
medium and aliquot cells into separate 96-well V-bottom 
plates at dilutions of 100 cells/well; 10 cells/well; 5cells/well; 
1cell/well; and 1cell/5wells. Place cells into all 96 wells for 
each of the plates used ( see   Note 3 ).    

  Over the next 8–14 days colonies from begin to form either 
on plates for adherent cells or in wells for non-adherent cells.

    3.     For adherent cells only : once colonies are 2–3 mm in diameter 
they can be picked from the plate with a 20 μl pipette and 
moved to a single well in a 96-well tissue culture plate. For 
fragile cells, partial trypsinization by treatment with trypsin–
EDTA solution diluted 10:1 with DPBS will help ensure cell 
integrity in the colony transfer process. Henceforth, treat 
 adherent and non-adherent cultures similarly.   

   4.     For all cells : clones should be expanded from 96-well plates to 
24-well plates, 6-well plates, and fi nally 10 cm dishes succes-
sively. Cells should be allowed to grow to confl uency before each 
expansion step. Once confl uent they are subcultured as described 
above using smaller volumes of trypsin–EDTA  solution for 
adherent cells: 50 μl per each well of a 96-well plate, 200 μl per 
well for 24-well plates, 500 μl per well for 6-well plates. Each 
step represents approximately a 1:4 expansion of the cells, which 
in our hands works well for almost any line chosen.      

      1.    Melt certifi ed nuclease-free low-melting-point (LMP) agarose 
at 1.2 % weight/volume in DPBS (phosphate-buffered saline 
without Ca 2+  or Mg 2+ , tissue culture grade) at 70 °C, place the 
melted gel solution in a water bath or oven at 42 °C and allow 
the temperature to equilibrate.   

3.3  Deriving 
and Expanding 
Clonal Lines

3.4  Preparing 
Cultured Cells for 
High-Molecular Weight 
Solid- Phase DNA 
Isolation
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   2.    With adherent cells, treat with trypsin–EDTA to detach cells 
followed by addition of a 2× volume of culture medium and 
pipeting up and down in a serological pipette to achieve a sin-
gle cell suspension. Likewise non-adherent cells can simply be 
pipetted up and down to break up clumps and create a single 
cell suspension. From this point on the cells are stored on ice at 
all times except during centrifugation which can be performed 
at room temperature.   

   3.    Remove the suspension to a 15-ml conical vial and centrifuge 
at 200 ×  g  for 5 min.   

   4.    Resuspend the cells in 10 ml DPBS to rinse.   
   5.    Determine the concentration of cells with either a hemocy-

tometer or fl ow cytometer.   
   6.    Centrifuge the cells at 200 ×  g  for 5 min and aspirate the DPBS 

rinse solution.   
   7.    Resuspend the cells in DPBS to a fi nal concentration of 

3 × 10 7  cells/ml, taking into account the non-zero volume 
of the pelleted cells themselves. Store the cells on ice temporar-
ily if necessary.   

   8.    Add two volumes of melted 1.2 % LMP agarose solution to 
the 3 × 10 7  cells/ml cell suspension for a fi nal concentration of 
1 × 10 7  cell/ml in 0.8 % LMP agarose and mix thoroughly by 
vortexing.   

   9.    Draw the cell–gel suspension into a 1 ml syringe and immedi-
ately place the syringe on ice and cover with ice to solidify the 
agarose before the cells have a chance to settle.   

   10.    After the agarose solution has solidifi ed cut the end off the 
syringe with a single edged razor blade and extrude the DNA–
agarose “worm” carefully into an 8 ml fl at-bottomed tube.   

   11.    Add 5 ml of digestion buffer with proteinase K, invert gently 
several times to mix and incubate overnight at 50 °C with gentle 
agitation ( see   Note 4 ).   

   12.    After suitable digestion has cleared the appearance of the 
DNA–agarose, remove the DNA–agarose “worm” to a fresh 
50 ml tube, add 40 ml TE and agitate gently at room tempera-
ture for 30 min. Do this step twice.   

   13.    Decant the TE and transfer the “worm” to a new 8 ml fl at- 
bottomed tube.   

   14.    Add 6 ml TE and 6 μl saturated PMSF in isopropanol. Mix 
well and gently agitate at room temperature for 60 min.   

   15.    Remove the TE–PMSF solution and add 6 ml of fresh TE 
without PMSF to rinse with gentle agitation at room tempera-
ture for 30 min. Do this step twice.   

   16.    Pour off the TE and add back chilled TE–glycerol and gently 
agitate at 4 °C for 30 min.   
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   17.    Remove the TE–glycerol and add back 6 ml fresh TE–glycerol. 
Gently agitate overnight at room temperature.   

   18.    Cut off the tip of a fresh 1 ml syringe with a clean razor blade 
and transfer the TE–glycerol equilibrated agarose “worm” into 
this syringe. Seal the syringe with Parafi lm and store indefi -
nitely at −20 °C.      

      1.    Agarose–DNA slices of ∼15 μl volume are cut from the high-
molecular- weight DNA–agarose “worms” prepared and stored 
in 1 ml syringes with a standard single edge razor blade. Each 
slice should be approximately 0.8–0.9 mm thick. It is helpful to 
practice your slicing technique with an agarose “worm” that 
does not contain DNA, measuring slice volumes on an analytical 
balance until uniform thickness slices can be consistently achieved. 
Aim for a consistent slice weight of approximately 15 mg.   

   2.    Place the DNA-containing agarose slice inside the lid of an 
inverted 1.5 ml eppendorf tube. The lid of an inverted 1.5 ml 
eppendorf tube provides a perfect sized container for the slice 
with a fl at bottom that also holds 200 μl of buffer.   

   3.    Remove the glycerol–TE from the slice by washing the slice in 
the lid of the 1.5 ml eppendorf tube three times with 200 μl of 
1× NEB buffer 3 by pipetting gently up and down so the slice 
is agitated in the buffer solution and then pipetting off the 
wash solution. Take care not to damage the slice with the 
pipette tip during the washes.   

   4.    Remove the last wash and replace with 200 μl of NEB buffer 3 
containing 20 units of EcoRV restriction enzyme.   

   5.    While keeping the eppendorf tube inverted, gently but fi rmly 
close the eppendorf tube lid. Mount the inverted eppendorf 
tube in the Mini-Labroller at 30° off vertical so that when the 
Labroller is turned on the tubes will be gently agitated while 
maintaining their inverted orientation. Place the Labroller 
with the inverted eppendorf tubes in a warm room at 37 °C 
overnight, and turn on the Labroller.   

   6.    The next day, remove the Labroller apparatus with eppendorf 
tubes from the warm room. Remove the inverted eppendorf 
tubes from the Labroller, while maintaining their inverted 
orientation.   

   7.    Rinse the agarose slices containing the now digested genomic 
DNA with 0.5× TBE by pipetting gently up and down and 
then pipetting off the rinse, taking care not to disrupt the deli-
cate agarose slices with the pipette. Do this rinse twice. 
Additionally, slice off and likewise rinse a thin sample of  S. cere-
visiae  chromosome molecular weight markers.   

   8.    The slices are now ready to load into the pulsed-fi eld gel. Leave 
the slices in the fi nal rinse solution in sealed inverted eppen-
dorf tubes until ready to load the samples.      

3.5  Enzymatic 
Digestion of High-
Molecular- Weight DNA 
for PFGE
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      1.    Make 2.4 l of 0.5× TBE.   
   2.    Place 1 g of PFC grade agarose into a 125 ml glass bottle (e.g., 

Kimax) along with 100 ml of 0.5× TBE. Gently swirl to ensure 
the agarose is hydrated and non-clumpy. Try not to let agarose 
clumps adhere to the walls of the bottle above the liquid. Cap 
the bottle tightly.   

   3.    Place 250 ml water in a 500 ml glass beaker and bring to a 
gentle boil on a hot plate. Melt the agarose in 0.5× TBE by 
placing the sealed bottle containing the agarose–0.5× TBE 
mixture into the boiling water bath. Heat with periodic gentle 
swirling until all the agarose has been completely homoge-
nously melted. The melted agarose solution should be clear, 
colorless and featureless when swirled.   

   4.    Allow the melted agarose to cool only slightly (less than 5 min) 
on the benchtop prior to pouring into the gel casting set up. This 
should be ample time to set up the casting apparatus. We have 
found the pouring the gel while it is hot produces optimal resolu-
tion of the gene cluster bands. The gel casting system should be 
set up with the universal comb holder and 15- or 20-well comb 
and placed fl at on a Bio-Rad (or similar) leveling table.   

   5.    Once the casting apparatus is prepared pour the melted agarose 
solution slowly into the casting tray trying to avoid forming any 
bubbles. Eliminate any bubbles that may arise while the agarose 
solidifi es. Pay special attention to any bubbles that might form 
along the wells of the comb and the edges of the casting tray. 
Allow the gel to solidify at room temperature on the benchtop 
for 1 h. Then, place the solidifi ed gel, still in the casting tray, in 
a refrigerator at 4 °C for an additional hour. The gel will then be 
ready for loading the prepared DNA samples ( see   Note 5 ).      

      1.    Place a mixture of 0.8 % LMP agarose suspended in 0.5× TBE 
into a tightly capped 50 ml plastic conical tube and heat in a 
boiling water bath until the agarose mixture is uniformly 
melted. Remove from the bath and place at room temperature 
( see   Note 6 ).   

   2.    Remove the solidifi ed pulsed-fi eld gel from the refrigerator 
and carefully remove the comb from the wells.   

   3.    Remove the 0.5× TBE fi nal buffer rinse from the fi rst agarose 
slice in the lid of an inverted 1.5 ml eppendorf tube. 
Gently fl ick the lid of the eppendorf tube onto a clean razor 
blade so the gel slice lands fl at on the razor blade. Remove 
excess liquid from the gel slice with a pipette tip or the corner 
of a Kimwipe ( see   Note 7 ).   

   4.    Push the slice from the razor blade into the well of the gel with a 
clean pipette tip. Make sure that the agarose slice fl atly contacts 
the front of the well facing the direction in which the gel will be 
run. Allowing the slice to stick to the back of the well instead will 
compromise the resolution and fi nal location of resulting bands.   

3.6  Preparation of an 
Agarose Gel for PFGE

3.7  Loading Digested 
DNA Samples into the 
Agarose Gel for PFGE
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   5.    Gently push the slice down into the well until the bottom of 
the slice touches the bottom of the well, then fi ll the remaining 
space in the well carefully with melted 0.8 % LMP agarose.   

   6.    Repeat this step for each sample to be loaded, including the  S. 
cerevisiae  chromosome molecular weight markers.   

   7.    Once the samples are all loaded the gel should be allowed to sit 
at room temperature for 10 min to allow the sealing agarose to 
begin to set ( see   Note 8) .   

   8.    Next the casting stand should be removed taking care not to 
dislodge the gel from the black running platform.   

   9.    Wipe away any accumulated gel waste on the bottom of the 
running platform.   

   10.    The gel and platform should then be placed at 4 °C for 30 min. 
Again, this step is essential for optimal resolution.      

  We have found that the optimal range for GCI analysis of the 
human rDNA gene clusters is from 50 kb up to 1 Mb. The 
instructions and the algorithm provided here are optimized for this 
size range. If this methodology is used to look at gene clusters 
other than the rDNA or in order of size ranges of the rDNA 
clusters the conditions will require optimization for the desired 
size range. Consult Birren and Lai [ 13 ] for more details.

    1.    Once the gel is loaded and has been chilled at 4 °C, place the 
remaining 0.5× TBE buffer into the electrophoresis cell of the 
Bio-Rad CHEF MAPPER XA system.   

   2.    The buffer pump should be turned on to circulate buffer and 
eliminate air bubbles from the system before the gel is placed 
into the cell.   

   3.    Once this is done turn the pump off and place the gel into the 
cell making sure the retention bracket is in place to prevent the 
gel from moving and that the wells are oriented at the top of 
the gel relative to the direction the DNA is going to travel.   

   4.    Close the lid and make sure the safety interlock is engaged and 
turn the buffer pump back on.   

   5.    Engage the cooling module of the Bio-Rad CHEF MAPPER 
XA system and allow it to cool the buffer and the gel to 14 °C.   

   6.    Enter a two state program such that the electrical fi eld vector 
included angle is 120° and the electrical fi eld strength for each 
vector is 6 V/cm. Set the run time for 24 h and the switch time 
from 3 to 90 s with a ramp factor of 0.357. Once you are sure 
the algorithm is entered correctly and the chiller has cooled the 
buffer and gel to 14 °C press “START” on the MAPPER. 
Look for bubbles from the electrodes to be sure the gel is run-
ning correctly.    

3.8  Loading and 
Running the Bio-Rad 
CHEF MAPPER 
Apparatus for PFGE
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    The next day, after the PFGE program has completed running, the 
gel can be stained with ethidium bromide and visualized to 
determine the outcome. The gel also needs to be prepared for 
in-gel hybridization of the radiolabeled probe. The in-gel 
hybridization involves drying the gel so that it is thin enough to 
permit the radiolabeled probe to easily diffuse into and out of the 
gel yet not so thin as to shatter. This is accomplished by equilibrating 
the gel to a fi nal concentration of 0.5 % glycerol and then drying 
the gel at 65 °C ( see   Note 9 ).

    1.    After the PFGE program has fi nished its run carefully remove 
the gel and place it in 200 ml of ethidium bromide/glycerol 
solution. Including the 100 ml volume of the gel, the fi nal 
concentration of glycerol will be 0.5 %. Incubate at room tem-
perature for 30 min with gentle agitation.   

   2.    After incubation the gel can be placed on the imaging system 
so that the ethidium stained gel can be documented. Here it is 
important to minimize the amount of UV exposure as it can 
degrade the DNA especially in the presence of EtBr.   

   3.    After the ethidium stained gel has been documented the sur-
faces of the gel are dried with a Kimwipe. Place the gel upside- 
down on a fl at surface such that the fl at side of the gel is on top. 
Fold up two Kimwipes together, then partially wet one edge of 
the folded Kimwipes with 0.5 % glycerol solution and use this 
pre-wet edge of the Kimwipe “sandwich” to wick liquid from 
the top surface of the gel. Using the partially wet edge of the 
Kimwipes will prevent the Kimwipes from adhering to the gel 
surface. Similarly wick liquid away from all sides of the gel. 
Now invert the gel so the fl at wiped-dry face points down and 
place the gel in a metal pan. Wick any remaining liquid from 
the top surface of the gel using Kimwipes ( see   Note 10 ).   

   4.    Place the gel and pan in the hybridization over at 65 °C until 
the gel appears homogenously dry and fl at. The gel will dry to 
a thickness similar to a sheet of paper. The gel can be left over-
night to dry but we have found that removal of the gel imme-
diately after it fi nishing drying results in better hybridization of 
the radiolabeled probe and thereby better results.   

   5.    Once the gel is dry it can be processed immediately or stored 
covered with PVC wrap (e.g., Saran Wrap) for up to 2 weeks in 
a dark dry area.    

    Template DNA is prepared by PCR-amplifying a region of the 
rDNA gene from human genomic DNA using primers 5′-GGG
CTCGAGATTTGGGACGTCAGCTTCTG and 5′-GGGTCTAG
AGTGCTCCC TTCCTCTGTGAG, to yield a 532-bp fragment. 

3.9  Ethidium 
Staining and Drying 
the Gel in Preparation 
for In-Gel 
Hybridization with a 
Radio- Labeled Probe

3.10  Preparing the 
Template DNA for PCR 
Radiolabeling
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The PCR product can be subsequently digested with XhoI and 
XbaI and subcloned into pBluescript II SK—or other suitable 
cloning vector for long term propagation. It is also possible to 
simply use the PCR product as a template in the subsequent 
radiolabeling PCR reaction directly without subcloning, although 
this is not recommended.

    1.    Isolate human genomic DNA from any human cell line using a 
Qiagen FlexiGene DNA kit. Dissolve the DNA to a fi nal con-
centration of 1    μg/μl in water.   

   2.    Set up the following PCR reaction:

 2.0 μl  10× TAQ buffer with MgCl 2  

 1.0 μl  Genomic DNA at 1 μg/μl 

 0.4 μl  dGATC-TP nucleotide mix at 10 mM each nucleotide 

 2.0 μl  rDNA11-T primer at 1 μM concentration 

 2.0 μl  rDNA11-B primer at 1 μM concentration 

 0.4 μl  TAQ DNA polymerase (2 U total) 

 12.2 μl  Water 

 20 μl   FINAL VOLUME  

       3.    Run the following PCR program with lid temperature set to 
105 °C:

 #  Instructions  Comment 

 1.  94 °C for 3 min  Initial denaturation 

 2.  94 °C for 30 s  Denature 

 3.  45 °C for 30 s  Anneal 

 4.  72 °C for 1 min, plus 2 s per cycle  Extend 

 5.  Go to  step 2 , repeat 29 times  30 Cycles total 

 6.  72 °C for 7 min  Polish 

 7.  Hold at 4 °C  Store indefi nitely 

       4.    Run the complete PCR reaction on a 1 % agarose gel with suit-
able size makers.   

   5.    Stain with ethidium bromide, visualize with UV light and 
excise the 523 bp band with a clean razor blade.   

   6.    Purify the template DNA from the gel slice using the GFX Kit.   
   7.    Quantify the recovered DNA using Hoechst 33258 fl uorime-

try or similar methodology. Store at −20 °C.   
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   8.     Optional, but recommended:  Subclone the PCR product into a 
convenient cloning vector and have sequenced to ensure the 
rDNA probe is correct.      

  The radiolabeled probe is prepared by PCR using α 32 P radiolabeled 
dATP. This method yields a probe that has very high specifi c 
activity ( see   Note 11 ).

    1.    If using plasmid as a template, dilute an aliquot of concen-
trated plasmid stock solution to 50 pg/μl. If using isolated 
PCR product as a template, dilute an aliquot of the PCR prod-
uct to 10 pg/μl ( see   Note 12 ).   

   2.    Set up the following PCR reaction:

 2.0 μl  10× TAQ buffer with MgCl 2  

 2.0 μl  rDNA containing plasmid at 50 pg/μl  or  PCR product 
at 10 pg/μl 

 2.0 μl  rDNA11-T primer at 1 μM concentration 

 2.0 μl  rDNA11-B primer at 1 μM concentration 

 5.0 μl  α 32 P dATP (50 μCi at 3,000 Ci/mmol) 

 2.0 μl  dGTC-TP at 40 μM concentration each 

 1.0 μl  dATP at 20 μM concentration— not  radioactive 

 0.4 μl  TAQ DNA polymerase (2 U total) 

 3.6 μl  Water 

 20 μl   FINAL VOLUME OF THE REACTION  

       3.    Run the following PCR program with lid temperature set to 
105 °C:

 #  Instructions  Comment 

 1.  94 °C for 3 min  Initial denaturation 

 2.  94 °C for 30 s  Denature 

 3.  45 °C for 30 s  Anneal 

 4.  72 °C for 1 min, plus 2 s per cycle  Extend 

 5.  Go to  step 2 , repeat 39 times  40 Cycles total 

 6.  72 °C for 7 min  Polish 

 7.  Hold at 4 °C  Store indefi nitely 

       4.    After the PCR reaction the probe is separated from the unincor-
porated nucleotides and primers with a USA scientifi c spin-50 
mini-column. The radiolabeled probe is in the fl ow-through 
non-bound liquid phase ( see   Note 13 ).   

3.11  Preparing the 
Radiolabeled 45S 
rDNA Probe
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   5.    Boil the probe for 2 min in a boiling water bath and then snap 
cool on water-saturated ice with periodic agitation for 2 min.   

   6.    The probe should be kept on ice until it is used for hybridiza-
tion. The probe should be used immediately rather than stored 
long-term to avoid radiolytic degradation.    

    While the radiolabeled probe is being prepared the dried gel can be 
processed to prepare it for hybridization.

    1.    Place the dried gel into H 2 O for 10 min with gentle agitation 
and allow it to rehydrate.   

   2.    After that the gel should be easily removable from the surface 
of the pan and can be placed in a deeper stainless steel pan or 
glass dish for the subsequent washes.   

   3.    Wash the gel with 100 ml of H 2 O for 5 min. Do this step 
twice.   

   4.    Remove the water and replace it with 100 ml of denaturation 
solution, incubate for 30 min with gentle agitation.   

   5.    Remove the denaturation solution and replace it with 100 ml 
of neutralization solution, incubate for 30 min with gentle 
agitation.   

   6.    Remove the gel from the neutralization solution and transfer it 
to a hybridization roller tube placing nylon mesh between the 
gel and the glass surface. The mesh allows the gel to get an 
even exposure to hybridization solution on both sides.   

   7.    Pre-hybridize the gel for 3 h in 35 ml of hybridization solution 
at 65 °C in the hybridization oven.   

   8.    After 3 h replace the hybridization solution with 25 ml of fresh 
preheated hybridization (65 °C) solution.   

   9.    Add the radiolabeled probe directly into the hybridization 
solution and close the end caps on the bottle. Place the hybrid-
ization tube back in the hybridization oven at 65 °C and allow 
the gel to hybridize for at least 12 h ( see   Note 14 ).   

   10.    Following hybridization, remove the cap from the hybridiza-
tion tube and discard the radioactive solution appropriately. 
Add 50 ml of wash solution 1. Place the tube back in the 
hybridization oven and incubate for 30 min at 65 °C.   

   11.    Discard the wash solution 1 from the hybridization tube and 
add 50 ml of fresh wash solution 1 for an additional 60 min at 
65 °C.   

   12.    Discard the wash solution 1 and rinse the gel twice with wash 
solution 2. Each wash uses 50 ml solution 2 and a 2 h incuba-
tion at 65 °C.   

   13.    Remove the gel from the hybridization tube and rinse briefl y in 
2× SSC.   

3.12  In-Gel 
Hybridization of the 
Radiolabeled rDNA 
Probe and Southern 
Analysis
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   14.    Place the washed gel in all-purpose polyvinyl chloride plas-
tic wrap (Saran Wrap or equivalent) so that it does not dry 
out, being careful to blot up excess liquid with a paper 
towel or Kimwipe.   

   15.    Expose the gel on a PhosphorImager screen overnight and 
detect the following day on a Molecular Dynamics Storm 
PhosphorImager or similar ( see   Note 15 ).   

   16.    After data is acquired the gel can be stained in a 1:10,000 dilu-
tion of SYBR ®  safe dye. This fl uorescently stained gel can be 
scanned on the Molecular Probes Storm PhosphorImager in 
fl uorescent mode to give an accurate representation of the 
location of the size markers on the dehydrated gel.   

   17.    Process the gel image using suitable image processing software. 
We prefer Adobe Photoshop and the following algorithm:

 1.  Convert the image to 8-bit grayscale and save in TIFF format 

 2.  Crop the image suitably 

 3.  Adjust the levels of the grayscale to maximize 
the difference between the white background 
and the darkest band present 

 4.  Blur using the following horizontal band-enhancing 
custom fi lter with a scale factor of 105 and zero offset 
to leave overall intensities unchanged: 

 1  1  1  1  1 
 5  5  5  5  5 
 9  9  9  9  9 
 5  5  5  5  5 
 1  1  1  1  1 

 5.  Unsharp mask: 200 % with 5.0 pixel radius 
and zero threshold 

 6.  Unsharp mask again: 50 % with 3.0 pixel radius 
and zero threshold 

4            Notes 

     1.    The radiolabeled probe sequence and restriction enzymes 
described herein are specifi c for the human rDNA sequence. 
Gene cluster analysis in other species and/or with non-rDNA 
clusters will require a different suitable choice of Southern 
hybridization probe and restriction enzymes.   

   2.    There is no dATP in this solution. Low concentration dATP 
will be added separately.   

   3.    The V-bottoms on the 96-well plates tend to concentrate the 
diluted cells and drastically improve non-adherent cell plating 
effi ciencies at these low dilutions. In most cases use of these 
V-bottom plates is indispensable. Single plates are usually 
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 suffi cient for the higher dilutions, but it is usually necessary to 
prepare up to ten plates at the two lowest dilutions. This way 
of deriving single cell colonies relies on a probability distribu-
tion and on the plating effi ciency of the cell line. To be reason-
ably confi dent that all the clones at a given dilution level arose 
from a single cell, the dilution needs to produce no more than 
10 wells showing growth per 96-well plate. Colonies are only 
expanded from this lowest dilution plate.   

   4.    Incubation in digestion buffer should be allowed to proceed until 
the initial cloudy appearance of the agarose “worm” has cleared. 
For some cell types, this may take 2 days rather than overnight. It 
is permissible to incubate the DNA–agarose at 50 °C in digestion 
buffer for longer periods of time if convenient.   

   5.    Placing the gel on the benchtop for an hour and then leaving 
it at 4 °C for an hour may seem trivial, however, in our hands 
this procedure gives reproducibly sharp bands when the gel 
is run.   

   6.    The 0.8 % LMP agarose will be used to seal the digested aga-
rose slices into the wells of the pulsed-fi eld gel. The 0.8 % LMP 
agarose usually takes at least 30 min to solidify at room tem-
perature in the 50 ml plastic tube after removal from the boil-
ing water bath, which is easily suffi cient time for loading the 
pulsed-fi eld gel.   

   7.    Sometimes, particularly with extra thin agarose slices, the slice 
may fl ick out of the eppendorf tube and land on the razor 
blade folded in half. If this should happen, the slice can be 
gently unfolded by pipetting 100 μl 0.5× TBE buffer onto the 
folded slice in a manner that swirls the liquid. After the slice 
has unfolded, wick away the excess liquid with a Kimwipe.   

   8.    Since the gel was at 4 °C prior to loading, the 0.8 % agarose 
will solidify rapidly after addition to the wells.   

   9.    Never run PFGE with gels that have ethidium bromide already 
in them—the ethidium bromide intercalates the DNA and will 
drastically effect run time and results.   

   10.    Be sure that there is no liquid trapped under the gel between 
the gel and the pan. Gels will shatter upon drying if there is 
residual trapped liquid.   

   11.    To avoid chain termination by misincorporation of unlabeled 
dNTPs, it is necessary to decrease the concentration of the 
unlabeled dNTPs to be similar to that of the limiting radiola-
beled dATP [ 14 ].   

   12.    We have found it helpful to store the template in concentrated 
form and to dilute aliquots suitably for each labeling reaction. 
Storing very dilute solutions of DNA long-term is not recom-
mended as adherence to the container of the DNA solution 
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can dramatically reduce the DNA concentration and the fi nal 
yield of radiolabeled product.   

   13.    The degree of radiolabeling can be roughly measured by using 
a Geiger counter to observe the amount of radioactivity in the 
liquid fl ow-through  vs  that trapped in the spin-column. For a 
successful radiolabeling reaction, the liquid should have at least 
twice as much radioactivity as the column.   

   14.    Longer hybridization times make no difference.   
   15.    We often reexpose the gel on the screen for an additional 3-day 

exposure to give a good reduction in background noise and 
sharper bands.         
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    Chapter 34   

 Measuring Recombination Profi ciency in Mouse 
Embryonic Stem Cells 

           Andrew     J.     Pierce     and     Maria     Jasin    

    Abstract 

   A method is presented to measure homologous recombination in mouse embryonic stem cells by both 
gene targeting and short-tract gene conversion of a double-strand break (DSB). A fl uorescence-based 
reporter is fi rst gene targeted to the  Hprt  locus in a quantifi able way. A homing endonuclease expression 
vector is then introduced to generate a DSB, the repair of which is also quantifi able.  

  Key words     Recombination  ,   Double-strand break (DSB)  ,    Hprt   ,   Mouse embryonic stem (ES) cells  , 
  Green fl uorescent protein (GFP)  ,   Flow cytometry  ,   Gene targeting  ,   Gene conversion  ,   I- Sce I  ,   Homing 
endonuclease  

1       Introduction 

 Homologous recombination (HR) is an important process in 
mitotically dividing mammalian cells [ 1 ]. Although poorly 
defi ned mechanistically, two processes involving HR are gene 
conversion and gene targeting. In these related processes, a par-
ticular chromosomal locus (the “recipient”) is altered such that it 
becomes modifi ed to that of a different locus (the “donor”). In 
both cases, there is a necessity that the recipient and donor 
sequences possess signifi cant lengths of sequence homology, 
which is thought to “guide” transfer of information from the 
donor locus into the recipient locus through some as yet undeter-
mined base-pairing mechanism. In gene conversion, the donor is 
located in the genome, whereas in gene targeting the donor is 
exogenously supplied. 

 Gene conversion is an important DNA repair mechanism for 
maintaining genomic integrity in mammalian cells, and, refl ecting 
its role in DNA repair, it is strongly stimulated by a double-strand 
break (DSB) in the recipient locus [ 2 ]. Gene targeting is a valuable 
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molecular biology tool for the generation of mutant cell lines and 
potentially for gene therapy, since in a gene targeting reaction the 
exogenously supplied DNA is used to alter a specifi c chromosomal 
sequence in a defi ned way (for review,  see  ref.  3 ). 

 This chapter describes the use of the plasmid phprtDRGFP [ 4 ] 
(Fig.  1 ) in a system for assaying DSB-mediated gene conversion in 
a mouse  Hprt  gene targeting context. In this system, the DR-GFP 
reporter is the fi rst gene targeted to the mouse  Hprt  locus in a 
quantifi able way, and then the cells successfully targeted with the 
reporter are transfected with a separate plasmid (pCβASce) [ 5 ], 
which encodes the I- Sce I homing endonuclease that will generate 
the gene-conversion-triggering DSB. The effi ciency of this gene 
conversion is also quantifi able.

   When cells are supplied with an exogenous gene targeting 
 construct, the construct can integrate into either random loci 
(nontargeted) or into the homologous locus (targeted). Gene tar-
geting effi ciency is usually expressed as the proportion of targeted 
to total integrations (nontargeted plus targeted). In an organism 
like yeast, this effi ciency approaches 100 %. In mammalian cells, 
the gene  targeting effi ciency seems to be strongly infl uenced by 
genomic context, but is usually on the order of a few percent. 
When the hprtDRGFP fragment is introduced into mouse embry-
onic stem (ES) cells, the  Hprt  targeting arms can direct integration 
of the construct to the native  Hprt  locus [ 6 ]. When this occurs, 
exon 2 of the endogenous  Hprt  gene is replaced by the DR-GFP 
reporter. This deletion of  Hprt  exon 2 inactivates the gene, render-
ing cells resistant to the nucleotide analogue 6-thioguanine 
(6-TG). Incorporation of the DR-GFP reporter carries with it a 
gene  conferring resistance to puromycin. Hence, the effi ciency of 
gene targeting can be determined from the fraction of transfected 
cells that are resistant to both puromycin and 6-TG (i.e., have 
undergone targeted integration at  Hprt ) vs the fraction of cells 
that are resistant to puromycin in the absence of 6-TG selection 
(i.e., have undergone nontargeted integration anywhere in the 
genome). 

hprtDRGFP

transcription promotercurved arrow:

lightning bolt:

SceGFP iGFP 3’ hprt5’ hprt

SacI KpnI

PstINotI

I-SceI cleavage site

  Fig. 1    Schematic of the targeted conversion of the mouse  Hprt  gene.  Curved arrow , transcription promoter; 
 lightning bolt , I- Sce I cleavage site;  gray arrow , puromycin resistance gene. See text for details       
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 After identifi cation of cells that have successfully integrated the 
DR-GFP reporter at the  Hprt  locus, DSB-induced gene conversion 
can be quantitated by assaying green fl uorescent protein (GFP) after 
transfection of these cells with an expression vector for the I- Sce I 
endonuclease (pCβASce) [ 7 ]. The upstream GFP repeat ( SceGFP ) is 
nonfunctional owing to insertion of a recognition sequence for 
I- Sce I; hence, I- Sce I expression will generate a DSB in this repeat. 
The break can then be repaired by several mechanisms including 
nonhomologous end joining, single-strand annealing, and gene con-
version. Gene conversion can be further mechanistically subdivided 
into processes involving short or long DNA tracts, with or without 
crossing-over. Short-tract gene conversion without crossing-over 
represents the majority of these events [ 8 ] and results in repair of the 
DSB using the downstream internal fragment GFP repeat ( iGFP ) as 
a template. The result is that  SceGFP  becomes a constitutively 
expressed functional  GFP   +   gene, and the host cells acquire green 
fl uorescence. The fraction of I-Sce I- transfected cells that repair the 
break by short-tract gene conversion without crossing-over then 
becomes easily quantifi able by fl ow cytometry. In wild-type mouse 
ES cells, this fraction is on the order of several percent. 

 Thus, using the hprtDRGFP/pCβASce system, it is possible to 
quantify both gene targeting and recombinagenic repair of DSBs 
in cells of differing genotypes, especially with variants of DNA 
repair genes. This approach also works effectively using wild-type 
cell lines transfected to express dominant-negative constructs of 
DNA repair genes, and can also be adapted for the use of small 
inhibitory double-stranded RNA molecules (siRNA) [ 9 ]. Please 
note that the following protocol is simply an update and revision of 
that previously published [ 10 ].  

2     Materials 

      1.    A well-characterized line of mouse ES cells (e.g., J1, E14, 
available from Dr. Jasin,   m-jason@ski.mskcc.org    ).   

   2.    Tissue culture incubator.   
   3.    Laminar fl ow tissue culture hood.   
   4.    10-cm Tissue culture plates.   
   5.    70 % ethanol.   
   6.    Ca +2 /Mg +2 -free phosphate buffered saline (PBS): 200 mg/l 

KCl, 200 mg/l KH 2 PO 4 , 8 g/l NaCl, 2.16 g/l Na 2 HPO 4 ·7H 2 O. 
Filter-sterilize and store at room temperature indefi nitely (also 
available commercially).   

   7.    ES cell medium: mix 500 ml high glucose Dulbecco’s modi-
fi ed Eagle’s medium (DMEM), 75 ml ES cell-qualifi ed fetal 
bovine serum (FBS;  see   Note 1 ), 6 ml 100× penicillin/strepto-
mycin (10,000 U/ml each, stock), 6 ml 100× nonessential 

2.1  Embryonic Stem 
Cell Culture

Recombination in ES Cells
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amino acids (10 mM each, stock), 6 ml 100×  l -glutamine 
(200 mM stock), 6 ml dilute 2-mercaptoethanol (dilution is 
21.6 μl of stock 2-mercaptoethanol in 30 ml of PBS), and 
60 μl LIF (stock 10 7  U/ml; available as ESGRO from 
Chemicon, Temecula, CA). Store at 4 °C for up to several 
weeks. Store all stock solutions at 4 °C for routine use, or 
freeze at −20 °C for long-term storage.   

   8.    Trypsin–EDTA solution: 0.2 % trypsin, 1 mM EDTA in PBS. 
Store at 4 °C for routine use. For long-term storage freeze 
at −20 °C.   

   9.    Clinical centrifuge (e.g., Marathon Model 8K, Fisher, 
Pittsburgh, PA).   

   10.    4 mg/ml Puromycin (Sigma, St. Louis, MO) in PBS.   
   11.    10 mg/ml 6-TG (Sigma) in 1 N NaOH.   
   12.    Dimethyl sulfoxide (DMSO).   
   13.    Cryovials.   
   14.    100 % Methanol.   
   15.    Giemsa stain.      

      1.    Plasmid phprtDRGFP (available from Dr. Jasin).   
   2.    Restriction enzymes:  Sac I,  Kpn I,  Eco RV (e.g., New England 

Biolabs, Beverly, MA).   
   3.    Agarose (molecular biology grade, e.g., Invitrogen, Carlsbad, 

CA) and agarose gel apparatus, including power supply (e.g., 
Owl Scientifi c, Portsmouth, NH).   

   4.    Gel loading buffer: mix 600 μl 50 % glycerol, 50 μl 1 % bromo-
phenol blue in 100 % ethanol, 50 μl 1 % xylene cyanol in etha-
nol, 60 μl Tris–HCl buffer, pH 8.0, 60 μl 500 mM EDTA, pH 
8.0, and 180 μl water. Store at room temperature.   

   5.    DNA size markers (e.g., λDNA digested with  Bst EII, Invitrogen).   
   6.    8 M LiCl.   
   7.    100 and 75 % Ethanol (cold).   
   8.    Tabletop microfuge (e.g., Eppendorf 5415D, Fisher).   
   9.    1/10× TE: 1 mM Tris–HCl, 0.1 mM EDTA, pH 8.0. Filter- 

sterilize and store at room temperature.      

      1.    Electroporator (e.g., GenePulser II, Bio-Rad, Hercules, CA).   
   2.    Electroporation cuvettes (0.8 ml with a gap width of 0.4 cm, 

Fisher).   
   3.    96-, 24-, and 6-Well tissue culture plates.      

      1.    SALT-X genomic DNA extraction solution: 400 mM NaCl, 
10 mM Tris–HCl, 2 mM EDTA, pH 8.0, 2 % sodium dodecyl 
sulfate (SDS), 0.4 mg/ml proteinase K. Freeze 10-ml aliquots 
at –20°C.   

2.2  Preparation and 
Analysis of Targeting 
Plasmid

2.3  Transfecting ES 
Cells with the 
Targeting Plasmid

2.4  Preparing 
Genomic DNA from 
Transfectants

Andrew J. Pierce and Maria Jasin



485

   2.    Hybridization oven.   
   3.    Saturated NaCl solution.   
   4.    Isopropanol.   
   5.    75 % Ethanol (room temperature).   
   6.    Spectrophotometer.      

      1.    Restriction enzymes:  Hind III,  Pst I,  Sac I,  Not I (New England 
Biolabs).   

   2.    Gel purifi cation kit (e.g., GFX PCR DNA and Gel Band 
Purifi cation Kit, Amersham Biosciences, Piscataway, NJ).   

   3.    Blotting membrane (e.g., GeneScreen Plus charged nylon 
membrane [NEN, Boston, MA] works well when following 
the alkaline transfer instructions provided by the 
manufacturer).   

   4.    Radiolabeling kit (e.g., Prime-It II Random Primer Labeling 
Kit, Stratagene, La Jolla, CA).   

   5.    ProbeQuant G-50 Micro Column (size exclusion; Amersham).   
   6.    Southern blot hybridization solution: mix equal amounts of 

1 M Na 2 HPO 4  and 2 mM EDTA, pH 8.0, 2 % bovine serum 
albumin (BSA), 10 % SDS. Stock solutions can be stored at 
room temperature indefi nitely. The SDS in the mixed stock 
solutions will tend to precipitate at room temperature. It will 
go back into solution when heated to 65 °C.   

   7.    20× SSC (3 M NaCl, 0.3 M Na citrate, pH 7.0): mix 175.3 g 
NaCl and 88.2 g Na citrate in 800 ml H 2 O. Adjust to pH 7.0 
with HCl, if necessary, and adjust volume to 1 l. Store indefi -
nitely at room temperature.      

      1.    Plasmid pCβAsce (available from Dr. Jasin).   
   2.    High-capacitance electroporator (e.g., Gene Pulser II with 

Capacitance Extender Plus, Bio-Rad).   
   3.    Flow cytometer (e.g., FACScan [488 nm argon laser], BD 

Biosciences, San Jose, CA).       

3     Methods 

 Mouse ES cells grow very well in culture. Log-phase growth has a 
doubling time on the order of 18 h. It is necessary to culture ES 
cells in the presence of LIF to prevent their spontaneous differen-
tiation and loss of pluripotency. ES cells preferentially grow in 
clumps piled on top of one another. A healthy, nondifferentiated 
culture of ES cells will show discrete large “patches” of cells with 
individual cells not distinguishable within the patch. Additionally, 

2.5  Southern 
Hybridization

2.6  Measuring 
Homologous 
Recombination at a 
Defi ned Double-
Strand Break

Recombination in ES Cells
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the patches should show sharp, bright borders under a phase 
 contrast microscope on low power, indicative of their 3D piled-up 
nature. In contrast, unhealthy and/or differentiated ES cells grow 
as fl at monolayers of individually distinguishable cells that appear 
dull under phase contrast. 

  Caution : All manipulations must be carried out in a laminar fl ow 
tissue culture hood. 

       1.    Completely coat the bottom of a tissue culture plate with a 
0.1 % gelatin solution, e.g., use 3 ml for a 10-cm diameter 
plate. Make sure that the bottom of the plate is completely 
covered by tilting the plate back and forth a few times. Let the 
gelatin sit on the plate for a minute or two. Store sterile gelatin 
solution at room temperature.   

   2.    Completely aspirate off the gelatin solution but do not allow 
the plate to dry out. Leaving too much gelatin on the plate will 
“drown” the ES cells.   

   3.    Add an appropriate volume of ES cell media to the plate. 
8–10 ml is appropriate for a 10-cm plate ( see   Note 2 ).      

      1.    Remove the vial of cells from frozen storage, and wipe it down 
with 70 % ethanol.   

   2.    Open and then reclose the vial briefl y to allow air pressure to 
equilibrate. (Skip this step if opening a sealed glass vial.)   

   3.    Wearing gloves, hold the vial of cells in your hand until par-
tially thawed.   

   4.    Mix the partially thawed cells by inverting the vial a few times.   
   5.    Pour the partially thawed cells into the ES cell medium on a 

prepared tissue culture plate.   
   6.    Thaw the cells completely by swirling in the medium in the 

plate.   
   7.    Place immediately in a 37 °C humidifi ed tissue culture incuba-

tor with 5 % CO 2 .      

       1.    Transfer ES cell plate(s) from the incubator to a laminar fl ow 
tissue culture hood.   

   2.    Aspirate the medium.   
   3.    Add an appropriate volume of trypsin–EDTA solution to the 

cells and tilt the plate back and forth several times to ensure 
even treatment; 2 ml for a 10-cm plate works well.   

   4.    After the majority of the cells detach from the plate (usually 
requires a minute or two of gentle rocking), add at least 2 vol 
of complete tissue culture medium to the trypsinized cells and 
pipette up and down several times to disperse the cell clumps 

3.1  Preparing a 
Tissue Culture Plate 
for ES Cells

3.2  Thawing Frozen 
ES Cells

3.3  Subculturing 
ES Cells
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and generate a single cell suspension. Do not allow cells to sit 
in the trypsin–EDTA solution longer than necessary as they 
will lyse. Cells will be stable after dilution into medium as the 
serum in the medium stops the action of the trypsin. After 
addition of the medium, the cell density of the cellular suspen-
sion can be measured with a hemocytometer, if desired.   

   5.    Add an appropriate volume of the dispersed ES cells to the 
fresh ES cell medium in a prepared tissue culture plate and 
replace in the incubator. Split ratios of 10:1 work well. 20:1 
splits are possible, if necessary. Splits of greater than 20:1 are 
not recommended.      

      1.    Trypsinize cells from a 50 % confl uent 10-cm plate as in 
Subheading  3.3 ,  step 3 .   

   2.    Centrifuge the single-cell suspension of ES cells in medium for 
5 min at 500 ×  g  in a clinical centrifuge.   

   3.    Aspirate the trypsin–EDTA–medium from the cell pellet.   
   4.    Resuspend the cell pellet completely in 1 ml of 90 % ES cell 

medium/10 % sterile DMSO.   
   5.    Add to a labeled freezer vial.   
   6.    Freeze slowly by either using a freezing container at −80 °C or 

by placing the cell-containing vial directly in the  vapor  phase of 
a liquid nitrogen freezer. Do  not  place cells directly in the liq-
uid phase of a liquid nitrogen freezer for the actual freezing 
process.   

   7.    Short-term storage (several days) at −80 °C is acceptable. For 
long-term storage (more than 1 week), store in a liquid 
nitrogen- cooled freezer. Both liquid and vapor phase storage 
are acceptable. The cells stored in liquid nitrogen remain viable 
for several years.      

   It is necessary to determine for each ES line what level of drug 
selection will kill nonresistant cells. For hprtDRGFP, the selective 
drugs are puromycin and 6-TG. In general, we fi nd that a fi nal 
concentration of 10 μg/ml 6-TG is appropriate for all cell lines, 
but that the concentration of puromycin must be determined 
empirically.

    1.    Prepare ten 10-cm tissue culture plates, each with 9 ml ES cell 
medium.   

   2.    Trypsinize a 50 % confl uent 10-cm plate of ES cells, add 
medium and centrifuge for 5 min at 500 ×  g  in a clinical 
centrifuge.   

   3.    Aspirate the medium from the pellet, resuspend the pellet in 
10 ml medium and add 1 ml of the cell suspension to each of 
the prepared 10-cm plates, for a total volume of medium and 
cells of 10 ml per plate.   

3.4   Freezing ES Cells

3.5  Determining ES 
Cell Drug Sensitivity

Recombination in ES Cells
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   4.    Add puromycin to each plate to give fi nal concentrations of 0, 
0.1, 0.18, 0.32, 0.56, 1.0, 1.8, 3.2, 5.6, and 10.0 μg/ml 
puromycin.   

   5.    Incubate cells at 37 °C in a humidifi ed incubator with 5 % CO 2  
for 5 days.   

   6.    Note minimal concentration of puromycin that was necessary 
to kill  all  of the cells, i.e., no viable attached cells remain on the 
plate. For most ES cell lines, this concentration is typically in 
the range of 1–2 μg/ml puromycin.      

      1.    Aspirate medium from the plate.   
   2.    Treat with 100 % methanol for 30 s.   
   3.    Rinse briefl y with water.   
   4.    Stain with dilute Giemsa solution (typically a 10:1–20:1 dilu-

tion of stain in water—consult instructions from the supplier) 
until colonies are stained dark blue.   

   5.    Rinse away the stain completely with water and let the plate 
air-dry.      

  The vast majority of mouse ES lines in current use are derived from 
male mice. The goal is to target the hemizygous, X chromosome- 
linked,  Hprt  locus in male ES cells with the hprtDRGFP targeting 
construct to (1) determine the targeting effi ciency at this locus, 
and (2) derive stable integrants harboring the DR-GFP reporter 
gene at a defi ned locus in order to perform the gene conversion 
assay.

    1.    Linearize the plasmid phprtDRGFP at the ends of the target-
ing arms (Fig.  1 ): Digest 70 μg of plasmid for each cell line to 
be transfected in a total restriction digest volume of 400 μl 
with 100 U of  Sac I and 100 U of  Kpn I overnight at 37 °C.   

   2.    Verify that the plasmid has been correctly linearized: Digest 
1 μl of the  Sac I/ Kpn I-digested DNA with  Eco RV (4 U) in a 
total digestion volume of 15 μl at 37 °C for 1 h. As a control, 
add 1 μl of the  Sac I/ Kpn I-digested DNA to 14 μl of water.   

   3.    Add 3 μl of gel loading buffer to the  Eco RV digest and the 
control. Load and run on a 0.8 % agarose gel with suitable size 
markers.   

   4.    If the  Sac I/ Kpn I digest was complete, the control lane should 
have two bands of 9,611 and 2,856 bp. The  Eco RV-digested 
DNA should give three bands of 4,982; 4,629; and 2,856 bp.   

   5.    If the  Sac I digest was incomplete, the  Eco RV digest will show 
a higher band at 7,485 bp and under-representation of the 
4,629- bp band. If the  Kpn I digest was incomplete, the 
 Eco RV digest will show a higher band at 7,838 bp and 

3.6  Staining Colonies 
on a Tissue Culture 
Plate

3.7  Preparation of 
the Targeting Plasmid
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underrepresentation of the 4,982-bp band. In either case, 
the control DNA will show a higher band at 12,467 bp. In 
the event of an incomplete digest, add another 20 U of the 
appropriate enzyme, and digest again overnight. Then 
repeat  Eco RV treatment and gel analysis.   

   6.    Ethanol-precipitate the complete  Sac I/ Kpn I digest by adding 
40 μl of 8 M LiCl and 800 μl of 100 % ethanol. Vortex briefl y 
and incubate at room temperature for 3 min, and then 
microfuge at 12,000 ×  g  for 3 min.   

   7.    A white DNA pellet should be clearly visible. Decant the super-
natant and add 500 μl 75 % ethanol. Invert the tube several 
times to mix and then centrifuge briefl y to get the pellet back 
to the bottom of the tube.   

   8.    Pipet off the 75 % ethanol and allow the pellet to air-dry (do 
 not  vacuum-dry the pellet). Dissolve the pellet completely in 
70 μl 1/10× TE overnight at room temperature.    

        1.    Two days before electroporation, seed 2 × 10 6  ES cells onto a 
10-cm tissue culture plate. Incubate at 37 °C in a humidifi ed 
incubator with 5 % CO 2 .   

   2.    Warm bottles of ES cell medium and trypsin–EDTA solution 
to 37 °C.   

   3.    Aspirate the medium from the cells to be transfected and add 
prewarmed medium. Incubate cells for 4 h at 37 °C after this 
change to fresh medium.   

   4.    Prepare ten 10-cm tissue culture plates with 9 ml medium 
each.   

   5.    Place 70 μl of linearized targeting plasmid in a 1.0 × 0.4-cm 
electroporation cuvette.   

   6.    Add 10 ml prewarmed medium to a sterile 15-ml tube.   
   7.    Aspirate the medium from the ES cells, and add 2 ml warmed 

trypsin–EDTA.   
   8.    When cells start to detach, add 4 ml warmed ES medium. 

Resuspend the cells well, then centrifuge for 5 min at 500 ×  g  
in a clinical centrifuge.   

   9.    Resuspend the cell pellet in 650 μl room temperature PBS by 
pipeting up and down. Add the cell suspension in PBS to the 
electroporation cuvette with the added plasmid DNA and mix 
by pipeting up and down ( see   Note 3 ).   

   10.    Electroporate the plasmid into the cells with an electroporator 
set to 0.8 kV, 3 μF ( see   Note 4 ). Immediately add 1,300 μl 
(2 × 650 μl) of medium from the 15 ml tube to the 
 electroporation cuvette. Pipet up and down to mix and add the 
entire contents back to the 15-ml tube.   

3.8  Transfecting ES 
Cells with the 
Targeting Plasmid
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   11.    Add 1 ml of the electroporated cell suspension to each of the 
ten prepared 10-cm plates, for a fi nal vol of medium and cells 
of 10 ml, and incubate overnight at 37 °C in a humidifi ed 
incubator with 5 % CO 2 .   

   12.    Add an appropriate amount of puromycin ( see  Subheading  3.5 ) 
to each of the transfected plates and replace in the incubator 
for an additional 3 days.   

   13.    There should be signifi cant cell killing after 3 days of puromy-
cin selection. Replace the medium on all plates with fresh 
puromycin-containing medium and continue to incubate until 
colonies are barely visible to the naked eye (another 3 days 
typically).   

   14.    After colonies start to become visible (approximately 6 days 
post-transfection), add 6-TG stock solution to a fi nal concen-
tration of 10 μg/ml to nine of the ten transfected plates, leav-
ing one plate with puromycin without 6-TG.   

   15.    After colonies on the plate with puromycin alone are easily vis-
ible to the naked eye (an additional 2–3 days typically, for a 
total of 8–10 days post transfection) stain the plate and count 
the colonies. This count represents the total of both random 
and targeted integration. At this time, also change medium on 
the remaining nine plates to fresh medium with puromycin 
and 6-TG.   

   16.    When the puromycin-/6-TG-resistant (i.e., doubly resistant) 
colonies are 2–3 mm in diameter, they are ready to pick. First, 
count how many of the doubly resistant colonies there were on 
the nine doubly selected plates in total. The gene targeting 
effi ciency is the ratio of the number of these targeted colonies 
to the total number of stable integrants (from the plate with 
puromycin alone) normalized to the total number of cells 
transfected under each drug selection condition. For wild-type 
cells, this value is on the order of a few percent.   

   17.    Replace the medium on the nine targeted (doubly selected) 
plates with PBS. With a sterile pipet tip, remove 18 of the dou-
bly resistant colonies to individual wells in a 96-well plate, each 
well containing 20 μl trypsin–EDTA solution.   

   18.    Incubate at 37 °C for 5 min, then add 180 μl fresh medium 
and disperse the colonies by pipeting up and down. Transfer 
the cell suspensions to individual wells of a gelatin-precoated 
96-well plate. Place in the incubator for several days until cells 
are well established in the wells.   

   19.    Expand these individual colonies progressively through growth 
on 24-well plates, 6-well plates, and fi nally to  individual 10-cm 
plates.   

   20.    After expansion, freeze stocks of the clones and prepare 
genomic DNA for verifi cation of targeting by Southern blot.      
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  There are many procedures for preparing genomic DNA from 
tissue culture cells, but this one is included because it is particularly 
simple and inexpensive [ 11 ]. Adequate DNA is isolated from 
mouse ES cells from either a semi-confl uent well of a 6-well plate, 
or from about one-fourth of a 10-cm plate.

    1.    Trypsinize and suspend cells in medium as in Subheading  3.1 , 
 step 3 .   

   2.    Pellet an appropriate volume of cells and remove supernatant.   
   3.    Add 400 μl SALT-X solution. Resuspend by agitation and 

incubate at 55–65 °C in hybridization oven until the solution 
clears completely (ranges from overnight to several days; 
 see   Note 5 ).   

   4.    Transfer digested cells to a 1.5-ml microcentrifuge tube. Add 
300 μl NaCl-saturated water and shake the tube vigorously. 
Do  not  vortex. A white precipitate should form immediately.   

   5.    Centrifuge for 3 min to pellet proteins. If the pellet is not solid, 
shake vigorously again and repeat this step.   

   6.    Transfer all of the supernatant to a new 1.5-ml microcentrifuge 
tube and recentrifuge. (This step is optional, but 
recommended.)   

   7.    Transfer 600 μl of the supernatant to a new microcentrifuge 
tube. Avoid any pellet and/or cloudiness.   

   8.    Add 420 μl room temperature isopropanol and mix by repeated 
gentle inversion. Precipitated DNA should be evident. Let sit 
for 3 min at room temperature.   

   9.    Pellet genomic DNA in a microcentrifuge at 12,000 ×  g  for 
3 min. Rinse the pellet with room temperature 75 % ethanol, 
carefully aspirate the ethanol, let air-dry, and resuspend in 
100 μl 1/10× TE overnight at room temperature.   

   10.    Ensure that the genomic DNA is well dissolved and measure 
the DNA concentration by taking an OD 260  reading in a spec-
trophotometer. Adjust the concentration of genomic DNA to 
1 μg/μl with water and gentle agitation. The DNA will be 
stable at room temperature for several weeks or can be frozen 
for long-term storage.    

    Individual transfected clones are screened by Southern blot to 
verify that the reporter construct has integrated in an intact manner 
into the  Hprt  locus. A radiolabeled probe consisting of the  GFP  
coding sequence is used, and genomic DNA is digested with 
enzymes that cut between the  GFP  repeats in phprtDRGFP (e.g., 
 Pst I,  see  Fig.  1 ) and in the genome outside the construct. If the 
reporter has integrated correctly, two bands (and only two bands) 
of well-defi ned length should be observed. For a  Pst I digest, for 
example, the bands should be 8,177 and 3,755 bp, corresponding 

3.9  Preparing 
Genomic DNA from 
Transfectants

3.10  Verifying 
Targeted Integration 
of phprtDRGFP by 
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to targeted integration on the 5′ and 3′ sides, respectively. For a 
 Sac I/ Not I digest, the 3′- and 5′-specifc bands should be 7,488 and 
5,126 bp, respectively. Colonies resistant to both puromycin and 
6-TG typically show greater than 95 % correct targeted integration 
in wild-type cells.

    1.    Isolate  GFP  coding sequence for use as a probe. Digestion of 
plasmid phprtDRGFP with  Hind III yields three fragments of 
9,363; 2,298; and 806 bp. Gel-purify the 806 bp fragment 
using a suitable kit according to manufacturer’s instructions.   

   2.    Digest 8 μg of genomic DNA from each isolated 6-TG-resistant 
clone with  Pst I or with a combination of  Sac I and  Not I. Run 
the digestion products on a 0.8 % agarose gel with suitable size 
markers. Take a picture of the gel to locate the size markers.   

   3.    Blot the gel onto a suitable membrane.   
   4.    Radiolabel 15 ng of the  GFP  coding sequence probe with 

α[ 32 P]dCTP or α[ 32 P]dATP. 10 pg of whatever size marker 
used above in  step 2  can be included in the reaction to radio-
label the marker bands.   

   5.    Purify the radiolabeled probe from the unincorporated radio-
nucleotides and primers using a ProbeQuant G-50 Micro 
Column.   

   6.    Hybridize the probe with the membrane in hybridization solu-
tion overnight at 65 °C.   

   7.    Rinse the membrane with successive 30-min rinses with 2× 
SSC/0.1 % SDS (twice), 1× SSC/0.1 % SDS (twice) and fi nally 
0.5× SSC/0.1 % SDS (once) all at 65 °C. Dry the membrane 
and expose to fi lm for several days.    

    Transfection of phprtDRGFP-targeted cells with the pCβASce 
expression vector for the I- Sce I homing endonuclease will 
specifi cally generate a DSB in the  SceGFP  gene ( see  Fig.  1 ). 
Homologous recombination via short-tract gene conversion 
without crossing-over involving the downstream  iGFP  repeat will 
generate a functional  GFP   +   gene, giving rise to cells which 
constitutively express GFP protein. The proportion of cells 
expressing functional GFP can then be easily measured by fl ow 
cytometry. A fl ow cytometry core facility can perform this analysis 
if you do not have direct access to a fl ow cytometer. The practical 
limit of detection with this procedure is on the order of 0.01 % 
fl uorescent cells. Wild-type cells generally show homologous repair 
of a few percent.

    1.    Two days before electroporation, seed 2 × 10 6  phprtDRGFP- 
targeted ES cells onto a 10-cm tissue culture plate. Incubate at 
37 °C in a humidifi ed incubator with 5 % CO 2 .   

3.11  Measuring 
Homologous 
Recombination at a 
Defi ned DSB
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   2.    Warm a bottle each of ES cell medium, trypsin–EDTA solution 
and PBS to 37 °C.   

   3.    Aspirate the medium from the cells to be transfected and add 
prewarmed medium. Incubate cells for 4 h at 37 °C after this 
change to fresh medium.   

   4.    Add 50 μg pCβASce in a volume less than 80 μl to a 1.0 × 0.4- 
cm electroporation cuvette.   

   5.    Prepare two 10-cm tissue culture plates with 10 ml medium 
each.   

   6.    Aspirate the medium from the cells and add 2 ml warmed tryp-
sin–EDTA solution. When cells have substantially detached 
from the plate, add 4 ml warmed medium and resuspend cells 
thoroughly.   

   7.    Add 0.5 ml of the cell suspension to one of the prepared 10-cm 
plates. This will serve as the untransfected control. Place this 
plate back in the incubator.   

   8.    Centrifuge the remaining cell suspension at 500 ×  g  for 5 min 
in a clinical centrifuge.   

   9.    Aspirate the medium from the pellet. Add 650 μl of warmed 
PBS to the pellet and resuspend by pipeting up and down. Add 
the cells suspended in the PBS to the electroporation cuvette 
with the pCβASce plasmid DNA and thoroughly mix by pipet-
ing up and down.   

   10.    Immediately electroporate in a high-capacitance electropora-
tor at 1,000 μF, 0.25 kV ( see   Note 6 ).   

   11.    Immediately add 2 × 650 μl of medium from the prepared 
10-cm plate to the electroporation cuvette. Pipet vigorously 
up and down to resuspend the electroporated cells. Pour back 
onto the 10-cm plate, swirl, and immediately place in the 
37 °C humidifi ed incubator with 5 % CO 2 .   

   12.    The following day, rinse the electroporated plate with warmed 
PBS, removing as much cellular debris as possible, and add 
fresh medium.   

   13.    Split the unelectroporated control plate, if necessary, while the 
cells on the electroporated plate grow to a semi-confl uent state 
(usually 2–3 days).   

   14.    Trypsinize cells from the untransfected and each transfected 
plate into cellular suspensions. Replate 1/10 vol of cells sus-
pended in medium from each plate onto a freshly prepared 
10-cm plate.   

   15.    Analyze 1/10 vol of the cells suspended in medium by fl ow 
cytometry for the presence of green fl uorescence (from expres-
sion of GFP). This is the preliminary analysis. We use a Becton 
Dickinson FACScan (488-nm argon laser) with the following 
settings given in Table  1 .

Recombination in ES Cells
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       16.    Set up a gate on SSC vs FSC to select for cells with a well- 
defi ned size and shape, taking care to eliminate debris and 
clumps. We typically collect fl uorescent information from 
10,000 cells within the gated SSC vs FSC population.   

   17.    From this gated population, plot FL1 (green fl uorescence) vs 
FL2 (orange fl uorescence). The nonfl uorescent cells will fall 
on the FL1/FL2 diagonal. The cells that underwent homolo-
gous recombination to restore a functional  GFP  gene will form 
an obvious discrete population shifted “greenward” on the 
FL1 axis, away from the FL1/FL2 diagonal. Set a gate to 
quantify these cells (Fig.  2 ).

       18.    When the split cells have grown to a semi-confl uent state, tryp-
sinize, resuspend in medium, and reanalyze by fl ow cytometry 
( steps 15 – 17 ) to get the fi nal values for green fl uorescence.    

   Table 1  
  Argon laser settings   

 Parameter  Voltage  Amplifi cation  Scale 

 FSC (forward scatter)  10 −1   4.8×  Linear 

 SSC (side scatter)  380 V  1.0×  Linear 

 FL1 (green fl uorescence)  460 V  1.0×  Log 

 FL2 (orange fl uorescence)  525 V  1.0×  Log 

  We set the threshold to FSC 52, and use 25 % FL2–FL1 compensation. Your set-
tings will depend upon your particular instrument  
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  Fig. 2    Flow cytometric analysis of transfected cells.  GFP  green fl uorescent protein. 
See text for details       
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4        Notes 

     1.    This serum has been specifi cally tested for the ability to sup-
port undifferentiated ES cell growth (e.g., Invitrogen).   

   2.    Recommended depth of medium is 3 mm. Less medium tends 
to have nutrients consumed and pH altered too rapidly, 
whereas greater depths lead to poor gas exchange.   

   3.    The PBS is actually slightly hypotonic to the cells. Extended 
suspension in PBS will render the cells more fragile and lead to 
greater cell killing and lower transfection effi ciencies.   

   4.    These electroporation conditions are very mild. There should 
be almost no cell killing. These conditions are suitable for elec-
troporation of linearized plasmid DNA only—circular or 
supercoiled plasmid will not successfully transfect under these 
conditions.   

   5.    The digestion process can be enhanced by periodically agitat-
ing the mixture. If the digestion process is incomplete, the 
proteins will not pellet cleanly in subsequent steps and genomic 
DNA will be diffi cult to recover.   

   6.    These conditions suitable for effi cient electroporation of circu-
lar and supercoiled plasmid are quite harsh and should kill 
approx 50 % of the cells. If excessive cell killing is noted, reduce 
the electroporation voltage, typically in 20-V increments. 
If little cell killing is noted, the electroporation voltage can be 
increased to give greater transfection effi ciency.         
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    Chapter 35   

 Microsatellite Instability: An Indirect Assay to Detect 
Defects in the Cellular Mismatch Repair Machinery 

           Narendra     K.     Bairwa    ,     Anjana     Saha    ,     Sailesh     Gochhait    , 
    Ranjana     Pal    ,     Vibhuti     Gupta    , and     Rameshwar     N.    K.     Bamezai    

    Abstract 

   The DNA mismatch repair (MMR) pathway plays a prominent role in the correction of errors made during 
DNA replication and genetic recombination and in the repair of small deletions and loops in DNA. 
Mismatched nucleotides can occur by replication errors, damage to nucleotide precursors, damage to 
DNA, or during heteroduplex formation between two homologous DNA molecules in the process of 
genetic recombination. Defects in MMR can precipitate instability in simple sequence repeats (SSRs), also 
referred to as microsatellite instability (MSI), which appears to be important in certain types of cancers, 
both spontaneous and hereditary. Variations in the highly polymorphic alleles of specifi c microsatellite 
repeats can be identifi ed using PCR with primers derived from the unique fl anking sequences. These PCR 
products are analyzed on denaturing polyacrylamide gels to resolve differences in allele sizes of >2 bp. 
Although (CA) n  repeats are the most abundant class among dinucleotide SSRs, trinucleotide and tetra-
nucleotide repeats are also frequent. These polymorphic repeats have the advantage of producing band 
patterns that are easy to analyze and can be used as an indication of a possible MMR defect in a cell. The 
presumed association between such allelic variation and an MMR defect should be confi rmed by molecular 
analysis of the structure and/or expression of MMR genes.  

  Key words     Allele sizes  ,   Denaturing PAGE  ,   Loss of heterozygosity (LOH)  ,   Microsatellite instability 
(MSI)  ,   Microsatellite markers  ,   Mismatch repair (MMR) genes  ,   Mutator phenotype  ,   DNA sequenc-
ing  ,   Simple sequence repeats (SSRs)  ,   Simple sequence length polymorphism (SSLP)  

1       Introduction 

 DNA repair is present in all organisms as a major defense against 
damage to cellular genetic material. It is involved in processes that 
minimize cell death, mutations, replication errors, persistence of 
DNA damage, and genomic instability. DNA mismatch repair 
(MMR) has a prominent role in the correction of errors made dur-
ing DNA replication and genetic recombination. The MMR path-
way is responsible for detecting and repairing short segments of 
mismatched base pairs, such as T opposite G, or an addition of 
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extra nucleotides, resulting in unpaired bases within the DNA. 
Thus, MMR recognizes normal nucleotides that are either unpaired 
or paired with a noncomplementary nucleotide. The formation of 
mismatched nucleotides can occur by polymerase misincorpora-
tions (i.e., replication error), damage to nucleotide precursors, 
damage to DNA, or heteroduplex formation between two 
 homologous DNA molecules during genetic recombination. Rapid 
repair of replicative errors provides the genome with a protection 
against mutation and guards the genome by preventing recombi-
nation between nonhomologous regions of DNA [ 1 ,  2 ]. 

 In  E. coli , methyl-directed MMR involves the products of the 
mutator genes  mutS ,  mutL ,  mutH , and  uvrD . In vitro, MutS is a 
DNA mismatch-binding protein, UvrD is a DNA helicase II, and 
MutH is an endonuclease that incises at the transiently unmethyl-
ated DNA strand [ 3 ]. In eukaryotes, the MMR system is more 
complex. Genetic studies have demonstrated that the major DNA 
MMR pathway in  Saccharomyces cerevisiae  requires three bacterial 
MutS homologs, MSH2, MSH3, and MSH6, and two bacterial 
MutL homologs, MLHI and PMSI. Human homologs of the yeast 
mismatch repair genes  hMSH2 ,  hMLH1 , and  hPMS2  have been 
identifi ed and shown to be mutated in patients and their kindred 
with hereditary nonpolyposis colon cancer (HNPCC) [ 1 ,  2 ,  4 ]. 

 The fi rst clue that an MMR defect might be responsible for 
HNPCC came from the observation of a previously unrecognized 
phenomenon in colon cancer cells from patients with HNPCC. 
These tumors often exhibited “ladders” of new microsatellite 
alleles created by insertion and deletion of multiples of the repeat 
length in tumor DNA compared with non-neoplastic DNA. 
Microsatellite or simple sequence repeats (SSRs) are tandemly 
repeated DNA sequences that are characteristically present in the 
genomes of living organisms [ 5 ]. The addition of novel microsatel-
lite alleles in the tumor was called microsatellite instability (MSI). 
In HNPCC, MSI was discovered to be the result of germ line 
mutations in the MMR genes. 

 MSI occurs mainly because of DNA biosynthetic errors that 
are generated by DNA polymerase and escape the proofreading 
mechanism [ 6 ]. Strand slippages result in misaligned intermediates 
in repetitive sequences, creating the potential for insertion and 
deletion mutations if they are not corrected prior to replication in 
the subsequent cell cycle, as in MMR-defi cient cells [ 7 ,  8 ]. Since 
microsatellite repeats fall into this category, tumors from patients 
with HNPCC [ 9 ] and some other types of cancer such as certain 
breast cancers [ 10 ,  11 ] have elevated mutation rates in microsatel-
lite sequences, and monitoring of MSI has become an indirect, 
semiquantitative tool to characterize MMR [ 12 ,  13 ]. Experiments 
demonstrating how certain DNA-damaging agents can transiently 
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inactivate the MMR system by saturating its repair capacity,  creating 
a temporary “mutator” phenotype with MSI, have reinforced the 
ability of MSI to assess the MMR status of a cell [ 14 ]. 

 As the list of MMR proteins grows, studies are beginning to 
identify the many ways that these proteins can mix and match to 
generate distinct complexes with specifi cities for the different sub-
strates involved in meiotic recombination, base mismatch repair, 
and the repair of small deletions and loops in DNA [ 3 ,  15 ]. 
Biochemical studies have demonstrated that mismatch recognition 
is mediated primarily by a heterodimer of  hMSH2  and  hMSH6 . 
Interestingly, although mutations in the  hMSH2  gene are shown to 
segregate frequently with HNPCC [ 16 ,  17 ],  hMSH6  has been 
shown to be mutated to date in only a few atypical HNPCC fami-
lies, as well as in a few sporadic colon tumors [ 18 ]. Moreover, 
there are signifi cant differences between the mutator phenotypes 
of cell lines lacking  hMSH2  and  hMSH6 , in as much as both are 
defi cient in the correction of base–base mismatches, but only the 
former is also defi cient in the repair of insertion/deletion loops, 
resulting in MSI [ 19 ]. The hMSH2/6 protein heterodimer has 
been shown to recognize base–base mispairs effi ciently, but its 
affi nity for loops of more than one extra helical nucleotide is rela-
tively low, depending on fl anking sequence context. In later stud-
ies, it was shown that a third MutS homolog, hMSH3, could form 
a heterodimer with hMSH2 and that this latter complex effi ciently 
recognizes loops of two or more extrahelical nucleotides. Thus, the 
two MSH heterodimers, hMSH2/6 and hMSH2/3, are function-
ally complementary in the correction of slippage products in inser-
tion/deletion loops [ 20 ,  21 ]. 

 Defective MMR results in abnormalities in the processes of 
DNA repair that have been implicated in carcinogenesis and aging. 
It has been suggested that MMR defects are themselves procar-
cinogenic and may also be involved in the development of resis-
tance to cancer chemotherapy. Besides being an indicator of cellular 
MMR effi ciency, MSI along with “loss of heterozygosity” (LOH) 
is used to determine the extent of “genetic instability” in tumor 
samples. This important parameter can be used for statistical cor-
relation with other clinicopathological/molecular markers to fur-
ther understand the disease etiology and also to evaluate the actual 
transformed cell content in the tumor sample in the absence of 
laser capture microdissection (LCM) facility [ 22 ]. 

 This chapter describes gel-based radioactive and nonradioac-
tive methods to detect an MMR defect indirectly by analyzing mic-
rosatellite sequence variations in matched samples of tumor and 
nontumor DNA (Fig.  1 ). Although other technologies, such as 
dHPLC and the fragment analysis application on capillary DNA 
sequencers/related instruments have evolved to meet the demand 
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for high-throughput analysis with increased sensitivity and auto-
mation, the gel-based technique elaborated below remains the 
most cost-effective and convenient method of detecting MSI.

2        Materials 

      1.    Lysis buffer: 0.32 M sucrose (autoclaved), 5 mM MgCl 2 , 
0.01 M Tris–HCI, pH 8.0, 1 % Triton X-100 (e.g., Sigma, St. 
Louis, MO). Store at room temperature.   

   2.    Digestion buffer: 100 mM NaCl, 25 mM EDTA, 0.5 % sodium 
dodecyl sulfate (SDS), 10 mM Tris–HCl, pH 8.0.   

   3.    Phenol equilibrated with 0.1 M Tris–HCI, pH 8.0. Use gloves 
and store at 4 °C.   

   4.    Chloroform.   
   5.    Isoamyl alcohol.   
   6.    3 M Sodium acetate, pH 5.2.   
   7.    Absolute ethanol (Merck, Mumbai, India).   
   8.    TE buffer: 10 mM Tris–HCI, 1 mM EDTA, pH 8.0.   
   9.    Gel loading dye: 0.25 % bromophenol blue, 0.25 % xylene 

 cyanol, 30 % glycerol. Use gloves and store at 4 °C.   

2.1  Genomic DNA 
Isolation

  Fig. 1    Schematic representation of the detection of microsatellite instability (MSI) in tumors using the simple 
sequence length polymorphism (SSLP) technique       
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   10.    TBE buffer: 80 mM Tris-base, 40 mM boric acid, 2 mM EDTA. 
Make as 10× stock solution, and store at room temperature.   

   11.    Ethidium bromide: 10 mg/ml stock solution in autoclaved 
distilled water. Use gloves, protect from direct light and store 
at 4 °C.   

   12.    1 % Agarose in 1× TBE buffer.   
   13.    Genomic DNA diluted in autoclaved distilled water from test 

samples to be analyzed. Store at 4 °C.      

  Use gloves to handle.

    1.    Sterile PCR tubes.   
   2.    PCR kit: reaction buffer, enzyme, dNTP mix, [α 32 P]dCTP 

(e.g., Amersham Pharmacia, Piscataway, NJ). Store at −20 °C.   
   3.    Primers for microsatellite region. Store at −20 °C until use and 

after.   
   4.    Mineral oil. Store at room temperature.   
   5.    Thermal cycler (e.g., MJ Research, Miami, FL).      

      1.    Autoclaved distilled water.   
   2.    Sequencing gel apparatus.   
   3.    Sigmacote (Sigma). Store at 4 °C.   
   4.    29:1 Acrylamide– bis -acrylamide stock. Store at 4 °C.   
   5.    Urea.   
   6.    10× TBE running buffer: 0.8 M Tris-base, 0.4 M boric acid, 

20 mM EDTA.   
   7.    Stop buffer or loading dye: 0.25 % bromophenol blue, 0.25 % 

xylene cyanol, 1 mM EDTA, 95 % formamide, 5 % 1× TBE. 
Store at 4 °C.   

   8.    Sequencing gel apparatus (e.g., Bio-Rad, Hercules, CA).   
   9.    Power pack (e.g., Bio-Rad PAC 3000).      

      1.    Phosphorimager (e.g., Shimadzu) or, alternatively, X-ray fi lm 
and X-ray fi lm developing solutions (e.g., Kodak and Sigma).      

 

     1.    Agarose, molecular biology grade (e.g., Sigma or Pronadisa, 
Rehovot, Israel).   

   2.    Tris-saturated phenol, pH 8.0. Store at 4 °C.   
   3.    3 M Sodium acetate, pH 5.2. Store at room temperature.   
   4.    Absolute ethanol.      

2.2  Polymerase 
Chain Reaction

2.3  Preparation 
of Polyacrylamide 
Gel and Gel 
Electrophoresis

2.4  Processing 
of Denaturing 
Acrylamide Gel Data 
for Analysis

2.5  Agarose 
Purifi cation 
of DNA Bands
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      1.    PCR product ligation kit (e.g., Promega, Madison, WI).   
   2.    Insert DNA.      

      1.    Competent bacterial cells (e.g., DH5α).   
   2.    Sterile culture plates.   
   3.    Luria broth (LB) medium.   
   4.    Ampicillin. Store at −20 °C.      

      1.    PCR tubes.   
   2.    Primers for sequencing the allele (e.g., Genemed Synthesis, 

South San Francisco, CA).   
   3.    Sequenase-dye termination kit (e.g., Epicentre, Madison, WI).   
   4.    Mineral oil.   
   5.    Thermal cycler.      
 

     1.    Autoclaved distilled water.   
   2.    Acrylamide– bis -acrylamide stock (19:1).   
   3.    Ammonium persulfate (APS; 10 %) and TEMED.   
   4.    1× TBE buffer: 80 mM Tris-base, 40 mM boric acid, 2 mM 

EDTA. Make as a 10× stock solution.   
   5.    Gel loading dye: 98 % formamide, 10 mM EDTA, 0.05 % bro-

mophenol blue, 0.05 % xylene cyanol.       

3     Methods 

   Set up all reactions on ice.

    1.    Isolate total genomic DNA from blood samples using a  standard 
genomic DNA isolation protocol ( see   Notes 1  and  2 ).   

   2.    Check the quality of DNA by running a 0.8 % agarose gel at a 
low voltage of 40–50 V. Mix the genomic DNA with 1/6 vol-
ume of gel loading dye and load onto the wells. Visualize the 
high-quality genomic DNA on a UV transilluminator; it should 
be seen as a single band without shearing.   

   3.    Quantify the DNA by taking the optical density (OD 260 ) spec-
trophotometrically, dilute the samples to a concentration of 
25 ng/μl in autoclaved distilled water, and store at −20 °C 
until analysis ( see   Note 3 ).      

       1.    In a total vol of 12.5 μl per reaction, for each sample mix a 
microsatellite marker primer set (6.25 pmol of each primer), 
10 ng target DNA, 100 nM dNTPs, 1× PCR reaction buffer, 
0.5 U Taq polymerase ( see   Note 6 ), and [α 32 P]dCTP 
(e.g., Amersham).   

2.6  Ligation of DNA 
Bands for Sequencing

2.7  Transformation 
of Ligated Product and 
Screening of Positive 
Clones

2.8  Sequencing 
Reactions for 
Confi rming and 
Determining 
Microsatellite Allele 
Sizes

2.9  Preparation of 
Polyacrylamide Gel 
for Nonradioactive 
Microsatellite Marker 
Analysis

3.1  Preparation 
of Template

3.2  Polymerase 
Chain Reaction for 
Amplifi cation of 
Microsatellite Markers 
( See   Notes 4  and  5 )
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   2.    Process the PCR reaction for 25 cycles of denaturation at 
94 °C for 2 min, annealing at 55–65 °C for 30 s, and extension 
at 72 °C for 1 min, followed by a fi nal extension at 72 °C for 
5 min ( see   Notes 7  and  8 ).   

   3.    Stop the PCR reaction by adding 3 μl of stop buffer containing 
formamide.      

         1.    Clean the sequencing gel plates very well with distilled water.   
   2.    Wipe the plates with absolute ethanol.   
   3.    Coat one of the sequencing gel plates with fresh Sigmacote.   
   4.    Clean spacers with absolute ethanol and place securely on the 

bottom plate. Secure the plates properly with clamps.   
   5.    Clean the shark-tooth comb with absolute ethanol, and keep it 

ready to be inserted between the two plates after pouring the 
gel mix.   

   6.    Prepare the gel mix (8 %) by adding 5.7 g of acrylamide, 0.3 g of 
 bis -acrylamide, 31.5 g of urea (8 M), 7.5 ml of 10× TBE, 300 μl 
of 10 % APS, and 20 μl of TEMED. Mix all the  constituents 
properly, and pour between the two plates ( see   Notes 9  and  10 ).   

   7.    Leave the assembly undisturbed until the gel is polymerized.   
   8.    Denature the samples at 95 °C for 5 min, and chill immediately 

on ice for 5 min prior to loading.   
   9.    Load around 3 μl of each reaction into the appropriate well of 

the denaturing gel and electrophorese at a high temperature of 
40–45 °C at constant watt (45 W) for 2–4 h ( see   Note 11 ).      

       1.    After completion of the gel run, fi x the gel in 10 % methanol, 
10 % acetic acid for 15–20 min, wash out the urea with a brief 
rinse in double distilled water; then carefully transfer it onto a 
3MM size Whatman sheet and dry in a gel dryer.   

   2.    Use phosphorimager intensifying plates to expose the dried 
gel, and analyze the results in a phosphorimager. Alternatively, 
expose the gel to X-ray fi lm and develop ( see  Fig.  2  and  Notes 
12  and  13 ).

             1.    Excise the PCR-amplifi ed product from the agarose gel and put 
gel fragment in a l.5-ml microcentrifuge tube ( see   Note 13 ).   

   2.    Add 1 ml of saturated phenol, pH 8.0, to the tube and freeze it 
at –80 °C. Take out the frozen tube and thaw it completely.   

   3.    Repeat the freeze-thaw steps three times to dissolve the aga-
rose piece ( steps 1  and  2 ).   

   4.    Take out the frozen tube containing the dissolved agarose 
piece and centrifuge at a high speed of 16,000 ×  g  for 20 min at 
room temperature.   

3.3  Preparation 
of Denaturing 
Polyacrylamide Gel 
for Microsatellite 
Marker Analysis

3.4  Processing 
of Denaturing 
Acrylamide Gels for 
Microsatellite Analysis

3.5  Agarose 
Purifi cation of DNA 
Bands from Samples, 
Which Differ 
in Mobility Shift 
(Depicting MSI) 
in Denaturing Gel
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   5.    Take out the aqueous phase and transfer to a fresh tube. Add 
an equal volume of chloroform to the tube, mix, and centri-
fuge again at 13,500 ×  g  for 10 min.   

   6.    Transfer the aqueous phase, add 1/10 vol of 3 M sodium ace-
tate, pH 5.2, and make up to 1 ml with absolute ethanol. Allow 
the DNA to precipitate for 30–45 min at –20 °C.   

   7.    Centrifuge at 16,000 ×  g  at 4 °C for 20 min to precipitate the 
DNA.   

   8.    Wash the DNA pellet with chilled 70 % ethanol for 10 min at 
4 °C.   

   9.    Dry the pellet and fi nally dissolve it in 10 μl of autoclaved dis-
tilled water.   

   10.    Check the quality of the DNA by running on an agarose gel 
and quantitate concentration ( see  Subheading  3.1 ,  step 3 ).      

      1.    Mix 2× reaction buffer, T-tailed Vector (e.g., pGEM-T 
Promega ligation kit), enzyme (ligase), and DNA insert 
 (gel-eluted product) in a 0.5-ml microcentrifuge tube. Mix 
well, and make up the volume to 10 μl (as per instructions 
given in, e.g., Promega PCR ligation kit. Also determine the 
quantity of insert required for carrying out ligation according 
to kit instructions.)   

   2.    Incubate at 16 °C for 4–6 h, followed by an overnight incuba-
tion at 4 °C.      

      1.    Carry out the transformation using  E. coli  competent cells 
(e.g., DH5α, XL-I).   

   2.    Rescreen for positive clones through colony PCR using the 
same set of primers as was used for amplifying the genomic 

3.6  Ligation of 
Gel-Eluted Product for 
Determination of Allele 
Size or Repeats

3.7  Transformation 
of Ligated Product 
and Screening of 
Positive Clones

  Fig. 2    ( a – c ) MSI observed with microsatellite markers in breast tumors (lane  B , 
blood DNA; lane  T , tumor DNA) by the radioactive method on an 8 % denaturing 
polyacrylamide gel       
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DNA, under the same PCR conditions as given in 
Subheading  3.2 . Always run a negative control to avoid false 
positive results.      

      1.    Grow positive clones overnight in 5 ml of LB medium.   
   2.    Isolate the plasmid as described in the plasmid isolation kit 

(e.g., Sigma or Promega).      

      1.    For each template, label four 0.5-ml PCR tubes as “G”, “A”, 
“T”, and “C”, respectively.   

   2.    Aliquot 2 μl each of ddGTP mix, ddATP mix, ddTTP mix, and 
ddCTP mix into the corresponding microcentrifuge tubes.   

   3.    For each template (consisting of a set of four tubes: G, A, T, 
C), prepare a master mix consisting of 7.2 μl of 3.5× reaction 
buffer, template (plasmid with insert DNA), 0.7 μl of 15 pmol/
μl sequencing primer, 0.5 μl of labeled dNTP ( 32 P-dCTP/
dATP), 1.0 U of sequencing enzyme (e.g., Epicentre sequenc-
ing reaction kit), and water to make up the vol to 17 μl.    

   4.    Gently vortex the mix and then briefl y spin down the tube 
containing the master mix.   

   5.    Dispense 4 μl of the master mix into each of the tubes contain-
ing different ddNTP mixes. Mix them by pipeting up and 
down a few seconds, and fi nally overlay the reaction mix with 
mineral oil.   

   6.    Carry out sequencing reactions in a thermal cycler for 30 cycles 
using the following program: denaturation at 95 °C for 30 s, 
annealing at 42 °C for 30 s, extension at 72 °C for 1 min, fol-
lowed by a fi nal extension for 10 min at 72 °C    

   7.    Stop each reaction by adding 2 μl of stop buffer provided with 
the sequencing kit.      

      1.    Prepare and run the gel as described in Subheading  3.3 .   
   2.    Fix and process the gel as described in Subheading  3.4 .   
   3.    Develop the gel to read the microsatellite sequence ( see  Fig.  3 ).

             1.    Prepare the gel apparatus as described in Subheading  3.3 , 
 steps 1 – 5 .   

   2.    Prepare 20 % acrylamide stock of 19:1 acrylamide to 
  bis - acrylamide ,  and store it at 4 °C after fi ltering. Prepare the 
required gel concentration from the stock solution as described 
in Subheading  3.3 ,  step 6 .   

3.8  Recombinant 
Plasmid Isolation from 
Positive Clones 
for Sequencing of 
Insert (Amplifi ed 
Microsatellite Region)

3.9  Sequencing 
of Plasmid with 
Microsatellite Insert

3.10  Preparation 
of Polyacrylamide Gel 
for Sequencing of 
Microsatellite Product

3.11  Preparation 
of Polyacrylamide 
Gel (10–12 %) for 
Nonradioactive 
Microsatellite Marker 
Study
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   3.    Leave the assembly undisturbed until the gel is polymerized.   
   4.    Prepare the samples by adding appropriate amplicons, adding 

2 μl of gel loading dye and making up the vol to 10 μl.   
   5.    Load the full volume of each reaction into the appropriate well 

of the nondenaturing gel, and electrophorese at room tem-
perature at 120 V for an appropriate time (depending on the 
length of the amplicon;  see   Note 11 ).      

      1.    After completion of the gel run, stain the gel with ethidium 
bromide and visualize on a UV transilluminator.   

   2.    For storage of the gels and further processing, fi x the gel in 
10 % ethanol/0.5 % acetic acid for 15–20 min.   

   3.    Stain the gel in 0.1 % silver nitrate solution for 30 min.   
   4.    Wash the gel three times with distilled water.   
   5.    Develop in 1.5 % sodium hydroxide solution in the presence of 

400 μl formaldehyde until bands appear.   
   6.    When bands start appearing, replace the solution with 0.75 % 

sodium bicarbonate solution until the bands become intense.   
   7.    Stop development, and store the gels in 2 % acetic acid 

( see  Fig.  4 ).

3.12  Processing 
of Nondenaturing 
Acrylamide Gels 
for MSI Analysis

  Fig. 3    Partial sequence showing variant alleles of (CA/GT)  n   repeats in blood ( B ) 
and tumor ( T ) DNA       
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4             Notes 

     1.    When isolating genomic DNA, handle with care to minimize 
shearing of the DNA.   

   2.    DNA is best purifi ed with phenol/chloroform.   
   3.    Target template should be well-quantifi ed, because PCR sensi-

tivity and product amplifi cation are directly correlated.   
   4.    For all PCR reactions, use fresh sterile tips, tubes, and an asep-

tic bench area.   
   5.    The protocol describes the analysis of MSI through simple 

sequence length polymorphism (SSLP) analysis. The primers 
used should fl ank the microsatellite loci of interest and be spe-
cifi c to avoid amplifi cation of any additional region in the 
genome.   

   6.    High-proofreading-activity polymerases are preferred over 
other polymerases. However, if high proofreading polymerases 
like Vent/Pfu turbo (that do not add 3′ adenosine to the end 
of the PCR product) are used, then subsequent TA-cloning to 
determine the exact repeat length by sequencing will not be 
possible.   

   7.    The PCR conditions should be standardized for each microsat-
ellite marker under study. Optimization or standardization of 
cycling conditions may be required for specifi c PCR product 
apart from other factors, e.g., MgCl 2 , target concentration, 
annealing temperature, and so on.   

   8.    For microsatellite PCR primer standardization, three-step 
touch-down PCR is preferred [ 23 ,  24 ]. This involves initial 
annealing at the most stringent temperature, followed by a 

  Fig. 4    ( a – b ) MSI observed with microsatellite markers in breast tumors (lane  B , 
blood DNA; lane  T , tumor DNA) by the nonradioactive method (silver-stained, 
nondenaturing polyacrylamide gel)       
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stepped reduction in annealing temperature. For example, 
annealing at 55–65 °C could involve, 5 cycles at 65 °C, 5 cycles 
at 60 °C and the remaining cycles at 55 °C. This procedure 
aids in obtaining full-length, specifi c PCR products.   

   9.    APS should always be freshly prepared. Filter the gel mix 
before adding APS and TEMED.   

   10.    While pouring the gel solution, avoid air bubbles in the gel 
matrix.   

   11.    Wash the wells properly to remove traces of urea prior to sam-
ple loading, using a syringe and a needle; otherwise smiling 
and distortion of bands may occur.   

   12.    While analyzing the results of microsatellite marker study, the 
most intense band should be considered the authentic band, as 
there may be additional “stutter” bands.   

   13.    Any indecision in band shifts can be resolved by repeating the 
PCR, either fresh, or by reamplifying the eluted variant band.         
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    Chapter 36   

 Unscheduled DNA Synthesis: The Clinical and Functional 
Assay for Global Genomic DNA Nucleotide Excision Repair 

           Jean     J.     Latimer      and     Crystal     M.     Kelly   

    Abstract 

   The unscheduled DNA synthesis (UDS) assay measures the ability of a cell to perform global genomic 
nucleotide excision repair (NER). This chapter provides instructions for the application of this technique by 
creating 6-4 photoproducts and pyrimidine dimers using UV-C irradiation. This procedure is designed 
specifi cally for quantifi cation of the 6-4 photoproducts. Repair is quantifi ed by the amount of radioactive 
thymidine incorporated during repair synthesis after this insult, and radioactivity is evaluated by grain count-
ing after autoradiography. The results are used to clinically diagnose human DNA repair defi ciency disorders 
and provide a basis for investigation of repair defi ciency in human tissues or tumors. No other functional 
assay is available that directly measures the capacity to perform NER on the entire genome without the use 
of specifi c antibodies. Since live cells are required for this assay, explant culture techniques must be previ-
ously established. Host cell reactivation (HCR), as discussed in Chapter   37    , is not an equivalent technique, 
as it measures only transcription-coupled repair (TCR) at active genes, a small subset of total NER.  

  Key words     Unscheduled DNA synthesis (UDS)  ,   Nucleotide excision repair (NER)  ,   DNA repair  , 
  DNA damage  ,   UV light  ,   Pyrimidine dimers  ,   6-4 Photoproducts  ,   Global genomic repair (GGR)  , 
  Transcription-coupled repair (TCR)  

1       Introduction 

 Long patch, or  N ucleotide  E xcision  R epair (NER), is the primary 
process by which cyclobutane pyrimidine dimers, 6-4 pyrimidine-
pyrimidone photoproducts, and DNA cross-links are removed 
from the DNA [ 1 ,  2 ]. Ultraviolet (UV) 254nm  light (UV-C), as well 
as UV-mimetic drugs, induces DNA lesions that are corrected by 
the NER pathway. Damage lesions caused by agents that act as 
interstrand and intrastrand cross-linkers, such as cisplatin [ 3 ], cova-
lently bind to DNA creating “bulky” adducts, such as 
 N -acetoxyaminoacetylfl uorene (AAAF) [ 4 ] and perhaps alkylating 
agents, such as cyclophosphamide [ 5 ,  6 ] are also remediated by this 
pathway. NER is a complicated process requiring the protein prod-
ucts of 25–30 genes [ 7 ]. NER involves the recognition of a damage 
lesion causing distortion of the DNA helix, incisions fl anking the 
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lesion on the damaged strand, excision of 27–29 bases including 
the damage lesion, and replication and ligation to replace the 
excised information and seal the strand breaks at each end of the 
newly synthesized region [ 8 – 11 ]. This pathway can also be recruited 
for other types of DNA damage lesions that have not been cor-
rected by base excision and other single stranded DNA repair 
mechanisms [ 12 ,  13 ]. In effect, the NER pathway provides redun-
dancy for these other repair systems should they be overwhelmed 
by a genotoxic exposure [ 1 ]. Since the environment generally con-
tains mixtures of chemicals, a signifi cant genotoxic exposure is not 
an unlikely event. In the clinical setting, cancer chemotherapy is 
generally a cocktail of several genotoxic agents that together can 
overwhelm the repair capacities of the tumor cells. 

 Human cells perform NER at two levels: the rapid and effi cient 
removal of lesions that block ongoing transcription and thus need 
to be eliminated quickly, also known as transcription-coupled 
repair (TCR) [ 14 ,  15 ];  see  Chapter   37    , and the slower, less effi cient 
repair of bulk DNA, including the nontranscribed strand of active 
genes, also referred to as global genomic repair (GGR). In addi-
tion, the sense strand of the actively transcribed gene is repaired 
before the antisense strand. Rodent cells apparently do not per-
form repair of the bulk DNA and therefore cannot serve as fully 
accurate model systems for NER. This underscores the need for 
primary cultures to evaluate tissue-specifi c repair differences in the 
human system. 

 NER of the overall genome can be measured quantitatively 
using the unscheduled DNA synthesis (UDS) assay. The UDS assay 
involves the measurement of labeled base incorporation into the 
DNA after in vitro exposure to UV light or certain chemicals 
(Fig.  1 ). The UDS assay is a cell-autonomous, functional assay, in 
that it allows one to look at the complex process of NER as a whole, 
at least as it is expressed in a particular cell type [ 16 – 18 ]. As applied 
in our laboratory, this assay predominantly quantifi es the repair of 
UV-induced DNA 6-4 photoproducts, and elements of both the 
“global genomic” as well as the “transcription-coupled” compo-
nents of NER contribute to the results ( see   Note 1 ). The commer-
cially available “Click-iT” cell proliferation assay can also quantify 
NER by such repair synthesis, using a new fl uorescently labeled 
nucleoside, 5-ethynyl-2’-deoxyuridine (EdU) [ 19 ]. Other existing 
functional assays for NER include an ELISA-based method that 
uses specifi c antibodies against damage lesions (thymine dimers or 
6-4 photoproducts ( see     Chapter   37    ), which can also be performed 
with standardized antibodies [ 20 ] or even with a kit (CycLex 
Cellular UV DNA-Damage Detection Kit, MBL International, 
Woburn, MA). More recently, there are also PCR-based assays ( see  
Chapter   31    ), and fl ow cytometry-based assays [ 21 ,  22 ]. Recent 
studies using the UDS protocol in this chapter include functional 
analyses of primary cultures of human lymphocytes, breast and 
ovarian tissue, and early-stage breast tumors [ 23 – 26 ].

Jean J. Latimer and Crystal M. Kelly
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   The autoradiographic UDS assay requires the analysis of living 
cells. It has previously been applied primarily to skin fi broblasts and 
peripheral blood lymphocytes (PBLs) for diagnosis of xeroderma 
pigmentosum (XP) and other DNA repair diseases impacting spe-
cifi cally on the NER pathway. Classical NER defi ciency disorders 
are characterized by UV sensitivity manifesting mainly in the skin 
and cornea [ 1 ]. 

 Studies involving functional assays in general, and specifi cally 
functional assays of DNA repair capacity, have been hampered by a 
technical lack of ability to perform primary explant culture on all cell 
types. The one notable exception is that of rat hepatocyte primary 
cultures, which have been used extensively in UDS assays for evalu-
ation of the carcinogenic potential of chemicals [ 27 ,  28 ]. Although 
repair assays can be performed on established, transformed cell lines, 

  Fig. 1    NER schematic as measured by the UDS assay. The assay involves damaging cells with UV-C light, then 
allowing the cells to repair themselves over a designated period of time. The UV light causes the formation of 
pyrimidine dimers and 6-4 photoproducts. Over time, the cells utilize the NER pathway to remove a single 
stranded DNA molecule containing 23–27 bases including the damage lesion. Resynthesis of the removed 
strand is then performed in the presence of radioactive thymidine. The amount of repair is therefore correlated 
with the total incorporation of radioactive thymidine       
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the generation of cell lines from normal adult tissue has proven to 
be a technical challenge. In addition, during the process of passag-
ing, established cell lines undergo clonal evolution that may alter or 
extinguish many of the original characteristics of the cells, including 
their intrinsic repair capacity [ 29 ,  30 ]. Techniques that use Epstein-
Barr virus [ 31 ], SV40 [ 32 ], or papilloma virus [ 33 ] to immortalize 
cells actually reduce NER, and are not recommended for determin-
ing the baseline repair in a cell lineage or tumor cells. The potential 
impact of hTERT (human telomerase) that has been more recently 
used to immortalize cells has not yet been determined [ 34 ]. Until 
recently, cell culture techniques did not exist to support primary 
culture explants of most human tissues. These tissues require attach-
ment to a substratum of some sort of extracellular matrix (ECM). 
Our laboratory has developed methods for primary culture of vari-
ous cell types [ 23 ,  35 ]. 

 The UDS assay was fi rst described by Rassmussen and Painter 
[ 36 ]. Its name stems from the fact that the assay looks at the 
DNA repair mechanisms of cells in all stages of replication except 
synthesis or S phase (we know of no technique that will measure 
NER during S phase). There are two methods of quantifying 
data from the assay: autoradiography or scintillation counting. 
Autoradiography is the preferred method and is described in this 
Chapter. Although it is labor intensive, software packages have 
been designed in an attempt to remove the human subjectivity of 
this aspect of the data analysis [ 37 – 39 ]. However, our laboratory 
still performs grain counting with 2–3 independent counters on 
each slide, due to the fact that the current software is still inade-
quate for appreciating the differences between silver grains and 
darkly stained nucleoli, for example, in some cases. Finding rare 
cells can also be diffi cult without an automated stage for a grain 
counting software program. The greatest strength of software-
based grain counting is the evaluation of background, as this is 
the area where individual reader subjectivity is greatest. 

 Scintillation counting is a simplifi ed form of the autoradio-
graphic assay that was popularized in industry for the hepatocyte 
evaluation of mutagenic chemicals. In order for it to be accurate, 
all of the S phase cells would have to be eliminated. In an attempt 
to achieve this, the use of hydroxyurea was incorporated into the 
original UDS protocol. However, we have found that up to 40 % 
of the cells can still be in S phase even in the presence of hydroxy-
urea, which would signifi cantly affect the results and render them 
inaccurate. Indeed, since S phase nuclei incorporate hundreds of 
times more radioactive label than non-S phase cells, only a few 
cells that happen to be in synthesis mode would render these 
experiments quite inaccurate. We therefore recommend the auto-
radiographic form of this assay more than the scintillation count-
ing form, which probably should only be used to determine 
major trends. 
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 Controls for use in combination with this assay can include 
commercially available, repair defi cient XP cell lines. Our labora-
tory standardly utilizes foreskin fi broblasts as a positive standard 
for comparison, grown on tissue culture plastic in MEM medium. 
These cells can reliably be used as extended explants up to passage 
13. Explants beyond 13 passages show a decreasing repair capacity 
relative to the earliest passages. We have recently demonstrated 
considerable tissue variation in NER capacity, suggesting that a tis-
sue matched control should be used [ 23 – 26 ,  35 ]. For controls in 
lymphocyte studies, we recommend the transformed lymphoblas-
toid cell line TK6 [ 23 ]. 

 Published doses of UV irradiation utilized for UDS experi-
ments range from 5 to 50 J/m 3 . It is recommended that a dose–
response curve be performed in order to determine the optimal 
dose of UV-C for a given cell type.  

2     Materials 

      1.    Viable experimental samples ( see   Note 2 ).   
   2.    Positive (and, if appropriate, negative) controls, including 

“tester” slides ( see   Notes 3 – 5 ).   
   3.    2-chamber chamber slides (made by Nunc, ordered from 

Fisher Scientifi c, Pittsburgh, PA), 2–4 slides per sample, con-
trols, 4 slides minimum.   

   4.    10-cm 2  round cell culture dish (one per chamber slide) (made 
by Corning, ordered from Fisher).   

   5.    Whatman fi lter paper (3 mm CHR in 35 cm × 45 cm sheets, 
Thomas Scientifi c, Swedeboro, NJ) cut into 2.5 cm × 5 cm 
strips, wrapped in tin foil and autoclaved (one strip per cham-
ber slide).   

   6.    Appropriate growth medium for each type of cell that will be 
analyzed.   

   7.    Fetal bovine serum (FBS, Hyclone, Logan, UT).   
   8.    Sterile tissue culture hood (Class IIA/B3 Biological Safety 

Cabinet, ThermoForma Scientifi c, Mariette, OH).   
   9.    Tissue culture incubator with 5 % CO 2  (ThermoForma Series 

II Water Jacketed CO 2  Incubator, Forma Scientifi c).   
   10.    Vortex mixer.   
   11.    Specialized UV delivery device (Design Specialties, Bethel 

Park, PA) (Fig.  2 ) [ 40 ].
       12.    Short wave UV meter (e.g., Spectroline model DM-254XA, 

Spectronics, Westbury, NY).   
   13.    80 Ci/mmol  3 H thymidine (NET 027Z, New England 

Nuclear, Boston, MA). Thaw and allow to warm to room tem-
perature before use ( see   Note 6 ).   

2.1  Cell Irradiation, 
Labeling and Fixation
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   14.    Radiolabeled thymidine incubation medium: 10 μCi  3 H 
 thymidine label (80 Ci/mmol) per mL of appropriate medium 
for each cell type, including serum and 1× Penicillin–
Streptomycin (10,000 U/mL penicillin G sodium, 100,000 μg/
mL streptomycin sulfate in 85 % saline, Invitrogen [Gibco], 
Carlsbad, CA). For example, for 20 slides, in a total volume of 
20 mL of medium with serum, 200 μL of label are added. Add 
 3 H thymidine to the medium immediately before use.   

   15.    Nonradioactive thymidine cold chase medium: medium of 
choice supplemented with 10 −3  M thymidine nucleoside (Sigma, 
St. Louis, MO). Add 10 % serum just prior to use and fi lter 
through a 0.45 μm fi lter (Nalgene, through Fisher) ( see   Note 7 ).   

   16.    1× Salt Sodium Citrate (SSC) (Sigma).   
   17.    100 mL 70 % ethanol (made fresh to prevent evaporation) 

(Fisher).   

  Fig. 2    Specialized UV delivery device created to deliver a specifi c damaging 
 dosage of UV-C light. The machine consists of three appropriate UV bulbs, a 
turntable and timed shutter, all enclosed by plexiglass. The distance from the 
bulbs to the sample (3 ft) determines the amount of damage the bulbs can give 
over a set time       
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   18.    33 % acetic acid (Fisher) in ethanol (made fresh), total 100 mL.   
   19.    Scalpel.   
   20.    Hemostats (2).   
   21.    Vertical glass slide “Copeland” jars (Fisher). Each holds fi ve 

slides, so the number of jars needed depends on the size of the 
experiment.   

   22.    4 % perchloric acid (diluted from stock 60 % perchloric acid 
[Fisher]) (store in a fume hood, can be explosive). Need about 
60 mL per Copeland jar.      

      1.    Rectangular glass slide jars with glass slide holders (Fisher). 
Each holds ten slides.   

   2.    Distilled water.   
   3.    Paper towels.   
   4.    Sealed darkroom ( see   Note 8 ).   
   5.    Kodak Autoradiography Emulsion (catalog no. 889 566, Type 

NTB) 118 mL/vial (stored at 4 °C) ( see   Note 9 ).   
   6.    48 °C water bath in dark room.   
   7.    Lab tape.   
   8.    Small 3–4 cm diameter funnel (Fisher).   
   9.    50, 400, 1,000 mL beakers.   
   10.    Amersham dipping chamber (Piscataway, NJ).   
   11.    Darkroom drying box ( see  Fig.  3 ).
       12.    Light tight slide boxes containing desiccant at one end behind 

a glass slide.   
   13.    Regular and heavy duty tin foil.   
   14.    Refrigerator.      

      1.    Four rectangular glass slide dishes (Fisher).   
   2.    Three lab timers (VWR, Pittsburgh, PA).   
   3.    Tap water, ice.   
   4.    Medium sized plastic developing tray (Gage Industrial, Lake 

Oswego, OR).   
   5.    Thermometer.   
   6.    Kodak D-19 Developer (stored at 4 °C) (Eastman Kodak, 

Rochester, NY).   
   7.    Kodak fi xer (stored at 4 °C) (Eastman Kodak).   
   8.    Two glass staining dishes for slides (Copeland jars).   
   9.    0.5 g Giemsa powder (Fisher).   
   10.    Glycerol.   

2.2  Slide Processing 
I: Dipping in Emulsion

2.3  Slide Processing 
II: Developing 
Emulsion
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   11.    60 °C water bath.   
   12.    Methanol.   
   13.    Stirring plate.   
   14.    Parafi lm.   
   15.    Whatman fi lter paper (3 mm CHR) and funnel.   
   16.    100 mL brown glass bottle.   
   17.    Giemsa stock solution ( see   Note 10 ).   
   18.    0.1 M citric acid.   
   19.    0.2 M Na 2 HPO 4 .   
   20.    Staining solution: 0.015 % (w/v) Giemsa, 0.6 M methanol, 

7 m M citric acid, 0.02 M Na 2 HPO 4 , pH 5.75. 
 For 100 mL: 
 2 mL Giemsa stock solution. 
 2.4 mL methanol. 
 6.8 mL 0.1 M citric acid. 
 9.2 mL 0.2 M Na 2 HPO 4 . 
 80 mL distilled H 2 O.   

   21.    Rinse buffer: 7 m M citric acid, 0.02 M Na 2 HPO 4 . 
 For 100 mL: 
 6.8 mL 0.1 M citric acid. 
 9.2 mL 0.2 M Na 2 HPO 4 . 
 Bring up to 100 mL with distilled H 2 O.   

  Fig. 3    An example of a drying box for slides just dipped in emulsion. It is best to 
have a box with a removable lid (in this example, a copier paper box). Four pieces 
of string are strung across the length of the box like clothes lines, with nine small 
bulldog clips evenly spaced on the knotted string, to hang the slides       
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   22.    Upright microscope with oil immersion 100× objective 
(e.g., Zeiss Axioskop, Oberkochen, Germany).      

      1.    Create a standardized counting sheet, with columns for grains 
over nuclei and background (grains over a nucleus-sized area 
of the acellular fi eld). Several other pieces of data that we sug-
gest should be recorded include: total number of cells in the 
microscope fi eld (countable nuclei and S phase cells), S phase 
cells and morphology of the cells. These parameters may be 
correlated with NER, or defi ne differential cell populations.   

   2.    Grain counts can be processed with any suitable statistical 
 software, such as SAS (SAS Institute, Cary, NC) or the statisti-
cal package included in the Excel spreadsheet program 
(Microsoft, Redmond, WA).       

3     Methods 

       1.    All cells should be placed into culture at least 2 days before the 
performance of the UDS assay. Ideally, the cells on the fi nal 
slides should be easy to fi nd, but not identifi able as clumps or 
clones (i.e., the slides should be less than semi-confl uent on 
the day of the assay). Therefore, seed appropriate numbers of 
each experimental and control cell populations ( see   Notes 2 – 4 ) 
into both chambers of four 2-chamber slides (total volume of 
1 mL, free of DMSO, trypsin, etc.).   

   2.    Place each chamber slide into a 10-cm 2  round cell culture dish 
with a piece of dampened sterilized fi lter ( see   Note 11 ).   

   3.    Incubate at 37 °C in a standard tissue culture incubator with 
5 % CO 2  for 2 days.   

   4.    Turn on UV bulbs on the UV delivery device (Fig.  2 ) and 
allow them to warm up for at least 1 h. Test the dose delivery 
rate under experimental conditions with a short wave (254 nm) 
UV Spectroline meter and adjust if necessary (time of exposure 
and/or distance from bulbs;  see   Note 12 ).   

   5.    Thaw radioactive label and allow to warm to room temperature.   
   6.    Feed all cells (replace with fresh medium) 1 h before UV expo-

sure. Label all slides in pencil.   
   7.    Thoroughly mix the  3 H-thymidine label by vigorous vortex-

ing. For up to 20 slides, add 200 μL label to 20 mL medium 
with serum to create “hot incubation media” with a fi nal con-
centration of 10 μCi/mL. Vortex until foam appears.   

   8.    Remove regular medium from all chamber slides. Divide 
experimental and control chamber slides into groups of four, 
ensuring there is a positive control slide (and a negative con-
trols slide, if necessary) in each group.   

2.4  Grain Counting 
and Normalization

3.1  Cell Irradiation, 
Labeling, and Fixation
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   9.    Leave the chamber of each slide closest to the ground class label 
covered with the plastic lid and uncover the other chambers.   

   10.    Start the turntable (set at “mid” speed) to equalize exposure. 
Expose slides in sets of four, as determined in Subheading  3.1 , 
 step 7 .   

   11.    Immediately after irradiation, add 0.5 mL of “hot incubation 
medium” to each chamber of each chamber slide, for a total of 
1 mL of media per slide. 10–12 slides should be handled at a 
time to prevent the cells from drying out, with a maximum of 
40 slides per experiment.   

   12.    Incubate the slides for 2 h in tissue culture incubator (may 
wish to designate a “radioactive” incubator and/or “radioac-
tive” shelf;  see   Note 13 ).   

   13.    Add FCS to the cold chase medium.   
   14.    In the radioactive hood, remove the “hot incubation medium” 

from all chamber slides by pipetting and replace with 0.5 mL 
of cold chase media.   

   15.    Incubate the slides for 2 h in tissue culture incubator.   
   16.    Prepare fresh 70 % ethanol and fi xative solution (33 % acetic 

acid in 100 % ethanol).   
   17.    In the radioactive hood, remove the cold chase medium by 

aspiration and gently rinse each side of the chamber slides with 
1 mL of 1× SSC.   

   18.    Remove the 1× SSC immediately by aspiration, and replace it 
with 0.5 mL fi xative solution in each chamber. Leave at room 
temperature for 15 min.   

   19.    Remove fi xative by aspiration and leave slides to partially dry 
for 5 min. Add 0.5 mL of 70 % ethanol to each chamber and 
leave at room temperature for 15 min.   

   20.    Remove the ethanol by aspiration. Remove the chambers and 
rubber gaskets from the slides, using a sharp scalpel to loosen 
one corner of the rubber gasket. Once the corner is free, use a 
pair of hemostats to pull the remaining gasket away from the 
slide. Any remaining gasket can be lightly scraped off with 
the scalpel. All traces of the gasket must be removed or it will 
cause the emulsion to be too thick on the edges of the slide.   

   21.    Place the slides in radioactively labeled Copeland jars with 4 % 
perchloric acid. The jars are then placed in a refrigerator 
overnight.      

   Caution: All steps in the dipping process must be done in complete 
darkness (with no safe lights) until the slides are dry, packaged and 
wrapped in foil ( see   Note 8 ).

3.2  Slide Processing 
I: Dipping in Emulsion
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    1.    Remove the slides from Copeland jars and rinse by letting 
them sit in distilled H 2 O for 3–4 min. Allow the slides to dry 
in the hood for 24 h in glass slide holders sitting on paper 
towels.   

   2.    Melt emulsion and heat to 48 °C in a water bath in dark room. 
First, place the emulsion in a 1,000 mL beaker with 400 mL of 
water and then place the beaker into the water bath for 1.5 h. 
To keep the emulsion from fl oating, fi ll a 50 mL beaker and 
place it on top of the emulsion container. Stir the emulsion 
every 30 min, to ensure complete thawing.   

   3.    Prepare a “drying box” in which to hang and dry the slides 
(Fig.  3 ).   

   4.    Before taking the slides into the darkroom, place a triangular 
piece of tape on the upper right corner of each slide on the 
ground glass. This is to allow the slides to be oriented by touch 
in the dark while dipping. At this time, select one slide of each 
type of control to be “tester” slides. These slides will be placed 
in a separate drying box, and will be developed fi rst in order to 
determine when the slides from the entire experiment have 
developed suffi ciently for scoring.   

   5.    Place an Amersham dipping container in a beaker half full of 
48 °C water. In the darkroom, with all of the lights off includ-
ing the red light, carefully pour the emulsion into the dipping 
container with a small funnel. Use your ungloved little fi nger 
to ensure the emulsion has fi lled the dipping container (the 
emulsion is nontoxic).   

   6.    Orienting them by the piece of tape from Subheading  3.2 , 
 step 4 , take each slide and dip it into the dipping container 
(lightly tap the slide on both sides of the container to ensure it 
is fully in the dipping container).   

   7.    Allow each slide to drip a few seconds after removing it from 
the dipping container, and then hang the slide in the box with 
the bulldog clips with the ground glass at the top.   

   8.    The “tester” slides should be hung exclusively on the fi rst 
string and all subsequent slides hung on the other three pieces 
of string. The emulsion will have to be refi lled every 15–25 
slides.   

   9.    After all the slides have been dipped the lid should be placed 
over the box. Allow the slides to dry in the box in the dark for 
1 h in complete darkness.   

   10.    Prepare plastic slide boxes by taping a clean glass slide toward 
one end of the box. In the space behind the slide, add desic-
cant. Place a piece of tape on the lid of the slide box to orient 
the front of the box in the dark. For each box, have three layers 
of foil ready to wrap the boxes in the dark after the slides have 
been placed in them (two layers regular, one heavy duty).   
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   11.    Place the tester slides only in the fi rst slide box, close the lid, 
wrap it in foil, and mark it with a “T” (for testers) on the foil, 
with the date.   

   12.    Remove the remaining slides from the drying box and place 
them in the other slide boxes, wrapping them in foil and mark-
ing them “E” (for experimental) and dating them.   

   13.    Place the emulsion back in its original box and wrap it with foil 
as well. The emulsion is very light sensitive so any measures 
that are taken to lessen the exposure to light will prolong the 
useful lifetime of the emulsion and maintain low background 
on the slides.   

   14.    Place the slide boxes in a refrigerator until developing.     

         1.    The tester slides are developed 12 days after dipping (day 1 
being the day after dipping).   

   2.    Take all slide boxes out of the refrigerator and allow to warm 
to room temperature for a minimum of 5 h.   

   3.    In the darkroom, create a 15 °C water bath using water and ice 
in a medium sized developing tray.   

   4.    Place four slide dishes into the 15 °C water bath. In the fi rst 
dish, place D19 developer (1:1 dilution with dH 2 O), place 
undiluted fi xer in the third, and water only in the second and 
fourth (each slide dish holds 250 mL of liquid). The red light 
may be on while these solutions come down to temperature.   

   5.    Set three timers (one for 4 min and two for 5 min) before you 
enter the darkroom. It helps to use timers that beep when the 
start button is pressed, as well as when time has expired.   

   6.    In complete darkness, place the tester slides in a glass slide 
holder and attach the wire holder. Lower the slide holder into 
the fi rst dish (developer) and start the timer set for 4 min.   

   7.    Move the slides into the second dish (water) for a count of 
10 s, then place them into the third dish (fi xer). Start a timer 
set for 5 min.   

   8.    Move the slides into the fourth dish (water again) and start the 
second timer set for 5 min. The lights can then be turned back 
on, as long as there are no other open slide boxes or unexposed 
slides.   

   9.    Dry the tester slides for at least 1 h.   
   10.    Giemsa stain the slides for 7 min in Copeland jars ( see   Note 14 ).   
   11.    Rinse the slides in the rinse buffer for 3 min and allow to air 

dry in a dust free environment for 2–3 h.   
   12.    Score the tester slides according to Subheading  3.4 . If the slides 

are determined to have developed long enough ( see   Note 15 ), 
develop the experimental slides in batches of 5–10  according to 

3.3  Slide Processing 
II: Developing 
Emulsion
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Subheadings  3.3 ,  steps 1 – 9 . The experimental slides can dry 
overnight in a dust free environment, to be stained the following 
day. If development is not suffi cient, return the experimental 
slides to the refrigerator and determine when they should be 
developed ( see   Note 13 ).      

       1.    Once all of the slides have been stained, the nuclei of the cells 
can be counted (Fig.  4 ). There should be at least two slides per 
type of cell. Two criteria must be met for both the controls and 
the experimental slides for a successful experiment:
    (a)    there must be a reasonable number of grains per nucleus, 

particularly with regard to the background (25–50 for the 
irradiated chamber, 1–5 in the unirradiated chamber).   

  (b)    there must be suffi cient cells (or nuclei) on at least two 
slides (100 scorable nuclei is ideal, less than 25 is 
insuffi cient).    

      2.    Orient the slide to be counted on the microscope stand so that 
the ground glass is to the left (the unirradiated side of the slide 
will now always be to the left and the irradiated to the right).   

   3.    Scan both sides of the slide with a low power objective before 
counting, to ensure that there are at least 20 cells on both sides. 
If less than 20 cells are visible in each chamber then it will be 
necessary to pool multiple slides of the same time to obtain 20 
unirradiated nuclei and 20 irradiated nuclei. If multiple slides 
do not exist, then this specimen cannot be evaluated for repair 
capacity. It is best to count a minimum of 100 cells on both 
sides of a slide. There should be some nuclei that are black with 
grains indicating cells that are in S phase ( see  Fig.  4 ). These cells 
can be marked in a separate column on the counting sheets.   

   4.    If the slide is scorable, view it under oil immersion at 1,000× 
magnifi cation (10× eyepiece × 100× objective) to resolve indi-
vidual silver grains.   

   5.    The Giemsa stain should provide three shades of purple color 
at high magnifi cation. The lightest purple is the cytoplasm of 
the cells. There should be few to no grains in this area 
( see   Note 16 ). The nuclei are the second darkest purple. These 
will contain the majority of silver grains representing  3 H thy-
midine incorporated into the cell’s DNA. The number of 
grains over the nuclei is proportional to the amount of repair. 
These are the grains that are counted ( see   Note 17 ). For both 
the positive control and the experimental slides, if the positive 
control is appropriate, the average number of grains per nuclei 
should be ~50 on the irradiated side of the slide. The third 
deeper purple is the nucleoli of the cell.   

   6.    To determine the “background” (grain count outside of the 
nuclei), the counter should defi ne an acellular area that is about 

3.4  Grain Counting 
and Normalization
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the same size as the nuclei in that fi eld and count the number 
of grains. Background counts should be usually 5 or less. For 
evaluation of tester slides,  see   Note 15 .   

   7.    For each experiment two slides should be counted for each 
type of cell, and two individuals should count each slide. Slides 
of the same cell type analyzed in the same experiment and 
developed on the same day should have a coeffi cient of vari-
ance of 10–15 %. Counters on the same slide should have 
results that are within10–15 % as well.   

   8.    After the unirradiated and irradiated side of a slide is counted, 
statistical analysis may be completed. To arrive at the corrected 
value for the individual nuclei, take the counts per nuclei and 

  Fig. 4    100× Micrograph of Giemsa-stained MCF-7 cells after UDS: ( a ) unirradi-
ated cells, ( b ) irradiated cells       
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subtract the background for that fi eld for both the unirradiated 
and irradiated counts. To fi nd the mean number of grains for 
each slide take the corrected value for the unirradiated cells 
and divide by the total number of nuclei counted (not includ-
ing S phase cells). Do the same for the irradiated cells, and 
then take the average number of grains per nuclei for the unir-
radiated nuclei and subtract it from the average number of 
grains for the irradiated nuclei. 

  (Corrected irradiated grains per nucleus/total number nuclei 
counted − corrected unirradiated grains per nucleus/total nuclei 
counted) = average number of grains per nuclei.    

   9.    To compare the experimental slides to the control, take the 
average of grains per nuclei for the experimental slide and 
divide by the average number of grains per nuclei for the con-
trol. Multiply this number by 100 to arrive at the percent repair 
for the experimental slide as compared to the control. 

  (Average number of grains per nuclei of experimental/ 
average number grains per nuclei of control × 100) = % repair as 
compared to control.    

   10.    To compare the experimental slides to a population of con-
trols, take the % repair as determined relative to the concurrent 
control and multiply this by the ratio of the concurrent control 
divided by the average repair for the population. Multiply this 
number by 100 to arrive at the percent repair for the experi-
mental slide as compared to the average of the control 
population. 

  (% repair as compared to concurrent control  ×  average num-
ber grains per nuclei of concurrent control/average number 
grains per nuclei of average of control population  ×  100)  =  % 
repair as compared to average of control population.        

4     Notes 

     1.    There is a perception that the HCR assay is specifi c for the 
TCR component of NER, while the UDS assay is specifi c for 
GGR. The specifi city of the HCR assay ( see  Chapter   37    ) comes 
from the fact that repair is detected through repair of a reporter 
gene (although it is a foreign gene in an unnatural context). 
However, for UDS to be totally exclusive of TCR, the GGR 
mechanism would have to specifi cally avoid or exclude repair-
ing damage in transcribed sequences, and there is no evidence 
that GGR has such specifi city. Indeed, it has been estimated 
that ~10 % of the repair measured in the HCR assay occurs 
through the incidental activity of GGR on the reporter gene 
[ 41 – 43 ]. The specifi city of the UDS assay, if it has any, comes 
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simply from the fact that the vast majority of the genome is 
either noncoding, or non-transcribed in any particular cell 
type. Indeed, given the faster kinetics of TCR, the UDS assay 
probably quantitates a greater proportion of this type of repair 
than GGR, however, how much this contributes to the fi nal 
result is unknown.   

   2.    The UDS assay has traditionally been performed on monolayer 
cell cultures, such as skin fi broblasts, transformed fi broblastic 
cell lines or hepatocytes. The stable attachment of such cells to 
glass slides allows the entire assay to be performed as described, 
on cells cultured on chamber slides. However, there is no rea-
son that irradiation and labeling cannot be done prior to the 
attachment of the cells to a slide for quantifi cation. Indeed, 
with cells, such as lymphocytes, that have a weaker attachment 
to the slides themselves, we see a signifi cant attrition in scorable 
cells through slide processing. Thus, we have coated the slides 
to enhance their attachment [ 23 ,  44 ]. Similarly, we have 
attached single layer sheets of cells to slides for processing, or 
even isolated labeled nuclei and attached them to the slide 
[ 35 ]. We have also found that 3-dimensional cellular structures 
can be analyzed, as long as only the outer layer of cells is scored, 
since they are the only ones who receive an unattenuated dose 
of UV, and are directly exposed to the emulsion [ 23 ].   

   3.    Since the UDS assay is affected by the strength of the radiola-
bel as well as the emulsion, it cannot be considered an absolute 
assay of DNA repair, and raw grain counts in and of them-
selves, are relatively meaningless (although they are often 
reported). Instead, repair capacity should be reported relative 
to a standardized positive control, analyzed concurrently in 
each experiment. Foreskin fi broblasts (FF) have traditionally 
been used as the positive control for the UDS assay ( see   Note 
18  for a protocol for establishing FF cultures). Besides being 
relatively easy to acquire, FF are described as having relatively 
high levels of repair [ 18 ], suggesting that NER declines with 
age, which some studies have observed [ 45 ], but not our own 
[ 23 ]. The positive control should ideally provide two  different, 
but related references: fi rst, it should provide a baseline mea-
sure of the “normal” level of NER for the experimental sam-
ples to be compared against, and second, it should provide a 
guide as to when the experiment, specifi cally the exposure of 
the emulsion, can be successfully concluded ( see   Notes 4  and 
 15 ). FF have long been considered to provide both references, 
both for analyses of cell lines and for fi broblast samples taken 
from patients for diagnosis. However, it is signifi cant that diag-
nostic studies of PBLs have used normal PBLs as controls; we 
have recently shown that there is a 20-fold difference in the 
baseline NER capacity of the two cell types [ 23 ]. In addition, 
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a single “normal” sample, often randomly acquired, usually 
serves as the control, whereas we have also shown that there is 
considerable inter-individual variability in NER capacity in the 
“normal” population. Mixtures of FF from several babies have 
sometimes been used to attempt to account for possible inter-
individual differences. Instead, we suggest that a population of 
normal samples should fi rst be analyzed, with the “concur-
rent” control included. The fi nal grain counts can then be nor-
malized not just against the concurrent normal sample, but, 
through it, to the normal population. 

 If lymphocytes are being run in the experiment, an appro-
priate control appears to be the lymphoblastoid cell line TK6 
(although transformed cells, in general, cannot be assumed to 
have “normal” repair). Lymphocytes need to be developed for 
a longer period of time because of their low repair, usually 
14–16 days instead of 12. The accuracy of the fi nal determina-
tion is based on the number of grains scored, not the number 
of cells. Thus, if the slides are developed too early (which would 
be the case if lymphocyte slides were developed on a timetable 
based on FF controls) they have very few grains, making it dif-
fi cult to unambiguously establish a difference between the irra-
diated and unirradiated populations. In general, grain counts 
of 50–100 should be projected prior to emulsion development, 
and we regularly count 200–300 nuclei per slide.   

   4.    Tester slides are extra positive control slides that must be 
designed into an experiment in order to determine the optimal 
exposure time for the emulsion. The freshness of the label and 
of the emulsion (background grains increase with each thaw-
ing of the emulsion), as well as the changing conditions of the 
darkroom can all be variables in terms of the length of time 
autoradiographic slides should be developed for maximal sig-
nal to noise ratio. Generally two extra FF (or other control) 
slides are made for this purpose and are packaged separately for 
development at 12 days, to be grain counted before the slides 
of the rest of the experiment are developed. If the rest of the 
experimental slides are developed on the same day as the tester 
slides, then the tester slides can be used as additional positive 
control slides in the experiment. If the tester slides are devel-
oped on a day other than the experimental slides, they may not 
be included (as positive standards of comparison) in the analy-
sis of the experimental slides.   

   5.    If the experiment is designed to document repair defi ciency, 
“negative” controls, i.e., repair-defi cient cells, may be included, 
in addition to the standardized positive controls. Indeed, a sec-
ond set of slides may be prepared, and developed using the 
negative controls slides as guides although these will not in any 
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way replace the unirradiated chamber controls. Three human 
diseases have been found to be associated with defects in the 
NER genes: xeroderma pigmentosum (XP) with seven 
 complementation groups, Cockayne syndrome, with fi ve com-
plementation groups, three of which overlap with those of XP, 
and trichothiodystrophy, with three complementation groups, 
two of which overlap with XP [ 1 ]. UDS has historically been 
used to diagnose XP in skin fi broblasts or in peripheral blood 
lymphocytes, since these patients are more or less defi cient in 
NER depending on their complementation group. Cockayne 
syndrome affects primarily transcription-coupled repair (TCR). 
There is a considerable range of residual activity amongst 
patients in these various XP complementation groups (<10 % 
in groups A, B, and G up to 50 % in groups D and E), with 
none exhibiting complete defi ciency [ 46 ]. Complete NER 
defi ciency may be a prenatal lethal condition; a mutation in 
 ERCC1 , the fi rst NER gene cloned, has only recently been 
identifi ed in a single patient [ 47 ], perhaps because they are 
usually inviable at the organismal level [ 48 ]. XP cell lines 
(immortalized both with and without the use of exogenous 
agents) can be purchased from the American Type Culture 
Collection (ATCC, Manassas, VA) or Coriell Cell Repositories 
(Camden, NJ) for negative control use.   

   6.    Date the label when it arrives and discard 1 month from arrival 
date due to chemical deterioration. Label should be stored at 
−20 °C.   

   7.    Cold thymidine media should be stored without the presence 
of serum, which can bind the thymidine and effectively lower 
the bioavailable thymidine. For 100 mL of medium, add 
0.0242 g of thymidine (this solution can be stored at 4 °C for 
a period of 3 months as long as it lacks serum).   

   8.    This portion of the assay is extremely light sensitive. All light 
sources must be covered or removed, including lights on water 
baths, temperature control for the room, light leaks from 
doorways and light fi xtures and any other sources in the dark 
room including fl uorescent watches. Spend 20 min in the 
room with all the lights off to identify light sources and cover 
them before the procedure is begun if you are uncertain of the 
integrity of your darkroom. The assay can also be affected by 
static electricity during the winter months.   

   9.    Reuse of previously melted emulsion can cause higher back-
ground in sequential experiments, due to factors like static 
electricity that expose it with each use. Use the same emulsion 
at most three times to avoid increasing spurious background 
grains.   

   10.    Giemsa stock solution: 0.8 % (w/v) Giemsa in 1:1 glycerol: 
methanol. Warm glycerol in a 60 °C water bath, add 0.5 g 
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Giemsa powder to 33 mL glycerol, and place on stir plate 
 overnight without heat. The following morning, add 33 mL 
methanol and cover with Parafi lm and Saran wrap. The next 
day, fi lter the solution using Whatman fi lter paper and store in 
a dark bottle at room temperature. The fi ltration step takes 
several hours.   

   11.    The petri dish also provides an extra layer of protection against 
air-born contamination. The moistened fi lter paper creates an 
additional humidity chamber for the cells.   

   12.    The required dosage of UV-C light at 254 nm is 14 J/m 2  to 
produce the desired amount of DNA damage. For a desired 
dose of 14 J/m 2 , with a mean fl uence of 1.2 J/m 2 /s from the 
UV bulbs, a 12 s exposure of the cells is generally used by our 
laboratory (dose in J/m 2  = fl uence [read from the meter] × num-
ber of seconds).   

   13.    This allows suffi cient time for the cells to repair the 6-4 photo-
products that were created by the UV-C light but not the 
pyrimidine dimers (to quantitate the repair of pyrimidine 
dimers would require an 8 h incubation) [ 49 ,  50 ].   

   14.    Slides may be stained as many times as needed in order to 
clearly view the nuclei. Alternatively, methanol can be used to 
lighten the stain if it is too heavy. Some cells such as CHO cells 
only need to be stained for 2 min instead of 7 min.   

   15.    For the tester slides, once the slides have dried, view under an 
oil immersion lens at a total magnifi cation of 1,000× and count 
25 nuclei on both the irradiated and unirradiated sides of the 
slide. This will allow a decision to be made as to whether or not 
the experimental slides should be developed that day. If no 
grains are observed, then the label was either not radioactive or 
was not added to the incubation, and the experiment is unus-
able. If an average of ~50 grains/nucleus or more above back-
ground are observed in the irradiated chamber, the experimental 
slides are ready to be developed (unless you know the experi-
mental cells have lower NER activity than the controls, in 
which case, you must compensate for their relatively longer 
development time). However, both control and experimental 
slides must be counted accurately under the same conditions in 
order to perform the normalization. S phase cells should be 
visible on both sides of the slide (in approximately equal num-
bers). If the controls do not exhibit the required number of 
grains/nucleus the remaining control and experimental slides 
should be developed 24–72 h later. If longer development 
seems necessary, it is likely that the signal to noise (back-
ground) ratio will be too high to accurately determine NER 
capacity. If background grains appear to be unevenly distrib-
uted, or distributed in a pattern, there is likely a light leak in 
the slide boxes used to store the dipped slides.   
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   16.    If the cytoplasm is covered with grains and the nucleus is 
 relatively uncovered, it is most likely a result of mycoplasma 
contamination or some other bacterial contamination. These 
slides are not scorable and the cell population will have to 
be reacquired or rendered free of contamination in order to be 
assayed.   

   17.    If the tester slides have been used correctly and the experimen-
tal slides average about 50 grains/nucleus, nuclei that have 
more the ~100 grains when counted should be considered in S 
phase.   

   18.    FF can be generated in large quantities from a single foreskin 
by fi nely mincing the tissue and stirring it in trypsin for 5 h at 
room temperature, followed by repeated tituration with a 
25 mL pipet and subsequent plating in tissue culture dishes. 
The fi rst few passages should be performed to remove cell 
clumps and create even monolayers of fi broblasts. Then these 
early explant passages can be frozen in 10 % DMSO for use in 
many UDS experiments. FF repair capacity is stable for about 
18 passages, so we recommend the use of FF up to passage 13 
to retain consistency [ 27 ].         
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Chapter 37

Analysis of Actively Transcribed DNA Repair Using 
a Transfection-Based System

Jean J. Latimer

Abstract

Host cell reactivation (HCR) is a transfection-based assay in which intact cells repair damage localized to 
exogenous DNA. This chapter provides instructions for the application of this technique, using as an 
exemplar UV irradiation as a source of damage to a luciferase reporter plasmid. Through measurement of 
the activity of a successfully transcribed and translated reporter enzyme, the amount of damaged plasmid 
that a cell can “reactivate” or repair and express can be quantitated. Different DNA repair pathways can be 
analyzed by this technique by damaging the reporter plasmid in different ways. Since it involves repair of 
a transcriptionally active gene, when applied to UV damage the HCR assay measures the capacity of the 
host cells to perform transcription-coupled repair, a subset of the overall nucleotide excision repair path-
way that specifically targets transcribed gene sequences.

Key words DNA damage, Host cell reactivation (HCR), Transcription-coupled repair (TCR), Global 
genomic repair (GGR), Nucleotide excision repair (NER), Transfection, Luciferase, UV irradiation, 
Thymine dimers, 6-4 photoproducts

1  �Introduction

The term host cell reactivation (HCR) was first used to describe the 
enhanced survival of bacteriophages irradiated with ultraviolet 
(UV) light in host cells that themselves had been pretreated with 
UV irradiation. Researchers first hypothesized that the mechanism 
that accounted for this “reactivation” of the phage involved 
homologous recombination between the phage and the bacterial 
genome. This hypothesis was later replaced by the idea of enzy-
matic repair [1]. In an adaptation of the use of viral DNA to mea-
sure inherent cellular repair capabilities, transiently expressed 
plasmid DNA vectors were used by Protic-Sabljic and Kraemer on 
SV40 transformed human fibroblasts in 1985 [2] and by Athas 
et al. on human lymphocytes in 1991 [3].
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The plasmid reactivation assay indirectly monitors cellular 
repair of transcriptional activity by measuring activity associated 
with a transfected enzymatic marker gene. In brief, cells are trans-
fected with the plasmid carrying a reporter gene which has been 
damaged, either nonspecifically through treatment of the plasmid 
or specifically by incorporation of altered DNA bases. Transfected 
cells are allowed time to express the reporter enzyme to the degree 
they can; the cells are harvested for protein, which is then assayed 
for the enzymatic activity of the reporter.

Two levels of controls are utilized for the HCR assay. The first 
involves the use of damaged and undamaged versions of the same 
expression vector to determine the ratio of expression of the dam-
aged (and presumably repaired plasmid) to that of the undamaged 
vector. In addition, a plasmid distinguishable from the experimen-
tal plasmids is also necessary to control for transfection efficiency. 
To make the results of individual experiments comparable to each 
other, we also recommend that the absolute numbers expressed by 
the ratio of damaged (and repaired) over undamaged plasmid be 
divided by similar results derived from a standard cell line run in 
every experiment. In the protocol described in this chapter, the 
experimental reporter used is firefly luciferase, and the control is 
bacterial β-galactosidase. Other reporter systems such as bacterial 
chloramphenicol acetyltransferase can and have also been used.

The host repair system interrogated in the HCR assay depends 
entirely on the type of transcription-inhibiting damage introduced 
into the plasmid (see Note 1). In practice, the vast majority of stud-
ies of this type have involved repair of UV-induced DNA damage 
via the nucleotide excision repair (NER) pathway.

As discussed in Chapter 36, NER is one of a number of types 
of DNA repair acting to maintain the integrity of the genome. It is 
a particularly complex pathway, however, which can remediate 
many types of DNA damage. Indeed, unlike other DNA repair 
pathways, it is not the specific damage itself that activates NER but 
the resulting distortion in the DNA helix, making it applicable to a 
broad spectrum of genotoxic insults. Human cells perform NER at 
two distinct levels: the rapid and efficient removal of lesions that 
block ongoing transcription and thus need to be eliminated quickly, 
also known as transcription-coupled repair (TCR), and the slower, 
less efficient, repair of bulk DNA, including the non-transcribed 
strand of active genes, also referred to as global genome repair 
(GGR) [4]. The former process links NER directly to transcrip-
tion, and the latter process links it to replication. TCR therefore 
represents a subset of the overall repair that occurs in NER. 
Deficiency of GGR is the basis of the human heritable disease xero-
derma pigmentosum (XP), whereas deficiency of TCR is associated 
with the distinct disease Cockayne syndrome (CS) [5].

The HCR assay specifically provides researchers with a method 
of investigating the ability of a cell to perform TCR [6]. It is 
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presumed that some of the damaged reporter plasmid makes its 
way into the nucleus, where repair occurs and then gene transcrip-
tion and translation occur via normal cellular trafficking.

The plasmid vectors used in this experiment include pGL3, 
used as the experimental vector, and pCH110, used as the control 
plasmid (Fig. 1). pGL3 codes for a luciferase gene derived from the 
firefly. It allows for high levels of expression because of the pres-
ence of an SV40 promoter upstream of the luciferase gene and a 
downstream SV40 enhancer and polyadenylation signal. The sen-
sitivity of this system is generally 100-fold greater than that based 
on the chloramphenicol acetyltransferase (CAT) gene [2]. pCH110 
codes for the β-galactosidase enzyme derived from the E. coli lacZ 
gene, under the control of the SV40 early promoter.

In our standard protocol, the pGL3 vector is irradiated using 
700  J/m2 of UV light to induce DNA damage in the form of 
pyrimidine-pyrimidone 6-4 photoproducts and pyrimidine dimers 
that block transcription and cannot produce an active luciferase 
enzyme until it is repaired. The pCH110 plasmid, with lacZ as an 
internal reporter gene to control for transfection efficiency, remains 
undamaged.

Published doses of UV irradiation utilized for HCR experi-
ments in mammalian cells have ranged from 56 to 800  J/m2. 
Protic-Sabljic and Kraemer [2] demonstrated that a dose as low as 
56 J/m2 was enough to inactivate a CAT reporter plasmid in XPA 
and XPD fibroblasts, while a dose of 680 J/m2 was required to 
inactivate the same vector in normal human fibroblasts [2]. Athas 
et al. used incremental doses of 0, 200, 400, 600, and 800 J/m2 in 
their field test of HCR on human lymphocytes [3]. Their results 
showed a significant, 11-fold difference in repair capacities between 
normal peripheral blood lymphocytes and XP complementation 
groups A- and D-derived lymphoblastoid cell lines at a UV dose of 
200 J/m2.

The ability of cells to repair UV-induced DNA damage is 
expressed as the percentage of the reactivated luciferase activity of 
damaged relative to the activity of undamaged (baseline expres-
sion) genes after a period of gene repair and expression:

	

TCR capacity as an absolute number
Luciferase expression from dama

=
gged plasmid

Luciferase expression from undamaged plasmid
( )
( ) 	

A major advantage of this technique is that it minimizes the cyto-
toxic effects of damaging agents that might indirectly compromise 
the repair mechanisms of the cell [7]. Damage takes place in vitro and 
can be adapted to investigate specific damaging agents. Concerns 
arise from the fact that a nonmammalian reporter gene is being 
expressed in a mammalian cell, although most transfection-based 
assays utilize nonmammalian genes to minimize backgrounds.
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Fig. 1 The (a) pGL3 and (b) pCH110 vectors. pGL3 is © 2002 Promega Corp. All 
Rights Reserved. pCH110 is © 2002 Amersham Biosciences Ltd. All Rights 
Reserved
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2  �Materials

	 1.	Experimental cells: 24 h before transfection the cells to be eval-
uated should be growing exponentially. They should be then 
harvested by trypsinization and replated so that they are 
90–95 % confluent at the time of transfection. The number of 
cells required for this will vary significantly with cell type. 
Trypsinization must be performed at least 20 h prior to trans-
fection to give the cells adequate time to anchor to the substra-
tum. The cells should not be grown in the presence of 
antibiotics. Sufficient cells should be plated to fill nine wells in 
6-well culture dishes (i.e., one and one-half dishes).

	 2.	Positive control cells (see Note 2).
	 3.	Negative control cells (see Note 3).
	 4.	Cell culture incubator (e.g., ThermoForma Series II Water 

Jacketed CO2 Incubator, Forma Scientific, Mariette, OH).
	 5.	Appropriate growth media for each cell type, with appropriate 

amount and type of serum.
	 6.	6-Well culture dishes (e.g., BD Falcon Tissue Culture Plates, 

Fisher Scientific, Pittsburgh, PA).
	 7.	Photography equipment (e.g., MC100 Spot 35-mm camera, 

#456014, Zeiss, attached to a Zeiss Axioskop, Oberkochen, 
Germany; optional).

	 1.	Plasmid pGL3 (Promega cat. no. E1771, Madison, WI): 
Approximately 15 μg/cell line; however, batch irradiation is 
suggested. After irradiation plasmids should be stored in 
15–100 μg aliquots at −80 °C.

	 2.	60-mm2 Tissue culture dishes (Fisher).
	 3.	Irradiation unit (Fig. 2; see Note 4).
	 4.	TE buffer: 0.25 M Tris–HCl, 5 mM EDTA (Sigma, St. Louis, 

MO), 500 mL, sterile filtered; store at 4 °C.

	 1.	Appropriate growth media for each cell type, with and without 
serum.

	 2.	LipofectAMINE (Gibco-BRL, Invitrogen cat. no. 11668-019, 
Carlsbad, CA).

	 3.	Plasmid pGL3 (Promega): The amount required will vary with 
the ratio of reporter to control plasmid chosen as well as the 
total amount of plasmid DNA chosen to be used per well (see 
Note 5). As a guideline, approximately 30 μg of this reporter 
plasmid DNA per cell line should be prepared if one is using a 
total of 5  μg per well and a ratio of 5:1 reporter:control 
plasmid.

2.1  Preparation  
of Host Cells

2.2  UV Irradiation  
of Reporter Plasmid

2.3  Transient 
Transfection 
(Lipofection)
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	4.	 Plasmid pCH110 (Amersham cat. no. 27-4508-01, Piscataway, 
NJ): As a guideline, approximately 5 μg of this plasmid DNA 
per cell line should be prepared if one is using a total of 5 μg per 
well and a ratio of 5:1 reporter:control plasmid.

	 5.	UV-irradiated plasmid pGL3 (from Subheading 3.2).

	 1.	1× Reporter lysis buffer (RLB): Prepare in bulk by dilution of 
5× RLB (Promega, stored at −20 °C) with 4 vol of dH2O and 
mixing. Each well will require 500 μL. The 1× buffer should 
be equilibrated to room temperature prior to use.

	 2.	Phosphate-buffered saline (PBS) Ca2+-, Mg2+-free (CellGro 
cat. no. 21-031-CV, Herndon, VA).

	 3.	Rocking platform or orbital shaker (e.g., Red Rotor, Hoefer 
Scientific Instruments, San Francisco, CA).

	 4.	Rubber policeman (one each for each well).
	 5.	1-mL Microcentrifuge tubes.
	 6.	1-mL Micropipettor and tips.

2.4  �Protein Isolation

Fig. 2 Photograph of the “Stier/Cleaver” irradiation unit
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	 7.	Refrigerated microcentrifuge (Sigma 2K 15, cat. no. 10810, 
Sigma Laborzentrifugen, Germany).

	 1.	BCA Protein Assay Kit (Pierce, cat. no. 23227, Rockford, IL): 
One kit will provide >50 assays.

	 2.	Centrifuge tubes (1.5-mL Eppendorf tubes; Fisher).
	 3.	TE, 500 mL, sterile filtered, store at 4 °C.
	 4.	Bovine serum albumin (BSA) stock (included in the BCA kit).
	 5.	Micropipettors (20 and 200 μL) and appropriate tips.
	 6.	Reagents A and B (included in BCA kit).
	 7.	96-Well tissue culture plastic plates (Fisher): 18 wells are 

needed for the control + 36 wells for each cell line analyzed.
	 8.	Rocking platform or orbital shaker (see Subheading  2.4, 

item 3).
	 9.	Incubator; could be same as cell culture incubator 

(see Subheading 2.4, item 1), although it does not need to be 
humidified or in the presence of CO2.

	10.	Microplate reader (e.g., Ceres 900 HDi, Bio-Tek Instruments, 
Winooski, VT).

	 1.	Luciferase® Assay System (Promega, cat. no. E4030).
	 2.	Luciferase assay reagent (LAR): Resuspend the lyophilized 

luciferase assay substrate in 10  mL of luciferase assay buffer 
(both provided in kit). The reagent should be green. The opti-
mum temperature for luciferase activity is 20–25  °C (room 
temperature). Allow LAR to fully equilibrate to room tem-
perature before using (see Note 6). Also ensure that samples to 
be measured are at room temperature.

	 3.	1× RLB.
	 4.	Luminometer tubes (e.g., Sarstedt 5 mL, 75 × 12 mm, cat. no. 

55526, Newton, NC).
	 5.	Luminometer (e.g., Zylux Femtomaster FB15, Maryville, 

TN).

	 1.	Breaking buffer: 0.2  M Tris–HCl, 0.2  M NaCl, 0.01  M 
Mg-acetate, 0.01 M 2-mercaptoethanol, 5 % glycerol, pH 7.6 
(all constituents from Sigma). Need approximately 2.5 mL per 
cell line.

	 2.	Z buffer: 0.06 M Na2HPO4, 0.04 M NaH2PO4, 0.01 M KCl, 
0.001 M MgSO4, 0.05 M 2-mercaptoethanol, pH 7.0 (all con-
stituents from Sigma). Need approximately 10  mL per cell 
line.

2.5  Protein 
Quantification

2.6  Quantification of 
Luciferase Expression

2.7  Quantification  
of β-Galactosidase 
Expression
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	 3.	4 mg/mL o-Nitrophenyl-β-d-galactosidase (ONPG) in dH2O 
(Sigma).

	 4.	1 M Na2CO3 (Sigma).

3  �Methods

	 1.	One day before transfection, trypsinize and count all cells to be 
transfected.

	 2.	Replate cells in 6-well culture dishes so that they will be 
90–95 % confluent on the day of transfection (best results are 
achieved when the cells are transfected at this high cell den-
sity). The number of cells required to achieve this will be dif-
ferent for each cell type or cell line. For each well, the 
appropriate number of cells should be resuspended in 2 mL of 
normal growth media containing serum and no antibiotics. 
For each experimental cell line nine wells (1.5 dishes) will be 
required.

	 1.	15 μg of reporter plasmid is necessary per cell line; however, 
batch irradiation can be performed (i.e., irradiation of reporter 
plasmid for the evaluation of a number of target cell popula-
tions can be performed at the same time).

	 2.	Immediately before irradiation, dilute pGL3 DNA to 50 μg/
mL in cold (4 °C) distilled, sterile filtered water.

	 3.	Pipet dilute plasmid solution into a 60-mm2 tissue culture dish 
on ice. Usually, 4 mL of diluted DNA solution is added per 
dish.

	 4.	Irradiate with a dose of 700 J/m2 of UVC light at 254 nm (see 
Note 8). The turntable should be allowed to turn during the 
entire irradiation.

	 5.	After exposure, cover the plate and keep on ice.
	 6.	The damaged plasmid can be aliquoted and stored at −80 °C. 

To ensure that additional damage is not done to the plasmid 
DNA, make sure that aliquots are small enough so that each 
one is sufficient for a standardized experiment, with only a 
small volume remaining (i.e., aliquots of 15–100 μg). Aliquots 
should not be refrozen after use because refreezing will cause 
nicking of the plasmid.

The following protocol is adapted from Invitrogen Life 
Technologies Lipofectamine 2000 CD Reagent instructions [8].

	 1.	Every experiment and control is done in triplicate, i.e., in three 
wells. A minimum of nine wells (as prepared in Subheading 3.1, 
step 2) are therefore required for each host cell type to be 
analyzed.

3.1  Preparation  
of Host Cells

3.2  UV Irradiation  
of Reporter Plasmid 
(See Note 7)

3.3  Transient 
Transfection 
(Lipofection)
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	 2.	Several types of control are used in these experiments. As an 
internal control of transfection efficiency, each well is transfected 
with undamaged pCH110 plasmid, which expresses 
β-galactosidase. As another control for transfection, wells are 
mock transfected, not by withholding plasmid, as has been 
done traditionally, but by omitting the lipofectamine agent. 
The nine wells of each cell type are allocated as shown in Fig. 3.

	 3.	On the day of transfection, feed each well of cells normal 
growth media complete with serum. It may be useful to cap-
ture an image of the cells prior to transfection as a reference for 
evaluating their condition later in the experiment. The plates 
should then be labeled as indicated in Fig. 3.

	 4.	A total of 5.0 μg of DNA (that includes a 10:1 ratio of experi-
mental [pGL3] to control plasmid [pCH110]) is required for 
every well, in 250  μL of medium without serum per well 
(charged proteins and lipids in serum may interfere with for-
mation of DNA–cationic lipid complexes; see Note 5). These 
solutions can be prepared in bulk. For each experimental point, 
six wells will need a 10:1 ratio of undamaged pGL3 to pCH110, 
and three wells will need a 10:1 ratio of damaged pGL3 to 
(undamaged) pCH110.

	 5.	Mix the Lipofectamine 2000 reagent (LF2000) gently before 
use. Do not vortex. Dilute 15 μL of LF2000 into 250 μL of 
medium (without serum) per well and incubate for 3 min at 
room temperature. This dilution can also be prepared in bulk 
for multiple wells. For each experimental point, six wells will 

Fig. 3 Schematic for the setup of an HCR assay for one cell line
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receive LF2000 and three wells will receive only medium. The 
LF2000 should sit no longer than 5  min after dilution in 
medium, as inactivation can occur.

	 6.	Immediately mix the lipofectamine and plasmid solutions 1:1 
in the following combinations:

“Plasmid-only row” (no LF2000)

3 wells Medium alone Undamaged 
pGL3 + undamaged 
pCH110

“Undamaged row”

3 wells Medium + LF2000 Undamaged 
pGL3 + undamaged 
pCH110

“Damaged row”

3 wells Medium + LF2000 Damaged 
pGL3 + undamaged 
pCH110

Incubate at room temperature for 20 min to allow DNA–LF2000 
complexes to form. The solutions may begin to appear cloudy 
as the complexes form. These complexes are stable for at least 
6 h at room temperature.

	 7.	After the 20-min incubation, remove the media from each of 
the cell wells. Add 500 μL of the appropriate plasmid solution 
to each well and mix gently by rocking the plate back and 
forth. Incubate the cells at 37 °C in a CO2 incubator for 1 h.

	 8.	After the 1-h incubation, add 1.5 mL media with serum to 
each well. There will be no need to change the media again 
after this point.

	 9.	At 24 h post-transfection, observe and capture images of the 
cells (if necessary to explain transfection results, i.e., if the cells 
are either relatively unchanged or drastically changed). 
Transfected cells should appear somewhat damaged and 
unhealthy.

The following protocol is adapted from Promega’s Technical 
Manual No. 040, Dual Luciferase® Reporter Assay System [9], and 
Pierce’s BCA Protein Assay Reagent Kit manual (23227) [10].

	 1.	At 44 h post-transfection, remove the growth media from each 
well of cultured cells and gently rinse each well with approxi-
mately 500 μL of PBS to remove dead cells. To add the PBS, 
place the pipet tip on the side of the well, and allow the PBS to 

3.4  Protein Harvest 
and Quantification
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trickle down the side of the well and spread out across it. 
Completely remove this rinse solution by placing a pipet into 
the corner of each well and aspirating off the PBS.

	 2.	Add 500 μL of prepared 1× RLB to each well. Place the plate 
on a rocking platform or an orbital shaker with gentle rock-
ing/shaking for 10 min (or longer if culture is overgrown) at 
room temperature.

	 3.	After about 10 min you should see a white clump forming in 
the middle of each well as the cells lyse. At this point, take a 
rubber policeman and scrape the cells from the bottom of the 
wells. Scrape in both the vertical and horizontal directions, 
paying special attention to the sides of the wells. Use the rub-
ber policeman to remove the lysed protein and place in a 
labeled microcentrifuge tube.

	 4.	After scraping, return the plates to the orbital shaker for an 
additional 10  min. Check the plates under a microscope to 
verify that there are no whole cells remaining attached to the 
bottom of the wells.

	 5.	Using a 1-mL micropipettor, transfer the lysate to the appro-
priate microcentrifuge tube. Disperse the white clump by 
pipetting up and down.

	 6.	Clear the lysate by centrifuging for 30 s at top speed of a refrig-
erated microcentrifuge.

	 7.	Transfer cleared lysates to a fresh tube for further handling and 
storage. Proteins may be stored at this point at −80 °C before 
continuing further.

	 1.	Begin by preparing a standard, consisting of a small set of serial 
dilutions of BSA. Label four centrifuge tubes with the follow-
ing standardized concentrations: 1, 0.5, 0.25, and 0.125 mg/
mL. Add 100 μL of TE to each tube. Add 100 μL of BSA stock 
to the “1-mg/mL” tube and mix. Transfer 100 μL of this solu-
tion to “0.5 mg/mL” tube and mix. Continue until serial dilu-
tions are complete. Standards remain good for 1 week at 4 °C.

	 2.	Next, prepare “working reagent” by combining 50 parts 
Reagent A with 1 part Reagent B. The working reagent will be 
green.

	 3.	Pipet 10 μL of each BSA standard (including the 2 mg/mL 
stock and the blank, 10 μL of buffer) into appropriate 96-well 
microtiter plate wells, changing tips each time. Perform these 
standards in triplicate.

	 4.	Pipet 10-μL samples of each lysate into fresh wells, in 
duplicate.

	 5.	For 1:2 dilutions, pipet 5 μL of each lysate and 5 μL TE buffer 
into fresh wells, in duplicate.

3.5  Protein 
Quantification
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	 6.	Make a map showing where each standard and sample was 
placed.

	 7.	Add 200 μL of working reagent to each well.
	 8.	Cover microtiter plate and shake at 200 rpm at room tempera-

ture for 30 s on an orbital shaker.
	 9.	Incubate at 37 °C for 30 min.
	10.	Using a plate reader, read the absorbance of each well at 

562 nm. Average the absorbances of the three standards, and 
create a standard curve for each plate using the controls by 
directly connecting the dots (this curve should reflect the actual 
data, rather than relying on an idealized, computer-generated 
curve fit). Average the absorbances of the two undiluted sam-
ples with the average of the two 1:2 dilutions multiplied by 2, 
and then determine the concentration of protein based on the 
absorbance vs. concentration curve. Calculate the volume of 
each sample necessary to yield 26 ng of total protein.

The following protocol is adapted from Promega’s Technical 
Manual No. 281, Luciferase® Assay System [9].

	 1.	If you are using a manual luminometer, proceed directly to 
step 2. If the luminometer being used has an automatic injec-
tor, place pump tubing into reagent reservoir. Prime the injec-
tor with sufficient reagent before beginning. Settings for the 
automated luminometer should be as follows: measuring time: 
10  s; delay: 3  s; injection delay: 1  s; and injection volume: 
100 μL.

	 2.	To measure background (all measurements in relative light 
units [RLUs]), pipet 50-μL aliquots of 1× RLB into three 
luminometer tubes and measure the luminescence. This back-
ground reading will automatically be subtracted from all sub-
sequent readings.

	 3.	To measure samples, pipet the amount of each calculated to 
give 26 ng of total protein into each of the three luminometer 
tubes. Add sufficient 1× RLB to each tube to give a total vol-
ume of 50 μL.

	 4.	For each sample, first pipet 100 μL of LAR into a luminometer 
tube. Then, add the amount of each sample calculated to give 
26 ng of total protein, and mix by pipetting two or three times. 
Do not vortex. Vortexing will coat the sides of the sample tube 
with the luminescent mixture. After 10 s of reading, remove 
the tube and record the reading.

The following protocol was adapted from ref. 11.
	 1.	For each sample, pipet the amount calculated to give 26 ng of 

total protein (from Subheading 3.5, step 10) into a 15-mL 

3.6  Quantification of 
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conical tube, and add sufficient 1× RLB to provide a final vol-
ume of 50 μL.

	 2.	Dilute this sample 1:100 in breaking buffer (sample volume is 
now 5 mL).

	 3.	Add 50 μL of this dilution to 1 mL Z buffer in a disposable 
cuvette and equilibrate at 28 °C.

	 4.	Prepare a blank of breaking buffer in Z buffer as a control for 
spontaneous hydrolysis of ONPG.

	 5.	To all samples and blank, add 0.2 mL ONPG solution, also 
equilibrated to 28 °C.

	 6.	Incubate samples for at least 10 min at 28 °C, watching for a 
yellow color to develop.

	 7.	As each sample becomes noticeably yellow, stop the reaction 
by adding 0.5 mL 1 M Na2CO3 and record the length of time 
required for the color change.

	 8.	Read the OD420 against the negative control for spontaneous 
hydrolysis of ONPG control, and calculate the specific activity 
of each sample using the formula (see Note 9)

	

OD
at mg protein in reaction

420 380
28

´
° ´min C 	

	 9.	Subtract the average specific activity of the three mock-
transfected wells from those of both the “damaged” and 
“undamaged” wells. This will control for the endogenous 
β-galactosidase activity present in some cell type.

	 1.	For each sample, divide the luciferase RLU by the 
β-galactosidase-specific activity to correct for transfection 
efficiency.

	 2.	Find the average of the mock-transfected wells, the wells trans-
fected with undamaged plasmid, and the wells transfected with 
damaged plasmid for each sample.

	 3.	Subtract the average of the mock-transfected wells from the 
average of the undamaged and the average of the damaged 
wells.

	 4.	The ratio of damaged to undamaged wells is a measure of 
TCR.

	 5.	If desired, divide again by the positive control to express as % 
normal.

	 6.	If the normal control has been evaluated in the context of a 
population of normals, you can normalize again by the ratio of 
the experimental normal to the average of the normal popula-
tion to express your experimental data relative to the normal 
population.

3.8  Calculating 
Relative TCR 
Capacities
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4  �Notes

	1.	 Next to UV, X-irradiation is the most common damaging agent 
used in the HCR assay [11]. Under most conditions, this treat-
ment results in a mixture of DNA double-strand breaks (DSBs) 
and lesions caused by ionization of the medium, followed by its 
interaction with the DNA target. In this simple system, DSB 
repair probably involves mostly nonhomologous end joining 
(NHEJ), although more complicated HCR assays specific for 
homologous recombinational repair have also been developed 
([12]; see also Chapter 34).

UV damage creates primarily pyrimidine dimers and 
pyrimidine-pyrimidone 6-4 photoproducts, both of which 
involve covalent binding of adjacent bases from the same DNA 
strand, resulting in an overt constriction of the DNA helix. A 
number of other agents have been used to generate such intra-
strand crosslinks (ICL) in the plasmid target of an HCR assay, 
including cis-platinum [13], l-phenylalanine mustard (l-PAM) 
[14], and mechlorethane [15]. Like 8-methoxypsoralen [16], 
however, some of these agents also cause ICL which, in turn, 
block replication at S-phase or cause DSBs during mitotic chro-
mosome segregation.

NER also repairs the so-called bulky adducts, such as those 
induced by 2-amino-1-methyl-6-phenylimidazole[4,5]pyridine 
(PhIP) and N-acetyl-2-aminofluorene (AAF), and these have 
also been used to damage plasmids for HCR analysis of repair 
[17]. 4-Hydroxyaminoquinoline-1-oxide, the proximate form 
of 4-nitroquinoline-1-oxide (4NQO), also has been used to 
study NER by HCR [18], as has benzo[a]pyrene diol epoxide, 
a derivative of the tobacco smoke mutagen benzo[a]pyrene 
[19]. These compounds illustrate the fact that since the plasmid 
is exposed outside of a biological system, chemicals that require 
metabolic activation are not operative in this assay. If the carci-
nogenic derivatives of a chemical are known, however, as in the 
above examples, they can be studied instead of the parental spe-
cies; there is also no reason why pretreatment of the parental 
chemical with microsomal S9 could not be used, although this 
would be expected to produce a mixed exposure. Plasmid treat-
ment with monofunctional alkylating reagents such as 
2-chloroethyl ethyl sulfide would also be expected to generate 
bulky adducts [6]. Finally, rather than simply exposing the plas-
mid to a damaging agent, an altered base can also be specifically 
incorporated during its synthesis, such as the free radical-
induced bulky adduct 8,5′-(S)-cyclo-2′-deoxyadenosine [20] or 
even a simple fluorescein label [21].

Base excision repair (BER) has also been analyzed by 
HCR, using either nonspecific methylating agents such as 
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N-methyl-N′-nitro-N-nitrosoguanidine (MNNG) [22] or 
very specific methylating agents known to produce substrates 
for specific BER glycosylases, such as 5-(3-methyl-1-tri-
azeno)imidazole-4-carboxamide (MTIC) [23]. BER is also 
known to remediate some of the damage caused by exposure 
of DNA to oxidative agents, such as ozone and sources of 
singlet oxygen [24, 25]. The steps in BER beyond the initial 
glycosylation can be analyzed by acid/heat treatment of the 
plasmid to produce apurinic sites [26] or apurinic sites can 
be specifically introduced [27].

A specific modification of the HCR assay has been developed 
to allow for analysis of DNA mismatch repair via generation of 
microsatellite instability following exposure of the reporter 
plasmid to etoposide or fotemustine [28]. This is not a very 
quantitative assay, however, and it seems strange that HCR 
plasmids have not simply been generated with single or multiple 
base mismatches by isolation of heteroduplexes. Further guid-
ance in the creation of site specifically modified templates can 
be found in Perlow et al. [29].

	2.	 Appropriate positive control cells would include fibroblasts or 
lymphocytes derived from healthy adult patients or foreskin 
fibroblast cultures derived from patients with XP complementa-
tion group C. These cell types are all known to be competent in 
TCR (the deficiency in XPC cells is specific to GGR). It is 
important to consider the fact that NER has been shown to be 
tissue specific [30–32] and that the choice of a positive control 
should reflect this tissue specificity, if possible. In addition, 
when a putative disease specimen is being tested, this sample 
should be placed into the range of normal by running several 
normal controls for comparison or by comparing with a previ-
ously established range of normal [3]. “Normal” human fibro-
blasts or lymphocytes can be obtained from the Coriell Cell 
Repositories (Camden, NJ; http://locus.umdnj.edu/ccr). It 
should be noted, however, that some of these cell lines have 
been immortalized using exogenous agents and that several of 
these agents have been shown to alter the original DNA repair 
capacity of the cells [33, 34]. Several cell lines that have not 
been treated with exogenous agents are available.

	3.	 The most appropriate negative controls for this experiment are 
fibroblasts or lymphocytes that have been derived from CS 
patients, either type I or type II. Patients with deficiencies in XP 
complementation groups A, D, F, and G share their inability to 
perform TCR [5, 35]. Explant cultures as well as immortalized 
cell lines of fibroblasts and lymphocytes derived from patients 
with these inborn diseases can be obtained from Coriell Cell 
Repositories (see Note 2).
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	4.	 A specialized machine has been created to accurately deliver the 
damaging dosage of UVC light (Fig.  2) [36]. The machine 
consists of a turntable, an electronically timed shutter, and three 
Wistam bulbs (General Electric Company, Nela Park, OH) 
placed at a distance of 3 ft from the turntable. An issue that has 
arisen involves the length of time required to irradiate the plas-
mids: it is too long to use on the electrically timed shutter, mak-
ing it necessary to manually turn the light sources on and off. 
The company that produced this instrument in Pittsburgh 
(Design Specialties, Bethel Park, PA) is being consulted for an 
alternate timer that encompasses a longer time period.

	5.	 The amount of DNA used in each well, the ratio of experimen-
tal to control plasmid, as well as the amount of Lipofectamine 
2000 reagent may be different for every cell type. Cell lines may 
vary by several orders of magnitude in their ability to uptake 
DNA. Experiments to optimize these amounts can be carried 
out as per recommendations by Invitrogen [8]. Ratios of 10:1 
to 50:1 experimental to control vector are recommended by 
Promega [37], as they minimize potential trans effects between 
promoter elements.

	6.	 The reconstituted LAR can be frozen at −80 °C for 1 month. 
The components are heat labile, and frozen aliquots should be 
thawed in a water bath at room temperature. Mix thawed 
reagent prior to use by inverting several times or gently 
vortexing.

	7.	 UV bulbs should be turned on 2 h prior to use and tested with 
a shortwave (252 nm) UV meter (e.g., Spectroline DM-254XA 
Short Wave Ultraviolet Meter, Spectronics, Westbury, NY). 
After determining fluence, use the formula fluence × time = dose 
to determine the amount of time needed for irradiation.

	8.	 For 700 J/m2 with a mean fluence of 2.1 J/m2 s from the UV 
bulbs, a 333-s exposure of the plasmid is required. In order for 
such a long exposure time to be undertaken with the machine 
described above, the latch on the shutter must be unhooked 
and the lights themselves turned on and off for timing.

	9.	 For example, if the assay was conducted for 10 min and the 
OD420 was 0.500, the specific activity would be 
0 500 380
10 0 0 026

730
.
. .

/
´

´
= units mg
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    Chapter 38   

 An Immunoassay for Measuring Repair of UV 
Photoproducts 

           Shirley     McCready    

    Abstract 

   A method is described that makes use of a polyclonal antiserum to measure repair of the principal 
 photoproducts induced in DNA by short-wave ultraviolet light (UVC)—pyrimidine-pyrimidone 6-4 
 photoproducts ([6-4]PPs) and cyclobutane pyrimidine dimers (CPDs). DNA extracted from irradiated 
cells is applied to a nitrocellulose dot-blot and quantitated using an enzyme-conjugated secondary 
 antibody and a color assay. Although the polyclonal antiserum contains antibodies to both [6-4]PPs and 
CPDs, repair of these lesions can be measured separately by differential destruction or repair of one or 
other photoproduct. The method is useful for measuring repair in total genomic DNA, and is suffi -
ciently sensitive to measure repair of damage induced by doses of 10 J/m 2  of UVC and less. The method 
is very versatile and has been used to measure repair in human cells, yeasts, plants, archaea, bacteria, and 
fi lamentous fungi.  

  Key words     UV damage  ,   DNA repair  ,   Cyclobutane dimmers  ,   (6-4) Photoproducts  ,   Immunoassay  , 
  Dot blot  

1      Introduction 

 The dotblot method described here can be used to measure repair 
of the principal photoproducts induced in DNA by short-wave 
ultraviolet light (ultraviolet-C [UVC])—pyrimidine-pyrimidone 
6-4 photoproducts ([6-4]PPs) and cyclobutane pyrimidine dimers 
(CPDs). These photoproducts are also induced by mid-wave UV 
light (ultraviolet-B [UVB]), and the method given below can 
be used to measure UVB damage induced, for example, by 
Westinghouse FS-20 lamps. The method is used to measure the 
overall rate of repair in total genomic DNA. One of the advantages 
it has over other methods is its sensitivity—the assay is suffi ciently 
sensitive to measure repair of damage induced by doses of 10 J/m 2  
of UVC with ease, and could be used for lower doses. It is also very 
versatile and has been successfully used to measure repair in human 
cells, in yeasts, as well as a variety of other organisms ([ 1 – 3 ]; 
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McCready, unpublished data). In addition, the DNA does not 
have to be especially intact for this assay, unlike polymerase chain 
reaction (PCR) methods and alkaline gel methods that rely on 
high and uniform integrity of the extracted DNA. 

 To use the method, it is necessary to raise polyclonal antiserum 
to UV-irradiated DNA. The antiserum must then be characterized 
for its ability to recognize damage that can be photoreactivated by 
 E. coli  photolyase (CPDs) and damage that is not photoreactivated 
(predominantly [6-4]PPs and the Dewar isomer of [6-4]PPs [ 4 , 
 5 ]). Antisera containing activities against both CPDs and (6-4)PPs 
can be used to measure total lesions. Alternatively, it can be used to 
measure each type of photoproduct individually, by destroying one 
or the other lesion in the DNA before carrying out the assay. (6-4)
PPs can be destroyed by treating DNA samples with hot alkali 
prior to the blotting. CPDs can be destroyed in the DNA after it 
has been transferred to the blot by treating the entire membrane 
with  E. coli  photolyase and visible light. 

 To perform the assay, cells are irradiated with UV and 
samples are harvested immediately and after suitable incubation 
periods. DNA can be extracted from the cells by a variety of pro-
cedures—commercially available kits, or the phenol or phenol–
chloroform methods. It is of crucial importance to equalize the 
amounts of DNA in samples from the different time-points, and 
this is best done by running aliquots on an agarose gel and esti-
mating relative amounts by densitometry. Concentrations must 
be adjusted and checked on gels for as many times as necessary 
until the DNA concentrations are uniform. Each DNA sample is 
then divided in two, and one half is treated with hot alkali to 
destroy (6-4)PPs. Dilution series of the samples are then applied 
to duplicate dotblots. One blot is exposed to a crude preparation 
of photolyase and illuminated with visible light to destroy CPDs. 
The blots are then exposed to the polyclonal antiserum, then 
to a biotinylated secondary antibody, and then to an alkaline 
phosphatase-conjugated avidin. Nitroblue tetrazolium is used as 
substrate, so that a blue color stains the DNA containing UV 
lesions. Over a certain range, the amount of blue color is propor-
tional to the amount of damage. Blots contain their own built- in 
calibration curves, namely, the dilution series of the time-zero 
samples. The amount of damage remaining in postincubation 
samples is quantitated by densitometry and reference to the time-
zero dilution series. 

 The method was originally developed for measuring repair 
rates in yeast, and the details that follow are as used for budding 
yeast. Exactly the same method can be used for measuring repair in 
human or other mammalian cells. The difference is only in the 
protocol for the repair experiment and DNA extraction.  

Shirley McCready
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2    Materials 

 All growth media and buffers are sterilized by autoclaving. If not 
otherwise attributed, all chemicals and reagents are available from 
Sigma-Aldrich (Dorset, UK). 

      1.    High-molecular-weight calf thymus DNA: make 10 mL by 
 dissolving at 1 mg/mL in isotonic saline. Can store at −20 °C 
for up to 1 year.   

   2.    Isotonic saline: 0.15 M NaCl (should be pH 7.0 without 
 needing adjustment). Make up 100 mL stock and sterilize by 
autoclaving; stable at 4 °C for up to 1 month.   

   3.    Microcentrifuge tubes.   
   4.    TE-equilibrated phenol.   
   5.    Microcentrifuge (e.g., Eppendorf model 5415D, Fisher, 

Loughborough, UK).   
   6.    100 % Ethanol.   
   7.    Midwave ultraviolet light (UVB) source (e.g., Westinghouse 

FS20 sunlamp, Philadelphia, PA).   
   8.    95 °C Heating block or water bath.   
   9.    2× isotonic saline: 0.30 M NaCl (should be pH 7.0 without 

needing adjustment). Make up 100 mL stock and sterilize by 
autoclaving; stable at 4 °C for up to 1 month.   

   10.    Methylated bovine serum albumin (MBSA): 1 mL should be 
made fresh for each experiment by dissolving at 2 mg/mL in 
sterile water and adding an equal volume of 2× isotonic saline 
(fi nal concentration 1 mg/mL in isotonic saline).   

   11.    1-mL Syringe.   
   12.    4.5-μm Syringe fi lter.   
   13.    2–5 mL Syringes and needles.   
   14.    Complete Freund’s adjuvant.   
   15.    Incomplete Freund’s adjuvant.   
   16.    Poly(dA)·poly(dT).      

      1.    Luria broth (LB) with 20 μg/mL tetracycline. Make 1 L of LB 
as required. Store at 4 °C for up to 1 week, adding 2 mL of 
tetracycline stock to each liter of LB immediately before inocu-
lating with  E. coli . The tetracycline stock consists of 100 μg of 
tetracycline dissolved in 10 mL 50 % (v/v) ethanol. It should 
be stored at 4 °C shielded from light.   

   2.    840 mM Isopropylthio-β- d -galactopyranoside (IPTG; 0.2 g/
mL in water): make 20 mL and store in 1-mL aliquots at −20 °C.   

2.1  Production of 
Polyclonal Antiserum

2.2  Preparation of 
Crude Photolyase

Measuring Repair of UV Photoproducts
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   3.    Lysis buffer: 50 mM Tris–HCl, pH 7.4, 1 mM EDTA, 100 mM 
NaCl, 10 mM β-mercaptoethanol. Stock of 100 mL should be 
autoclaved before adding β-mercaptoethanol; may be stored at 
4 °C for up to 1 month.   

   4.    20-mL Glass universal (McCartney) bottles (Fisher).   
   5.    Sonicator (e.g., Ultrasonic disintegrator, Fisher).   
   6.    Centrifuge (e.g., Sorvall RC-5B with SS-34 rotor [Fisher]).   
   7.    Ultracentrifuge (e.g., Beckman Optima with a Ti50 rotor 

(Beckman Coulter, Fullerton, CA)).   
   8.    Corex centrifuge tubes (Fisher).   
   9.    Storage buffer: 50 mM Tris–HCl, pH 7.4, 1 mM EDTA, 50 % 

glycerol, 10 mM dithiothreitol (DTT). A stock of 100 mL 
should be autoclaved before adding DTT; may be stored at 
4 °C for up to 1 month.   

   10.     E. coli  strain PMS 969 (PHR1) (kindly provided by Dr. Aziz 
Sancar [ 6 ]) ( see   Note 1 ).      

      1.    YEPD medium: 1 % yeast extract, 1 % peptone, 2 % dextrose. 
Make 100 mL and store at 4 °C for up to 1 month after 
sterilizing.   

   2.    50-mL Tubes (e.g., BD Biosciences, Franklin Lakes, NJ).   
   3.    10-mL (or larger) Pipets.   
   4.    100 % Ethanol (ice cold).   
   5.    Ice and appropriate container.   
   6.    10× YEPD: 10 % yeast extract, 10 % peptone, 20 % dextrose. 

Make 100 mL and divide into 10-mL aliquots in glass universal 
(McCartney) bottles. May be stored up to 3 month at 4 °C.   

   7.    28 °C Temperature-controlled water bath or orbital shaker.   
   8.    Centrifuge (e.g., Sorvall RC-5B with SS-34 rotor [Fisher]).   
   9.    Set of micropipettors and appropriate tips.   
   10.    Tris-EDTA (TE): 10 mM Tris–HCl, pH 8.0, 1 mM EDTA. 

Make 1 L and store for up to 1 month at 4 °C.   
   11.    Microcentrifuge tubes.   
   12.    Microcentrifuge (e.g., Eppendorf model 5415D, Fisher, 

Loughborough, UK).   
   13.    1 M sorbitol: make 1 L and store at 4 °C for up to 1 month 

after autoclaving.   
   14.    Zymolyase: Zymolyase 20T (ICN Biochemicals, Basingstoke, 

UK) dissolved in sterile water at 10 mg/mL. Make 10 mL and 
store at −20 °C as 0.5-mL aliquots in sterile microcentrifuge 
tubes.   

   15.    Phase-contrast microscope.   

2.3  Repair 
Experiments 
and DNA Isolation
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   16.    10 % SDS: 10 % (w/v) SDS in water. Make 100 mL in a sterile 
glass bottle; heat at 65 °C for 1 h to sterilize. Can be stored at 
room temperature for up to 1 year.   

   17.    Phenol–chloroform: 50 mL of TE-equilibrated phenol, 50 mL 
of chloroform, 2 mL of isoamyl alcohol.   

   18.    3 M Sodium acetate, adjusted to pH 5.2 with glacial acetic 
acid. Make 100 mL and store at room temperature for up to 
6 s after autoclaving.   

   19.    RNase A solution (DNase-free; Sigma no. 4642). Store at −20 °C.   
   20.    Agarose and agarose gel apparatus (e.g., Bio-Rad, Hemel 

Hempstead, UK).   
   21.    5 μg/mL Ethidium bromide: 100 mL are necessary to stain 

a gel, but may be reused.  CAUTION:  Ethidium bromide is a 
powerful carcinogen.   

   22.    Gel scanner and image analysis system suitable for quantitative 
analysis of color intensity on dot blots (e.g., Bio-Rad Molecular 
Imager).      

      1.    Microcentrifuge tubes.   
   2.    Set of micropipettors and appropriate tips.   
   3.    Control DNA containing CPDs: irradiate 10 mL herring 

sperm DNA (0.1 mg/mL) in 10 nM acetophenone in an open 
petri dish with midwave UV light. Under these conditions, the 
only detectable photoproducts are CPDs [ 7 ]. Store at −20 °C 
in 1-mL aliquots in microcentrifuge tubes.   

   4.    1 N NaOH. Always make 10 mL fresh.   
   5.    90 °C Water bath.   
   6.    Ice and appropriate container.   
   7.    Neutralizing solution: 3 M potassium acetate in 5 M acetic 

acid. Make 20 mL and store at room temperature for up to 
3 months after autoclaving.   

   8.    Siliconized microtiter plates (e.g., 96-well V-bottomed plates—
siliconization is done using Sigmacote according to the manu-
facturer’s instructions).   

   9.    1 M Ammonium acetate: make 1 L and store at room tempera-
ture for up to 1 month.   

   10.    Dotblot apparatus (e.g., Schleicher and Schuell [London, UK], 
or Bio-Rad).   

   11.    Nitrocellulose membrane (e.g., Schleicher and Schuell; 
 see   Note 2 ).   

   12.    5× SSC: 0.75 M sodium chloride, 0.075 M sodium citrate 
(should be pH 7.0 without needing adjustment). Make 1 L 
and store at room temperature for up to 1 month.   

2.4  Preparation 
and Processing 
of Dotblots

Measuring Repair of UV Photoproducts
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   13.    1 % Gelatin: make 50 mL per blot fresh as required. Warm to 
dissolve in water (i.e., 50–60 °C—do not boil).   

   14.    Photoreactivation solution: 100 μL of crude photoreactivating 
enzyme (from Subheading  3.2 ) in 20 mL of 50 mM Tris–HCl, 
pH 7.6.   

   15.    Two standard desk lamps with 60-W bulbs.   
   16.    Plate glass pieces the approximate size and shape of the blots. 

The edges should be bevelled to minimize risk of injury.   
   17.    Phosphate-buffered saline (PBS): 20 mM sodium phosphate, 

150 mM NaCl. Make 1 L and store at room temperature for 
up to 1 month.   

   18.    PBNT: PBS containing 0.5 % normal goat serum, 0.5 % bovine 
serum albumin (BSA), 0.05 % Tween-20. Make 50 mL per 
blot, as required. Do not store.   

   19.    Carrier DNA: a scaled-up (20-mL) crude DNA preparation 
from yeast, prepared as in Subheading  3.4 . Can be stored at 
−20 °C for up to 1 year.   

   20.    Anti-UV-DNA polyclonal antiserum (from Subheading  3.1 , 
 step 6 ).   

   21.    PBX: PBS containing 0.1 % Tween-20. Make 1 L of 2× and 
store at room temperature for up to 1 month.   

   22.    Biotinylated anti-rabbit antiserum and alkaline phosphatase- 
conjugated ExtrAvidin (ExtrAvidin Alkaline phosphatase stain-
ing kit, Sigma EXTRA-3A;  see   Note 3 ).   

   23.    Tris-buffered saline (TBS): 50 mM Tris–HCl, pH 7.4, 150 mM 
NaCl. Make 1 L and store at room temperature for up to 1 month.   

   24.    Alkaline phosphatase buffer: 100 mM NaCl, 5 mM MgCl 2 , 
100 mM    Tris-HCl (should be pH 9.5 without needing adjust-
ment). Make 1 L and store at room temperature for up to 1 
month.   

   25.    15 mL Alkaline phosphatase substrate (premixed solution of 
nitroblue tetrazolium and 5-bromo-4-chloro-3- indolylphosphate 
available from Invitrogen, Paisley, UK;  see   Note 3 ).   

   26.    PBS-EDTA: PBS containing 0.75 % (w/v) EDTA. Make 20 mL 
and store at -20 °C for up to 1 year.   

   27.    Any image analysis system suitable for quantitative analysis of 
color intensity on dotblots (e.g., Bio-Rad Molecular Imager).       

3    Methods 

   The antiserum is raised in rabbits, following the protocol described 
by Mitchell and Clarkson [ 4 ].

    1.    Dissolve freshly phenol-extracted and ethanol-precipitated calf 
thymus DNA (use standard procedure [ 8 ] or adaptation of 

3.1  Preparation and 
Characterization of the 
Polyclonal Antiserum
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protocol in Subheading  3.4 ,  step 4 ) in isotonic saline at a 
 concentration of 1 mg/mL.   

   2.    Irradiate 2 mL of the DNA solution in an open petri dish on 
ice, giving a total dose of 100 kJ/m 2 .   

   3.    Adjust the concentration of the DNA to 0.4 mg/mL with 
 isotonic saline.   

   4.    Immediately prior to inoculation, heat-denature the irradiated 
DNA at 95 °C for 5 min in a heating block or water bath. 
Prepare 1 mL of immunogen by mixing 0.5 mL of the heat- 
denatured irradiated DNA with 0.5 mL of MBSA. Mix gently 
but thoroughly and fi lter-sterilize by passing through a 4.5 μm 
syringe fi lter.   

   5.    For the fi rst injection, emulsify 1 mL of immunogen with 1 mL 
of complete Freund’s adjuvant. Give four subsequent injec-
tions every 2 weeks using incomplete adjuvant. Two weeks 
after the last injection, administer a booster of 200 μg of 
poly(dA)·poly(dT) DNA irradiated with a dose of 250 kJ/m 2 . 
Preimmune serum and test bleeds taken after each injection 
must be checked for activity.   

   6.    Harvest the antiserum 2 weeks after the booster. The exact 
details of this protocol must be approved and possibly modifi ed 
according to local rules for animal handling.   

   7.    Test bleeds: prepare test strips by applying a dilution series of 
denatured herring-sperm DNA, which has been irradiated 
with UVC at 50 J/m 2  to dotblots in the same way as for the 
repair assay ( see  Subheading  3.5 ). Process the test strips in 
exactly the same way as for the repair assay ( see  Subheading  3.6 ). 
The activity of the antiserum against total lesions and nondi-
mer photoproducts should be monitored (Fig.  1 ).

          This method is based on the fi rst part of the purifi cation procedure 
for photolyase described by Sancar et al. [ 6 ].

    1.    Grow  E. coli  (PHRl) in 1 L of LB containing tetracycline 
(25 mg/L) to an OD 6oo  of approx. 1.0–1.1. Add IPTG to 
0.5 mM. Grow for a further 12 h.   

   2.    Harvest the cells by centrifugation at 4,000 ×  g  and wash in 
lysis buffer.   

   3.    Resuspend by pipeting in 20 mL of ice-cold lysis buffer. Divide 
the suspension into three aliquots in glass universal bottles, 
and sonicate (four 30-s pulses on ice). Keep the lysate cool.   

   4.    Recombine the sonicated aliquots and spin at 31,000 ×  g  at 
4 °C for 20 min.   

   5.    Pour off the supernatant and spin at 120,000 ×  g  at 4 °C for 1 h.   
   6.    Carefully pour supernatant into a sterile 100-mL glass conical 

fl ask, and to 20 mL of supernatant, add 8.6 g of ammonium 

3.2  Preparation of 
Crude Photolyase

Measuring Repair of UV Photoproducts



558

sulfate, slowly, over a 1 h period, keeping on ice and swirling 
to dissolve well.   

   7.    Spin down the yellow precipitate, in a sterile Corex tube, at 
8,000 ×  g  for 30 min at 4 °C.   

   8.    Dissolve the precipitate in 5 mL of ice-cold storage buffer. Add 
100-μL aliquots to pre-cooled 0.5-mL microcentrifuge tubes 
and store at −70 °C.   

   9.    The photolyase preparation should be tested for photoreacti-
vating activity on test strips (Fig.  1 ).    

     The method given here is for budding yeast,  Saccharomyces cerevi-
siae .  See   Note 4  for measuring repair in mammalian cells.

    1.    Irradiate mid-log-phase cells in sterile water at a cell density of 
1–2 × 10 7 /mL using a dose of 50 J/m 2 . The cells should be 
irradiated as a 0.5-cm-deep suspension in an open plastic tray. 
Thirty milliliters of cell suspension will be necessary for each 
time-point ( see   Notes 5  and  6 ).   

3.3  Repair 
Experiment

  Fig. 1    Strip tests for polyclonal antiserum. The control DNA ( top panel ) contains only CPDs, which are com-
pletely removed by incubating the blot in photolyase (PHR) under visible light illumination (photoreactivation). 
Yeast DNA incubated in hot alkali ( lower left ) contains only CPDs, which are completely removed if the blot is 
treated with photolyase ( lower right ). Photolyase treatment alone removes CPDs ( lower middle ) and leaves 
alkali- labile sites, which are principally or entirely (6-4)PPs       

 

Shirley McCready
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   2.    Immediately after irradiation, take a 30-mL sample and add 
30 mL of ice-cold ethanol. This will serve as the time-zero 
sample.   

   3.    Divide the remaining suspension into 30-mL aliquots. Add 
3 mL of 10× YEPD to each and incubate at 28 °C with gentle 
shaking in a temperature controlled water bath or orbital 
shaker. For each time-point, add one of the 30-mL cultures to 
30 mL of ice-cold ethanol and keep on ice for 5 min before 
harvesting by centrifugation at 27,000 ×  g  for 10 min.   

   4.    Resuspend the cells in 1 mL of TE by vortexing. Transfer to a 
microcentrifuge tube. Wash (resuspend as above, then spin 
down in a microcentrifuge at 12,000 ×  g  for 3 min) the cells in 
TE, and then in 1 M sorbitol.    

     
 Various DNA extraction methods can be used. The method given 
here is for budding yeast,  S. cerevisiae . A commercial kit for 
genomic DNA isolation can be used or, alternatively, DNA can be 
extracted by phenol–chloroform extraction as follows.

    1.    Resuspend the cells from Subheading  3.3 ,  step 4  in 500 μL of 
1 M sorbitol by vortexing, and add 25 μL of zymolyase to con-
vert the cells to spheroplasts. After 10 min, begin checking the 
cells under the microscope—spheroplasts are round and dark 
under phase contrast, and they will swell and burst in water.   

   2.    Spin down the spheroplasts in a microcentrifuge at 12,000 ×  g  
for 3 min.   

   3.    Gently resuspend the spheroplasts by pipeting in 500 μL of TE 
and lyse by adding 50 μL of 10 % SDS.   

   4.    Add 500 μL of phenol–chloroform. Mix well by vortexing, and 
spin at 12,000 ×  g  for 10 min in a microcentrifuge. Transfer 
the top (aqueous) layer to a 2-mL microcentrifuge tube and 
add 1 mL of room temperature ethanol. Precipitate the DNA 
at room temperature for 5 min.   

   5.    Spin down the precipitate at 12,000 ×  g  in a microcentrifuge at 
room temperature. Allow the precipitate to air dry (can take 
anywhere from 30 min to several hours).   

   6.    Dissolve the precipitate in 500 μL of water.   
   7.    Add 50 μL of 3 M sodium acetate and 1 mL of room tempera-

ture ethanol.   
   8.    Repeat  steps 5  and  6 . Add 2 μL of RNase A solution, and 

incubate for 30 min.   
   9.    Repeat  step 7 , centrifuge at 12,000 ×  g , and dissolve the DNA 

in 450 μL of water.   
   10.    Run 5-μL aliquots on 0.8 % agarose gel(s), and stain by immer-

sion in ethidium bromide solution. Scan the gel(s) and compare 

3.4  DNA Extraction
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concentrations by densitometry using an appropriate image 
analysis system according to manufacturer’s instructions. Adjust 
the concentrations, and run aliquots again. Repeat until all the 
samples have identical DNA concentrations ( see   Note 7 ).    

     The layout of the dotblots is shown in Figs.  2  and  3 . Additional 
time-points are needed for mammalian cells ( see   Note 4 ).

      1.    Divide each 400 μL of DNA sample into two 200-μL aliquots 
in microcentrifuge tubes on ice.   

   2.    To one aliquot, add 22 μL of freshly made 1 N NaOH and 
incubate at 90 °C for 30 min, then cool on ice for 5 min.   

   3.    Add 110 μL of neutralizing solution and 70 μL of water.   
   4.    Treat the second 200-μL aliquot the same way, including the 

addition of NaOH, but omit the 90 °C incubation.   
   5.    Transfer 100-μL aliquots of all samples into siliconized microtiter 

plates, and set up a twofold dilution series in 1 M ammonium 
acetate in a 96-well microtiter plate, as indicated in Fig.  2 .   

3.5  Preparation 
of Dotblots

  Fig. 2    Layout of dotblots for a typical repair experiment in yeast. Doubling dilutions in 1 M ammonium acetate 
are set up in microtiter plates, and samples transferred to duplicate blotting membranes in the array illustrated       
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   6.    Transfer samples onto nitrocellulose fi lters using a vacuum 
dotblotting apparatus. Wash the fi lters by immersing and agi-
tating briefl y in 1 M ammonium acetate and then in 5× SSC, 
air-dry on fi lter paper (should take about 1 h after blotting off 
the excess on fi lter paper), and bake at 80 °C for 2 h.    

     
 This method is derived from that described by Wani et al. [ 9 ].

    1.    Incubate the blots overnight in 50 mL of a 1 % gelatin solution 
at 37 °C.   

   2.    Incubate the blots destined for measurement of (6-4)PPs in 
20 mL photoreactivation solution. Incubate the blots in indi-
vidual plastic boxes for 5 min in the dark, followed by 1 h under 

3.6  Developing 
Dotblots and 
Quantitating 
DNA Damage

  Fig. 3    Dotblots from a yeast repair experiment. Cells were irradiated with 50 J/m 2  and samples were taken 
immediately and at the post-irradiation times indicated. Samples were applied in the array illustrated in Fig.  2 . 
The blot on the  right  was incubated in photolyase (PHR) under visible light illumination to photoreactivate CPDs       
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two 60-W desk lamps, using a piece of plate glass to cut out 
wavelengths below 320 nm ( see   Note 8 ).   

   3.    Rinse all blots in 50 mL PBS.   
   4.    Incubate all blots at 37 °C for 1 h in 20 mL of PBNT contain-

ing 1 mL of denatured crude unirradiated yeast carrier DNA 
( see   Notes 6  and  9 ) and 1 μL/mL (i.e., 1:1,000 dilution) anti-
UV- DNA polyclonal antiserum.   

   5.    Wash the blots four times in 100 mL PBX.   
   6.    Incubate the blots for 1 h at 37 °C in 20 mL PBNT containing 

1:1,000 biotinylated antirabbit antiserum.   
   7.    Wash the blots three times in PBX followed by two washes in 

100 mL TBS.   
   8.    Incubate for 1 h at 37 °C in 20 mL of TBS containing 1:1,000 

alkaline phosphatase-conjugated ExtrAvidin.   
   9.    Wash the blots thoroughly in several changes of 100 mL TBS, 

and then incubate, in the dark, in 15 mL of substrate solution 
for 5–10 min. Watch the reaction and stop before the back-
ground begins to go blue, by adding 25 mL of PBS-EDTA. 
Rinse the blots in water ( see   Note 10 ). Examples of processed 
dotblots are shown in Fig.  3 .   

   10.    Air-dry the blots on fi lter paper and scan using a scanning 
 densitometer with an image analysis facility or a scanner and 
appropriate image analysis software (Fig.  4 ). Measure the 
intensity of the blue color in the dots and set up a calibration 
curve for each set of samples using the serial dilutions of the 
time-zero sample as standards. Calculate the lesions remaining 
in the samples from each of the time points as a percentage of 
the lesions in the time-zero sample (Fig.  5 ;  see   Note 11 ).

4             Notes 

     1.    Available from the  E. coli  Stock Center, Yale University, New 
Haven, CT (  http://cgsc.biology.yale.edu/cgsc.html    ).   

   2.    Several types of membrane have been tried for this method. 
Nitrocellulose gives the lowest background and cleanest 
results. Nylon gives very high background and is not suitable.   

   3.    Several different enzyme-linked assays and different substrates 
were used when developing and optimizing this assay. The one 
described here gave a low background and good sensitivity.   

   4.    For mammalian cells, post-irradiation incubation times must 
be longer than for yeast. For example, human cells repair only 
50 % of CPDs during a 24-h incubation after UV, though 
(6-4)PPs are repaired within a few hours [ 10 ].   
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   5.    The appropriate number and timing of sampling is organism- and 
dose-dependent and must be found by trial and error, or by 
 reference to the relevant literature [ 1 ].   

   6.    Unirradiated yeast carrier DNA is needed in the hybridization 
to be performed in Subheading  3.6 ,  step 4 , and can be made 
alongside these irradiated samples. However, it is simpler to 
make it in bulk and store it frozen. The appropriate mammalian 

  Fig. 4       Vertical scans of tracks showing repair in the two blots shown in Fig.  3 . ( a ) The blot not treated with 
photolyase. ( b ) The photolyase-treated blot       

  Fig. 5    Repair curve for CPDs and (6-4)PPs calculated from scans of the blot 
in Fig.  3        
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carrier DNA should be prepared if the assay is used for 
 mammalian cells.   

   7.    It is crucial to equalize the DNA in the samples from the  various 
time-points. This cannot be done accurately with a spectropho-
tometer, and is diffi cult to do accurately even with a fl uorimeter. 
The gel method described is the only one we have found to be 
adequate.   

   8.    These lamps are not being used to dry or heat the blots; they are 
providing photons of photoreactivating light at suitable wave-
lengths so that the photolyase will repair the previously induced 
CPDs. (The blue wavelengths required by the photolyase 
 happen to be emitted by ordinary 60-W light bulbs). Uncolored 
standard plate glass approx. 0.3 cm thick can be used to protect 
the blot from further exposure to short/midwave UV.   

   9.    Empirically, addition of yeast DNA seems to block nonspecifi c 
binding better than using commercially available herring sperm 
DNA or calf thymus DNA alone, perhaps because the antise-
rum contains antibodies to proteins present in miniscule 
amounts in the original yeast DNA samples used as antigen.   

   10.    When incubating with the substrate, it is essential to keep the 
solution in the dark, to agitate the solution, to keep the blot 
well covered, and to stop the reaction before the background 
begins to go blue.   

   11.    Although the method is only semiquantitative, it gives very 
reproducible results, provided care is taken to choose dilutions 
in which the intensity of the blue color is not near saturation, 
i.e., choose the linear part of the calibration curve.         
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    Chapter 39   

 Analysis of Double-Strand Break Repair 
by Nonhomologous DNA End Joining in Cell-Free 
Extracts from Mammalian Cells 

           Petra     Pfeiffer    ,     Andrea     Odersky    ,     Wolfgang     Goedecke    , 
and     Steffi      Kuhfi ttig-Kulle    

    Abstract 

   Double-strand breaks (DSB) in genomic DNA are induced by ionizing radiation or radiomimetic drugs 
but also occur spontaneously during the cell cycle at quite signifi cant frequencies. In vertebrate cells, non-
homologous DNA end joining (NHEJ) is considered the major pathway of DSB repair which is able to 
rejoin two broken DNA termini directly end-to-end irrespective of sequence and structure. Genetic studies 
in various radiosensitive and DSB repair-defi cient cell lines yielded insight into the factors involved in 
NHEJ. Studies in cell-free systems derived from  Xenopus  eggs and mammalian cells allowed the dissection 
of the underlying mechanisms. In the present chapter, we describe a protocol for the preparation of whole 
cell extracts from mammalian cells and a plasmid-based in vitro assay which permits the easy analysis of the 
effi ciency and fi delity of DSB repair via NHEJ in different cell types.  

  Key words     DSB repair  ,   NHEJ (nonhomologous DNA end joining)  ,   Ligation  ,   Illegitimate recombi-
nation  ,   Cell-free extracts  ,   In vitro assays  

  Abbreviations 

   ATP    Adenosine triphosphate   
  BPB    Bromophenol blue   
  BSA    Bovine serum albumin   
  conc.    Concentration   
  dNTP    Deoxy-nucleoside triphosphate   
  DSB    Double-strand break   
  DTT    Dithiothreitol   
  EDTA    Ethylenediamine-tetra-acetate   
  EGTA    Ethyleneglycol-bis (β-amino-ethyl) ether-tetra-acetate   
  EthBr    Ethidium bromide   
  EtOH    Ethanol   
  HRR    Homologous recombination repair   
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  IR    Ionizing radiation   
  MOPSO    3-( N -Morpholino)-2-hydroxy-propanesulfonic acid   
  NHEJ    Nonhomologous DNA end joining   
  O/N    Overnight   
  PCV    Packed cell volume   
  PMSF    Phenyl-methyl-sulfonyl-fl uoride   
  ddH 2 O    Double-distilled water   
  RE    Restriction endonuclease   
  RT    Room temperature   
  SDS    Sodium dodecyl sulfate   
  SSA    Single-strand annealing   
  UV    Ultra violet   
  XC    Xylene cyanol   

1         Introduction 

 Double-strand breaks (DSB) in genomic DNA may arise spontane-
ously (mainly during DNA replication [ 1 ,  2 ]) or after exposure to 
DNA-damaging agents, such as ionizing radiation (IR) or radiomi-
metic drugs. The estimation that mammalian cells suffer at least 
ten DSB per cell cycle spontaneously implies that effi cient DSB 
repair is critical for survival. Failure to do so can result in deleteri-
ous genome rearrangements, cell cycle arrest or cell death. 

 Repair of DSB is achieved by at least three different mecha-
nisms of which the fi rst two are dependent on regions of extensive 
sequence homology while the third one is not [ 2 – 6 ]: (1) homolo-
gous recombination repair (HRR), a highly accurate process that 
usually restores the precise DNA sequence at the break; (2) single- 
strand annealing (SSA), a process that leads to the formation of 
deletions; and (3) nonhomologous DNA end joining (NHEJ) 
which joins two broken ends directly end-to-end. The latter is con-
sidered the major pathway of DSB repair in mammalian cells and 
the present chapter will focus exclusively on the analysis of this type 
of DSB repair. 

  The fact that NHEJ is able to join virtually any two DSB-ends 
irrespective of their structure or sequence has implications for the 
mutagenic potential of this pathway: (1) the original sequence is 
only restored if two complementary ends are precisely religated; 
therefore, ligation of cohesive or blunt ends is the simplest form of 
NHEJ. (2) If two noncomplementary ends are rejoined, they fi rst 
have to be converted to a ligatable form by enzymatic modifi cations 
that may cause base pair substitutions, insertions and/or deletions. 
(3) If, furthermore, the two ends originate from different 
chromosomes or distantly located regions of the same chromosome, 
genomic rearrangements such as translocations or interstitial 
deletions may occur [ 7 ]. Despite this mutagenic threat, the 

1.1  General Remarks 
on NHEJ

Petra Pfeiffer et al.



567

 consequences of DSB repair via NHEJ are probably tolerable in 
diploid somatic cells of multicellular organisms: (1) as long as the 
breaks are rare, originally related ends will be rejoined; (2) the 
chance that small scale alterations at break points affect a critical 
region in an expressed gene is low because of the high ratio of 
noncoding to coding DNA in the genome (~100:1); and (3) 
occasionally arising irreversibly damaged cells may be eliminated 
by apoptosis. 

 The NHEJ pathway requires at least seven proteins to repair 
DSB: the Ku70/80 heterodimer which binds to DNA ends, the 
catalytic subunit of the DNA-dependent protein kinase (DNA- 
PK CS   ) in association with Artemis, DNA ligase IV and its associ-
ated cofactors, the XRCC4 protein and XLF/Cernunnos ( reviewed 
by   8 ). This “Ku-dependent” NHEJ pathway is characterized by 
high effi ciency and high accuracy of junction formation. In the 
absence of any of the seven proteins, a second, less effi cient alterna-
tive NHEJ pathway is still functional which is inaccurate in that it 
creates deletions exhibiting small patches of sequence homology 
(microhomologies) at their breakpoints [ 8 – 11 ]. 

 Many studies of NHEJ made use of restriction enzymes (RE) 
to introduce defi ned DSB in the genomic DNA of cultured mam-
malian cells [ 12 ,  13 ], or in plasmids offered as DSB substrates in 
transfection assays [ 14 – 17 ], or cell-free extracts [ 18 ,  19 ]. The fact 
that RE induce no other lesions but DSB which are exactly defi ned 
with respect to their structure (depending on the enzyme used: 
5′- or 3′-overhangs or blunt ends; always 3′-hydroxyl and 5′-phos-
phate) and position within a given DNA sequence has greatly facil-
itated the study of the effi ciency and fi delity of NHEJ in the 
above-mentioned systems by comparing the original DSB termini 
and the resulting repair site (junction). 

 This article will not discuss any in vivo methods on NHEJ but 
describe only the methods to analyze NHEJ in vitro in whole cell 
extracts from mammalian cells. It is worth mentioning that there 
exists a variety of about 11 different cell-free systems which differ 
in their protocol of extract preparation, the types of products 
formed, and the effi ciency and fi delity of NHEJ [ 19 – 29 ]. Since 
these will not be discussed here, the interested reader is referred to 
an excellent review which has recently summarized the specifi c fea-
tures of all these different cell-free systems [ 30 ]. 

 The fi rst cell-free extract described was prepared from  Xenopus 
laevis  eggs [ 19 ] and is characterized by an extremely high effi ciency 
and reproducible fi delity of the NHEJ reaction which has not been 
reached yet by other cell-free systems. Based on the method for the 
preparation of the  Xenopus  extract, we have developed a protocol 
that allows the preparation of whole cell extracts from human and 
rodent cells which form, at only slightly reduced effi ciency and 
fi delity, all types of products seen in the  Xenopus  system [ 18 ,  31 ].  
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   The most commonly used in vitro assay employs plasmid DNA 
linearized with RE to mimic DNA molecules with a defi ned DSB. 
Plasmid substrates generated by cleavage with a single RE have 
complementary ends that allow measurement of the effi ciency and 
fi delity of ligation of cohesive 5′- or 3′-ends, or blunt ends (Fig.  1a ). 
Substrates generated by cleavage with two different RE have 
noncomplementary DNA ends (5′/5′; 3′/3′; bl/5′; bl/3′; 5′/3′) 
that allow measurement of the effi ciency and fi delity of genuine 
NHEJ (Fig.  1b, c ). This type of NHEJ is more complex and 
requires more factors than “simple” cohesive or blunt end ligation 
because the ends must be converted fi rst into a ligatable form by 
fi ll-in DNA synthesis and/or exonucleolytic removal of unpaired 
bases (see below).

      The extract-mediated NHEJ reaction converts all types of 
RE-cleaved plasmid substrates into monomeric open circular (oc) 
intermediates and covalently closed circles (ccc), and various linear 
multimers which can be separated by agarose gel electrophoresis 
(Fig.  2 ). In the case of substrates containing noncomplementary 
ends, it is important to note that only the circular monomers 
represent truly nonhomologously joined products in which two 
different ends are joined to each other [always head-to-tail (H:T)] 
while linear multimers can arise by both ligation of complementary 
ends [head-to-head (H:T) and tail-to-tail products (T:T)] and 
joining of noncomplementary ends [H:T products]. The different 
products formed can be detected best by Southern blot analysis (or 
by the here described in situ gel hybridization protocol) which is 
much more sensitive than the alternatively used direct staining 
with ethidium bromide (EthBr) and allows easy determination of 
the effi ciency of the NHEJ reaction on different substrate types by 
measurement of the relative band intensities of the corresponding 
products in a phosphor imager.

1.2  The NHEJ In 
Vitro Assay

1.2.1   Substrates

1.2.2  NHEJ Products: 
Effi ciency and Fidelity

Fig. 1 (continued) blunting of 5′ or 3′-overhangs by fi ll-in of 5′-overhangs or exonucleolytic degradation of 
5′- ( small grey arrows  ) or 3′-overhangs ( small black arrows  ). ( e ) Inaccurate NHEJ by microhomology-medi-
ated (μhom) SSA [ 10 ] which can occur on any terminus confi guration. Fortuitous microhomology patches 
present in the duplex adjacent to the DSB are exposed on long single-strands by helicase unwinding and/or 
exonucleolytic degradation of the ends and used for annealing. In the microhomology-priming model, the grey 
GATC patch of the trimmed left hand duplex is located directly at a 3′-end which can serve, upon annealing, 
for DNA fi ll-in synthesis ( black arrow heads  ). In the microhomology-ligation model, the black GGG patch of the 
trimmed right hand duplex comes into direct adjunction with the recessed strand of the left hand duplex facili-
tating nick ligation ( black diamond  ). In the following step, unpaired fl ap ends ( oblique lines  ) can be removed 
by exonucleolytic digestion or a fl ap endonuclease ( open oblique arrowheads  ). The NHEJ modes shown in  a – c  
are dependent on the Ku70/80 heterodimer, DNA-PK CS ; ligase IV, XRCC4, and additional not yet identifi ed enzy-
matic activities. Whether the NHEJ mode shown in  d  is also dependent on the Ku-system is not known yet; the 
NHEJ pathway shown in  e  is apparently not dependent on the Ku-system [ 31 ,  34 ,  35 ]       
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  Fig. 1    Types of different NHEJ pathways as observed in the cell-free system described here and their predicted 
protein requirements (for details  see  Subheading  1.2.2 ). The  thick grey lines  represent the plasmid duplex 
adjacent to the DSB termini which were induced by different RE [ see  different structures (blunt vs. 5′- or 
3′-overhang and sequences)].  White letters  on  black ground  indicate complementary base pairs in  a  and  b . ( a ) 
accurate ligation ( black diamonds ) of complementary cohesive (coh.) or blunt ends; ( b ) accurate NHEJ of anti- 
parallel ends by the overlap mode [ 32 ]; ( c ) accurate NHEJ of abutting ends by the fi ll-in mode ( grey arrow-
heads  indicate fi ll-in of 5′-overhang;  black arrowheads  fi ll-in of 3′-overhangs) [ 33 ]. ( d ) Inaccurate NHEJ by
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   Sequence analysis of the junctions created in the extract facili-
tates the investigation of the fi delity of the NHEJ reaction which is 
of particular interest for the comparison of the different NHEJ 
pathways in wild type cells and cells defi cient in certain factors 
involved in the NHEJ machinery. In this context, it is important to 
defi ne the term “accurate NHEJ.” While it is obvious that “accu-
rate ligation” of complementary cohesive or blunt restriction ends 
restores the original restriction site used to create the DSB (Fig.  1a ), 
the defi nition of “accurate NHEJ” is not self-evident because join-
ing of noncomplementary restriction ends necessarily causes a 
change in the original sequence. Still, general rules were estab-
lished for the Ku-dependent NHEJ of noncomplementary ends 
because extracts from  Xenopus  eggs [ 19 ] and mammalian cells [ 18 , 
 31 ] generate highly reproducible spectra of junctions using two 
main joining modes (“overlap” and “fi ll-in” mode). The mode used 
is determined by the structure of the ends being joined: while the 
“overlap” mode typically joins DNA ends containing 5′- or 3′-anti-
parallel single-stranded overhangs (5′/5′; 3′/3′; Fig.  1b ; [ 32 ]), the 
fi ll-in mode joins abutting DNA ends (5′/bl; 3′/bl; 5′/3′; Fig.  1c ; 
[ 32 ]). In the fi rst case, the ends form incompletely matched  overlaps 

  Fig. 2    Agarose gel separation of a typical NHEJ reaction (different concentrations of substrate DNA and extract 
protein tested). Incubation of linear plasmid substrate (P 1  lin) yields open circle (P 1  oc) and covalently closed 
circular monomers (P 1  ccc), linear dimers (P 2  lin), and several higher linear multimers (P 3–5  lin). The corre-
sponding orientations of H:T, H:H, and T:T junctions is shown on the  right side ). The balance between circular 
monomers and linear multimers is dependent on the DNA:protein ratio used in the assay. The optimal balance 
is achieved with a low DNA:protein ratio (1 ng/μl DNA and 4–8 μg/μl extract protein as fi nal conc. in a standard 
10 μl NHEJ assay)       
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by pairing of single fortuitously complementary bases and the 
overlap structure determines the patterns of subsequent repair 
reactions. In the second case, the sequences of participating 5′- or 
3′-overhangs are preserved fully by fi ll-in DNA synthesis in a pro-
cess in which the ends are transiently held together (presumably by 
the Ku70/80 heterodimer; [ 31 ]) so that the 3′-hydroxyl group of 
the 5′-overhang or blunt end can serve as a primer to direct repair 
synthesis of the 3′-overhang. In addition to this accurate 
“Ku-dependent” NHEJ, less accurate NHEJ can occur, e.g., by 
blunting of 5′- or 3′-overhangs and subsequent blunt end ligation 
(Fig.  1d ). While 5′-overhangs can be blunted by either fi ll-in or 
5′–3′-exonucleolytic degradation, 3′-overhangs can be blunted 
only by 3′–5′-exonucleolytic degradation. The dependence of this 
joining mode on the Ku heterodimer and the other cofactors is not 
yet clear. Another inaccurate NHEJ pathway, which is most likely 
independent of Ku and cofactors, generates small deletions by 
using fortuitous complementary bases in the duplex region adja-
cent to the DSB for microhomology- mediated single-strand 
annealing (Fig.  1e ; [ 31 ,  34 ]). 

 Isolation of single NHEJ-events for sequence analysis of the 
junctions is achieved by two different strategies (1) transfection of 
total products in  E. coli  which results in preferential cloning of the 
junctions in circular products (with decreasing effi ciency for 
ccc > oc ≫ lin.) and (2) PCR-amplifi cation of gel-purifi ed linear 
multimers and subsequent sub-cloning in  E. coli  to produce single 
clones suitable for sequencing. 

 The advantage of the cell-free system described here is that 
both NHEJ pathways (the “Ku-dependent” and “Ku-independent”) 
are fully active so that both mechanisms can be studied in parallel. 
Interestingly, the two mechanisms can be distinguished by the 
products they form: while the “Ku-dependent” pathway forms cir-
cular and multimeric products, the “Ku-independent” pathway 
forms mainly linear multimers so that extracts made from cells defi -
cient in the Ku-dependent pathway can be easily identifi ed by the 
absence of ccc products (Fig.  3 ; [ 31 ,  34 ,  35 ]). Although linear 
multimers can, in principle, arise by ligation of the corresponding 
complementary ends (see above) it is worth mentioning that the 
multimers in Ku-defi cient cells are not formed by ligation but by 
inaccurate NHEJ which leads to the formation of small deletions 
exhibiting microhomologies at their breakpoints (Fig.  1e ). This 
issue is particularly interesting with respect to the analysis of 
extracts from mutant cell lines defi cient in one of these pathways 
because this allows performance of biochemical complementation 
or inhibition of certain components involved in one or the other 
pathway.

   In the following part, detailed protocols are given for the prep-
aration of whole cell extracts from mammalian cells [ 18 ,  31 ] and 
appropriate plasmid substrates, respectively, and subsequent  analysis 
of joined products in agarose gels by in situ gel hybridization.    
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2     Materials 

      1.    For each extract preparation at least 5 × 10 8  cells are required 
(this will yield about 0.5–1 ml of whole cell extract which is 
suffi cient for 50–100 NHEJ assays).   

   2.    PBS (ice-cold): 4 mM Na 2 HPO 4 ; 2 mM KH 2 PO 4  pH 7.4; 
136 mM NaCl; 3 mM KCl.      

      1.    Ultracentrifuge (e.g., Beckman) with swing-out rotor for 
10–12 ml polyallomer tubes (e.g., SW41); centrifuge (e.g., 
Sorvall) with rotor for 30 ml plastic tubes (e.g., SS34).   

   2.    Phase-contrast microscope.   
   3.    5 ml glass homogenizer (with a tightly fi tting glass pistil) is 

optional ( see   Note 3 ).   
   4.    Self-made calibrated reference tube (15 ml screw-cap tube, 

e.g., Falcon) to measure the packed cell volume (PCV; use 
water for calibration of ten 0.5 ml units).   

2.1    Cells

2.2  Extract 
Preparation

  Fig. 3    Comparison of the NHEJ effi ciencies of two Chinese hamster ovary (CHO) cell lines on different plasmid 
substrates. The xrs6 mutant cell line ( right panel ; [ 36 ]) is defective in Ku80 and was derived from the wild-type 
CHO-K1 parent ( left panel  ). Numerals (1–5;7;8;10–12) on  top  of each panel refer to the numbers of the differ-
ent substrate type given in Fig.  5 ; band designations are as in Fig.  2 . Note that xrs6 is able to form oc and ccc 
products only from substrates with cohesive 5′- (1) or 3′-ends (2) but not from blunt ends (3) or any of the 
noncomplementary substrates (4;5;7;8;10–12). The absence of circular products is a hallmark of extracts 
prepared from cells defective in the Ku-dependent NHEJ pathway [ 31 ,  34 ,  35 ]. The multimers observed in xrs6 
are not formed by simple ligation of complementary ends but mainly by microhomology-mediated SSA as 
shown in Fig.  1        
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   5.    Protease inhibitors: 100 mM (=200×) PMSF (Serva): 170 mg 
in 10 ml isopropanol (keeps up to 6 months at room tempera-
ture). 1 mM (=1,000×) leupeptin (Serva): 0.5 mg in 1 ml 
ddH 2 O (keeps up to 6 months at −20 °C). 1 mM (=1,000×) 
pepstatin A (Serva): 5 mg in 7.14 ml methanol (keeps up to 2 
weeks at −20 °C).   

   6.    Sol.I (hypotonic; ice-cold; 50 ml are suffi cient for 2–3 extract 
preparations): 10 mM Tris–HCl pH 8.0; 1 mM EDTA; 5 mM 
DTT (Sigma).   

   7.    Sol.II (hypotonic; ice-cold; 50 ml are suffi cient for 2–3 extract 
preparations; use 50 ml plastic screw-cap tube, e.g., Falcon): 
50 % glycerol (take 100 % stock and pour the equivalent vol-
ume in the tube—do not pipet); 25 % sucrose (pour the 
 equivalent volume of a 70 % stock on the glycerol); 50 mM 
Tris–HCl pH 8.0; 10 mM MgCl 2 ; 2 mM DTT.   

   8.    Saturated ammonium sulfate solution (ice-cold): 10.3 g 
ammonium sulfate in 20 ml H 2 O; adjust to pH 7.0 with just a 
few drops of 2 N NaOH (check with pH paper).   

   9.    Very fi ne mortared solid ammonium sulfate.   
   10.    1 ml 1 N NaOH, freshly diluted from a higher concentrated 

stock.   
   11.    100 mM β-sodium-glycerol-phosphate (Sigma) pH 7.0 stock 

solution; make freshly, store at 4 °C. Sterilize by fi ltering.   
   12.    Storage buffer (2 l per one extract preparation): 20 % glycerol; 

30 mM Tris–HCl pH 8.0; 90 mM KCl; 10 mM β-sodium- 
glycerol-phosphate pH 7.0; 2 mM EGTA pH 8.5; 1 mM 
EDTA pH 8.0; 1 mM DTT; 2 mM MgCl 2 .   

   13.    Dialysis tubing (3/4 in., Gibco-BRL; store at 4 °C) and four 
tightly fi tting clamps for each sample to be dialyzed.   

   14.    1.5 ml cryo-tubes with screw caps (different colors for extracts 
from different cell lines) and liquid nitrogen for shock freeze.   

   15.    At least −80 °C are required for storage of extracts; storage in 
liquid nitrogen, however, is better.   

   16.    Kit for determination of protein concentration according to 
Bradford (e.g., Bio-Rad). Dilute 1:5 in ddH 2 O and fi lter 
through paper fi lter (e.g., Whatman). 1:20 dilution in ddH 2 O 
of a 10 mg/ml BSA stock solution (New England Biolabs) for 
calibration curve to measure a range of 1–10 μg of protein. 
Photometer. Disposable plastic cuvettes.      

       1.    Plasmid with polylinker (e.g., pSP65 or pUC18; Promega) for 
the generation of substrates with complementary ends; plas-
mid harboring a ~1 kb fragment of any DNA in the middle of 
the polylinker for the generation of substrates with noncom-
plementary ends (Fig.  4 ).

2.3  Substrate 
Preparation 
( See   Note 1 )
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       2.    Restriction enzymes of choice (e.g., Boehringer).   
   3.    1× TA-electrophoresis buffer (dilute from a 50× stock; make 

up 1 l containing 0.5 μg/ml EthBr) 40 mM Tris base; 12 mM 
sodium acetate; adjusted to pH 7.4 with acetic acid.   

   4.    Loading buffer: 2.5 mM Tris–HCl pH 8.0; 50 mM EDTA 
pH 8.0; 90 % glycerol; 0.01 % BPB; 0.01 % XC.   

   5.    Preparative 1 % agarose gel (~12 cm in length with large nar-
row slots) in 1× TA-buffer containing 0.5 μg/ml EthBr.   

   6.    UV transilluminator; goggles; gloves; scalpel.   
   7.    Gel extraction kit (e.g., Qiagen).   
   8.    TE-buffer: 10 mM Tris–HCl pH 7.5; 0.1 mM EDTA.      

      1.    Frozen aliquot(s) of cell-free extract (at least 5 μg protein/μl; 
8 μl are required per 10 μl standard NHEJ assay, check size of 
aliquot needed and use economically).   

   2.    Microdialysis fi lters (0.025 μm pore diameter; Millipore, cat. 
no. VSPWPO2500); 10 cm petri dishes.   

   3.    M-buffer (reaction-buffer; 50 ml ice-cold) 50 mM MOPSO 
(Sigma)–NaOH pH 7.5; 40 mM KCl; 10 mM MgCl 2 ; 5 mM 

2.4  In Vitro 
NHEJ Assay

  Fig. 4    Schematic presentation of the plasmids used in our lab for preparation of linear substrates.  Top : poly-
linker of pSP65 (highlighted in  grey  );  bottom : polylinker of pSP65-λ (4.25 kb) which harbors a 1.25 kb frag-
ment of λ-DNA (highlighted in  black  ) cloned into the BamH1 and Sal1 site [ 32 ].  Small vertical arrows  mark the 
cleavage sites of the restriction enzymes indicated. Complete excision of the λ-insert helps controlling the 
preparation of linear substrates containing two noncomplementary restriction ends. Insertion of additional 
linkers into pSP65-λ (not shown) has enlarged the spectrum of RE sites in our substrate system ( see  Fig.  5 )       
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  Fig. 5    List of substrates with complementary (# 1–3), noncomplementary anti-parallel (# 4–7), and abutting (# 
8–15) ends used in our lab. Substrates # 1–3 can be prepared from pSP65, substrates # 5, 8–12, and 14 can 
be prepared from pSP65-λ ( see  Fig.  4 ); substrates # 4, 6, 7, 13, and 15 are derived from modifi ed pSP65-λ 
containing additional linkers for Kpn (=Asp718) or BstX1 (not shown). Corresponding structures and sequences 
of ends are shown below terminus confi guration with the RE-sequence highlighted in  light grey  and comple-
mentary base pairs marked in  white letters  on  black ground ; microhomology patches in the adjacent duplex 
are shown in  dark grey . Main types of junctions resulting by accurate (acc) ligation or NHEJ [fi ll-in- or overlap 
(ovlp) mode;  see  Fig.  1 ], and microhomology-mediated (μhom) SSA are shown as top strand sequences with 
 vertical lines  indicating the junction breakpoint.  Negative numerals  indicate the number of bases lost from the 
 left  and  right  terminus, respectively.  Underlined sequences  mark restored RE-sites that can be used for 
RE-analysis (also see  right column  ). Note that segregation in  E. coli  of the mismatches in the junctions of 
substrates # 4, 6, and 7 leads to two different sequences ( see  footnotes 1–4) and in the case of substrate # 4 
to sensitivity to cleavage with Bam or Asp or both [ 37 ]       

β-mercaptoethanol. Dilute freshly from stock solutions directly 
prior to use [500 mM MOPSO–NaOH pH 7.5 (light- 
sensitive!) stock should be stored in aliquots at −20 °C; keep 
for ~6 months; each stock should be used only once]. Add 
protease inhibitors directly before dialysis.   
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   4.    10× LNB (goodies; make up 1 ml, store in aliquots at −20 °C, 
keeps for at least 1 year): 10 mM Tris–HCl pH 8.0; 1.2 mM 
MgCl 2 ; 10 mM KCl; 1 mM β-mercaptoethanol supplemented 
with 10 mM ATP pH 7.0; 2 mM dNTPs (0.5 mM each); 
0.5 mg/ml BSA.   

   5.    Linear plasmid substrate of choice at a concentration of 
10 ng/μl in TE.   

   6.    2× TE-Stop/SDS: 40 mM Tris–HCl pH 7.5; 2 mM EDTA; 
2%SDS (10 μl are required for each 10 μl standard NHEJ 
assay).   

   7.    Facilities for incubation of NHEJ assays at 25 °C (or 37 °C; 
depends on cell type) and for termination of reactions at 65 °C.      

       1.    1 % agarose (e.g., Biozym) gel in 1× TA ( see  Subheading  2.3 , 
 item 3 ) containing 1 μg/ml EthBr. The gel should be very 
thin (4–5 mm), be at least 10 cm long, and contain small slots 
(preferably ~1 mm × 2.5 mm).   

   2.    Mini-Stop: 2.5 mM Tris–HCl pH 8.0; 50 mM EDTA pH 8.0; 
77 % glycerol; 0.01 % BPB; 0.01 % XC.   

   3.    Proteinase K (Sigma): 20 mg/ml ddH 2 O; store in small ali-
quots at −20 °C (each aliquot should be used only once).   

   4.    Pro-Stop: 1 mg/ml proteinase K in loading buffer. Prepare as 
follows: for 400 μl: add 250 μl Mini-Stop and 112.5 μl ddH 2 O 
to 37.5 μl proteinase K.   

   5.    Facilities for incubation at 37 and 65 °C.   
   6.    Supercoiled and linear plasmid DNA (1 ng/μl) as marker.      

      1.    Gel-soak solutions: GS0: 1.5 M NaCl; 0.25 N HCl (pH 0–1); 
GS1: 1.5 M NaCl; 0.5 N NaOH (pH 13–14); GS2: 1.5 M 
NaCl; 1 M Tris–HCl pH 7.5.   

   2.    Gel dryer; Whatman 3MM paper; Saran wrap.   
   3.    50–100 ng linear plasmid DNA (the same as used for substrate 

preparation) in 25 μl ddH 2 O. Denature by boiling for 5 min.   
   4.    [ 32 P]α-dCTP (5,000 Ci/mmol; Amersham-Pharmacia).   
   5.    Random priming Kit (Amersham-Pharmacia).   
   6.    Nick TM  columns (Amersham-Pharmacia).   
   7.    Sheered denatured salmon sperm DNA (0.2 ml; 10 mg/ml).   
   8.    20× SSC: 3 M NaCl; 300 mM sodium citrate.   
   9.    Hybridization solution (50 ml): 6× SSC; 1 % SDS; 50 mM 

Tris–HCl pH 7.5; 4 mM EDTA.   
   10.    Hybridization box.   
   11.    65 °C-water bath with shaking facility or hybridization oven.   

2.5  Analytical 
Agarose Gel 
Electrophoresis 
( See   Note 2 )

2.6  In Situ Gel 
Hybridization (Instead 
of Southern Blot)
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   12.    10 % SDS.   
   13.    WS (washing solution 300 ml): 6× SSC; 0.5 % SDS.   
   14.    Shaker for RT.   
   15.    Phosphorimaging facility (e.g., Packard Bioscience) or X-ray 

fi lms (e.g., Kodak).      

      1.    1× TE-Stop/PK (100 μl per NHEJ assay): 20 mM Tris–HCl 
pH 7.6; 1 mM EDTA containing 1 μg/μl of proteinase K 
( see  Subheading  2.5 ,  item 3 ).   

   2.    Glycogen (20 mg/ml; Boehringer).   
   3.    Phenol pH 7.0 (e.g., Roth).   
   4.    Phenol–chloroform (1:1).   
   5.    Chloroform.   
   6.    100 % EtOH and 70 % EtOH.   
   7.    Electro-competent  E. coli  cells (e.g., strain DH5α). Buy or 

make yourself.   
   8.    Agar plates containing the appropriate antibiotics (mostly 

ampicillin).   
   9.    Electroporator (e.g., Eppendorf); corresponding cuvettes.   
   10.    Plasmid mini-extraction kit (e.g., Qiagen).      

      1.    Sequencing primer that binds approximately 50–100 bp upstream 
of the polylinker region of the plasmid used as substrate.       

3     Methods 

      1.    All steps must be performed on ice. Gloves should be worn at 
all times due to the toxicity of the protease inhibitors.   

   2.    Collect thawed cells (5–10 × 10 8 ) in 50 ml plastic tube. Wash 
twice with ice-cold PBS. Transfer cells into 15 ml plastic tube 
after fi rst wash.   

   3.    Determine the PCV of the cell pellet by comparison to the 
reference tube.   

   4.    Resuspend cell pellet in 4 PCV of Sol.I. Do not vortex but 
gently pipette cells and shake tube “over-head.”   

   5.    Incubate cell suspension on ice for about 20 min (time varies 
with the cell type). Add protein inhibitors as soon as the cells 
start to break by swelling (after ~5 min).   

   6.    Check cells and nuclei in a phase-contrast microscope (after 
~10–20 min): 80–90 % of the nuclei should be released from 
the cytoplasm and still be intact.   

   7.    At this stage, all steps should be performed in the cold room.   

2.7  Transformation 
in  E. coli  and 
Preparation 
of Cloned Junctions

2.8  Sequence 
Analysis

3.1  Extract 
Preparation 
( See   Note 3 )
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   8.    Pour cell lysate in a pre-cooled 30–50 ml glass beaker and put 
on a magnet stirrer (stir slowly).   

   9.    Add slowly 4 PCV of Sol.II by dripping from a 10 ml pipette. 
If the phases do not mix properly, pour lysate in a fresh pre- 
cooled beaker.   

   10.    Add very slowly 1 PCV of the saturated ammonium sulfate 
solution with a 1 ml Eppendorf pipette. Stir slowly for 30 min 
(check stirring repeatedly because the lysate is very viscous).   

   11.    Transfer suspension in pre-cooled polyallomer centrifuge tube 
(one extract preparation per one 12 ml tube). Centrifuge at 
212,000 ×  g  for 3 h at 2 °C.   

   12.    Transfer the high-speed supernatant in a 15 ml plastic tube 
with a 1 ml Eppendorf pipette. A 2–3 ml remainder of the vis-
cous material at the bottom of the centrifuge tube should be 
discarded.   

   13.    Measure volume of the high-speed supernatant by comparison 
with a calibrated reference tube and transfer it into a pre- cooled 
20 ml glass beaker.   

   14.    Place beaker on a magnet stirrer and add slowly the solid fi ne 
mortared ammonium sulfate (0.33 g/1 ml supernatant) under 
constant gentle stirring.   

   15.    Neutralize the solution by addition of 10 μl of the freshly 
diluted 1 N NaOH.   

   16.    Stir slowly for 30 min.   
   17.    Transfer solution in pre-cooled 30 ml centrifuge tubes without 

transferring unresolved ammonium sulfate crystals.   
   18.    Centrifuge at 27,000 ×  g  for 30 min at 2 °C.   
   19.    Cut a piece (~10 cm for each extract preparation) of dialysis 

tubing (wear gloves) with sterilized scissors and stir for 30 min 
in ice-cold sterile ddH 2 O to remove residual ethanol.   

   20.    Remove supernatant and resuspend the low-speed pellet 
quickly in 1/20 vol. (of the high-speed supernatant) of storage 
buffer freshly supplemented with protease inhibitors. To avoid 
extreme foaming, do not vortex but let the buffer run repeat-
edly over the pellet on the tube wall with a 1 ml Eppendorf 
pipette.   

   21.    Transfer the protein solution in the watered dialysis tubing 
(wear gloves) and securely tighten two clamps at each end of 
the tube.   

   22.    Dialyze O/N in 1 L of storage buffer with one change of buf-
fer after 1 h (add protease inhibitors only directly prior to 
dialysis).   
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   23.    Transfer the dialyzed extract with a 1 ml Eppendorf pipette 
into a 1.5 ml Eppendorf tube.   

   24.    Clear the turbid extract by centrifugation for 5 min in the cold 
room.   

   25.    Distribute the cleared extract into pre-cooled cryo-tubes 
(50 and 100 μl aliquots; leave 10 μl separately for determina-
tion of protein conc.).   

   26.    Shock freeze in liquid nitrogen and store at −80 °C or prefer-
ably in liquid nitrogen where aliquots remain active for at least 
9 months.   

   27.    Measure protein conc. of the extract: add 950 μl of the diluted 
fi ltered Bradford solution to 50 μl of extract sample (1:50 and 
1:100 dilution in ddH 2 O of the 10 μl sample), leave 5 min at 
RT, transfer in disposable plastic cuvette, measure OD at 
595 nm and compare with a calibration curve made with BSA 
on the same day. The protein conc. should range between 6 
and 12 μg/μl.      

      1.    Digest 10 μg of plasmid DNA with one or two different RE, 
respectively, according to the manufacturer’s suggestion.   

   2.    Mix completely digested DNA sample with an appropriate vol. 
of loading buffer, incubate at 65 °C for 5 min, chill on ice, and 
load directly on a preparative 1 % agarose gel.   

   3.    Run electrophoresis at 5 V/cm (or at 1 V/cm O/N) until the 
BPB dye has reached the bottom edge of the gel.   

   4.    Cut out sharply the linear 3 kb plasmid band under UV light 
using a scalpel.   

   5.    Extract DNA from agarose with gel extraction kit according to 
the manufacturer’s instructions.   

   6.    Measure DNA conc. in a photometer at 260 nm.   
   7.    Dilute linear substrate DNA in TE to 10 ng/μl.   
   8.    Distribute in small aliquots and store at −20 °C.      

      1.    Thaw the amount of extract needed on ice.   
   2.    Pour ~20 ml of freshly prepared ice-cold M-buffer containing 

protease inhibitors in a petri dish placed on ice in the cold 
room.   

   3.    Place microdialysis fi lter on the surface of the buffer (glossy 
side up).   

   4.    Pipette extract on the fi lter (max. 150 μl per fi lter; max. three 
fi lters per petri dish) and let stand still for 30 min.   

   5.    Place an appropriate number of Eppendorf tubes (one for each 
NHEJ reaction) in a rack on ice.   

3.2  Substrate 
Preparation 
( See   Note 4 )

3.3  In Vitro NHEJ 
Assay ( See   Notes 5  
and  6 )
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   6.    Incubate substrate DNA at 65 °C for 5 min and chill on ice to 
avoid sticking of complementary ends.   

   7.    Pipette 1 μl of substrate DNA (10 ng/μl) and 1 μl of 10× LNB 
in the each tube.   

   8.    Remove extract from the fi lter using a 100 μl Eppendorf 
pipette.   

   9.    Add 8 μl of extract and mix by pipetting.   
   10.    Incubate at the optimal temperature for the optimal time 

( see   Note 3 ).   
   11.    Terminate NHEJ reactions by addition of 10 μl 2× TE-Stop/

SDS and immediate incubation at 65 °C for 5 min.   
   12.    Centrifuge briefl y and freeze at −20 °C until further 

processing.      

      1.    Pipette 4 μl of Pro-stop in each of an equivalent number of 
Eppendorf tubes on ice.   

   2.    Centrifuge thawed NHEJ samples for 5 min to pellet the pro-
tein and SDS.   

   3.    Pipette 4 μl of the supernatant (equivalent to 2 ng of substrate 
input) into the prepared Eppendorf tubes.   

   4.    Incubate samples for 30 min at 37 °C and then for 15 min at 
65 °C. Centrifuge briefl y and chill in ice.   

   5.    Load each sample (2 ng of DNA in 8 μl) and appropriate mark-
ers (1 ng of DNA per lane) on a thin analytical 1 % agarose gel.   

   6.    Run electrophoresis at 10 V/cm until the BPB dye has reached 
the bottom edge (~2 h for 10 cm) to achieve optimal band 
separation.   

   7.    Passage the gel through the three GS solutions: GS0: 5 min; 
GS1: 30 min; GS2: 10 min.   

   8.    Place the soaked gel on a piece of 3MM paper and cover with 
Saran wrap.   

   9.    Dry gel on a gel dryer for 30 min at 80 °C.   
   10.    Store dried gel in a plastic bag at RT until further processing.      

      1.    Label 50–100 ng of linear denatured plasmid DNA (25 μl) 
with [ 32 P]α-dCTP by random priming according to the manu-
facturer’s instructions.   

   2.    Purify radioactively labeled plasmid probe over nick column 
according to the manufacturer’s instructions (resulting probe 
vol. 400 μl).   

   3.    Add 200 μl of denatured salmon sperm DNA to radioactively 
labeled probe.   

   4.    Pipette probe plus salmon sperm DNA in a plastic screw-cap 
tube containing 50 ml hybridization solution, mix.   

3.4  Measurement of 
Effi ciency of NHEJ by 
Analytical Agarose Gel 
Electrophoresis ( See  
 Notes 6  and  7 )

3.5  In Situ Gel 
Hybridization ( See  
 Notes 7  and  8 )

Petra Pfeiffer et al.



581

   5.    Boil for 10 min.   
   6.    Remove 3MM paper from the dried gel by rinsing in tap water.   
   7.    Place gel in hybridization box containing the boiled hybridiza-

tion mix.   
   8.    Incubate at 65 °C for at least 6 h or O/N.   
   9.    Wash hybridized gel twice in 100 ml of WS under shaking for 

20 min at RT.   
   10.    Wash gel once in 100 ml of WS under shaking for 10 min at 

65 °C (this step is optional).   
   11.    Place gel on 3MM paper and cover with Saran wrap.   
   12.    Expose gel to phosphorimager screen or to X-ray fi lm.      

      1.    Pipette 100 μl TE-Stop containing 1 μg/μl proteinase K in 
each of an equivalent number of Eppendorf tubes on ice.   

   2.    Centrifuge thawed NHEJ samples for 5 min.   
   3.    Pipette 4 μl of the supernatant (equivalent to 4 ng of substrate 

DNA) into the prepared Eppendorf tubes.   
   4.    Incubate samples for 30 min at 37 °C and then for 15 min at 

65 °C. Centrifuge briefl y.   
   5.    Extract once with 100 μl of phenol. (Discard bottom phase.)   
   6.    Extract once with 100 μl of phenol–chloroform (1:1). (Discard 

bottom phase.)   
   7.    Extract once with 100 μl of chloroform (1:1). (Transfer top 

phase in new tube.)   
   8.    Add 1 μl of glycogen and mix.   
   9.    Add 250 μl of EtOH and mix “over-head.”   
   10.    Incubate for at least 30 min at −20 °C.   
   11.    Centrifuge for 30 min.   
   12.    Discard supernatant and wash pellet with 100 μl of 70 % EtOH.   
   13.    Resuspend dried pellet in 5 μl ddH 2 O.   
   14.    Add purifi ed DNA sample (5 μl) to 50 μl of electro-competent 

cells and perform electroporation according to the manufac-
turer’s instructions.   

   15.    Spread an equivalent volume of transformed cells on an agar 
plate containing ampicillin.   

   16.    Incubate O/N at 37 °C.   
   17.    Check plate for colonies.      

      1.    Grow O/N cultures from randomly picked single colonies in 
medium containing the appropriate antibiotics.   

   2.    Prepare plasmid DNA using a mini extraction kit according to 
the manufacturer’s instructions.      

3.6  Transformation 
in  E. coli  ( See   Note 9 )

3.7  Preparation 
of Cloned Junctions
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      1.    Check miniprep DNA for the presence of accurate junctions by 
cleavage with the appropriate RE and subsequent separation of 
products in analytical agarose gels (Fig.  5 ).

             1.    Clones that are resistant to RE-cleavage can be subjected to 
sequencing (commercially or do-it-yourself) for further 
analysis.       

4     Notes 

     1.    For generation of substrates with complementary ends, a plas-
mid (~3 kb) containing a polylinker is required (e.g., pSP65; 
Fig.  4 ). Quantitative digestion with a single RE should yield 
linear 3 kb DNA (no residual oc and ccc). For generation of 
substrates containing noncomplementary ends, it is advanta-
geous to use a plasmid harboring a fragment (~1 kb) of any 
DNA in the middle of the polylinker (Fig.  4 ). Excision of the 
fragment with a combination of two RE cleaving 5′ and 3′ of 
the fragment allows control of quantitative digestion which 
should yield linear 3 kb plasmid DNA and the 1 kb fragment 
(no residual 4 kb oc and ccc, respectively). In this way, it is 
verifi ed that the resulting 3 kb plasmid substrate indeed carries 
two different ends.   

   2.    We use routinely 12 cm × 12 cm gels (4–5 mm thick) contain-
ing 30 slots (each 1 mm × 2.5 mm). A tefl on comb with 30 
slots is placed with the help of two small clamps at a distance of 
~1 mm to the surface and 1 cm distance to the top edge of a 
clean polished sharp-edged glass plate on which 45 ml of 
almost boiling agarose are poured (two fi llings of a 25 ml 
pipette).   

   3.    Not more than three extract preparations should be made on 1 
day. In most cases, homogenization of cells with a glass homog-
enizer is not required (only needed for very robust cells) 
because swelling in the hypotonic Sol.I breaks the cells and 
releases the nuclei which is much gentler than homogeniza-
tion. The time of incubation in Sol.I varies with the cell type 
used. Therefore, it is important to check the state of lysis in a 
phase-contrast microscope: it is perfect when 80–90 % of the 
nuclei are released and still intact. When preparing extracts 
from a new cell line for the fi rst time, it is necessary to deter-
mine the best assay conditions by performing kinetics at 
 different incubation temperatures (25 and 37 °C; 0, 5, 15, 60, 
and 360 min) and different ratios of DNA–protein. Especially 
the latter is important to achieve a balanced formation of cir-
cular monomers and linear multimers ( see  Fig.  2 ).   

3.8  Restriction 
Analysis ( See   Note 10 )

3.9  Sequence 
Analysis ( See   Note 10 )
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   4.    It is important that the plasmid used for substrate preparation 
is digested to completion because residual oc and ccc DNA 
may yield false positive results in the NHEJ assay. Therefore, 
completeness of digestion should be verifi ed in an analytical 
agarose gel before loading the DNA on the preparative gel. 
Use suffi ciently large slots and do not overload the preparative 
gel to avoid smearing of bands. Before loading, it is advanta-
geous to heat the sample for 5 min to 65 °C to avoid sticking 
of cohesive ends (yields linear dimers). Run the gel slowly over 
a long distance (~10 cm) to achieve good separation of the 
linear substrate band from the closely migrating contaminating 
residual oc DNA (and the released diagnostic fragment).   

   5.    When removing the extract from the dialysis fi lter, take care 
not to submerge the fi lter in the buffer. Note that the extract 
vol. will increase upon dialysis. After dialysis against M-buffer, 
the extract should be placed in ice and used immediately in the 
assays. Therefore, it may be, depending on the number of 
NHEJ reactions to be performed, better to start preparing the 
tubes before thawing the extract. If a given DNA substrate is 
used in several assays an appropriate volume of a 1:1 mixture 
with 10× LNB can be prepared which is distributed on the 
tubes.   

   6.    The gels and in situ hybridization described here help to keep 
the volume of the NHEJ samples small and to use them very 
economically so that a large number of NHEJ assays can be 
performed with one batch of extract. 10 μl per NHEJ assay 
(equivalent to 10 ng of substrate input) is the standard reac-
tion volume which is suffi cient for analytical gel electrophoresis 
(measurement of NHEJ effi ciency; 2 ng of substrate input per 
slot required; two gels can be run) and transformation in  E. 
coli  for subsequent analysis of cloned junctions by restriction 
digestion and sequencing (measurement of NHEJ fi delity; 
2–4 ng of substrate input per transformation required; one or 
two transformations can be performed). First determine effi -
ciency and then fi delity.   

   7.    For gel electrophoresis, samples do not need to be particularly 
clean (proteinase K digest suffi cient; phenol extraction not 
required). The EthBr in the gel is required to achieve optimal 
separation of oc and ccc DNA (the extract produces relaxed 
ccc which is converted to positive supercoil by the EthBr). 
Before soaking the gel in the GS solutions, check the pH with 
pH paper: if GS0 is not suffi ciently acid and GS1 not  suffi ciently 
alkaline, the ccc band will not denature and thus not hybridize 
properly.   

   8.    Two gels can be hybridized simultaneously in the same hybrid-
ization mix. If stored at 4 °C, the mix can be used repeatedly 
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for up to fi ve gels within 2 weeks. Note that the mix must be 
adjusted with ddH 2 O to 50 ml and boiled for 10 min prior to 
each round of hybridization. Check gels for excess radioactivity 
after each step of washing with a portable monitor. The last 
washing step at 65 °C is only necessary if the gel is still “hot” 
at the edges outside of the lanes. Instead of gel in situ hybrid-
ization, a Southern blot can be performed alternatively. Note, 
however, that blotting is more time-consuming. The advan-
tage of gel in situ hybridization (or Southern blotting) over to 
the use of EthBr-staining is the high sensitivity of both tech-
niques and the fact that less DNA substrate (and thus less 
extract) per assay is required.   

   9.    For transformation in  E. coli , clean DNA is needed so that pro-
teinase K digestion followed by phenol extraction and ethanol 
precipitation is recommended. Due to the low yield of ccc in 
extracts from NHEJ-mutant cell lines electroporation is rec-
ommended as transformation method. When using only 
extracts from NHEJ-wild-type cells other less effi cient trans-
formation protocols may be used. Each colony obtained repre-
sents a single cloned junction.   

   10.    Most of the substrates listed in Fig.  5  allow easy check of large, 
statistically signifi cant numbers of cloned junctions for accu-
rate NHEJ by restriction analysis which is much cheaper than 
sequencing. Only the junctions not cleaved by RE have then to 
be subjected to sequence analysis.         
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    Chapter 40   

 Bioenergetic Analysis of Intact Mammalian Cells 
Using the Seahorse XF24 Extracellular Flux Analyzer 
and a Luciferase ATP Assay 

           Michelle     Barbi     de     Moura     and     Bennett     Van     Houten    

    Abstract 

   Metabolic pathways and bioenergetics were described in great detail over half a century ago, and during 
the past decade there has been a resurgence in integrating these cellular processes with other biological 
properties of the cell, including growth control, protein kinase cascade signaling, cell cycle division, and 
autophagy. Since many disease conditions are associated with altered metabolism and production of energy, 
it is important to develop new approaches to measure these cellular parameters. This chapter summarizes 
a new and exciting approach based on the Seahorse XF24 Extracelluar Flux analyzer, which takes real time 
measurements of oxidative phosphorylation and glycolysis in living cells. These bioenergetic profi les are 
then compared with steady-state levels of cellular ATP as measured by a luciferase assay.  

  Key words     Mammalian cells  ,   Mitochondria  ,   Oxidative phosphorylation  ,   Glycolysis  ,   ATP  

1      Introduction 

 There has been renewed interest in the ability to measure cellular 
bioenergetics with the realization that changes in oxidative phos-
phorylation (OXPHOS) and glycolysis are associated with a large 
number of human conditions such as aging, cancer, cardiovascular 
diseases, and neurodegenerative diseases [ 1 – 6 ]. Furthermore, 
many toxicological insults such as oxidative stress can affect mito-
chondrial function and/or glycolysis [ 2 ,  7 ]. To this end, several 
new tools have appeared on the market that allow rapid analysis of 
either oxygen consumption, a measure of  (OXPHOS), and/or 
lactate production, a measure of glycolysis. For example, Hansatech 
and Oroboros Instruments have developed respirometers that are 
based on a Clark type oxygen electrode [ 8 ] and can make detailed 
real time measurements of oxygen consumption at various oxygen 
tensions [ 9 ,  10 ]. 
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 A newly emerged technology, the Seahorse XF24 Extracellular 
Flux Analyzer, developed by Seahorse Biosciences, allows for precise 
quantitation of oxygen consumption and pH changes in the media 
of living cells to give accurate assessments of OXPHOS and gly-
colysis, respectively [ 11 ]. After briefl y describing the technology 
behind Seahorse XF24 Extracellular Flux Analyzer, this chapter 
gives a step-by- step overview of how to use this instrument in con-
junction with steady-state ATP measurements to determine the 
bioenergetics of cells grown in culture. 

 
 The Seahorse XF24 Extracellular Flux Analyzer is a novel instru-
ment that is currently being used by over 50 laboratories world- 
wide and is capable of measuring up to 20 wells of cells (XF24 
format) or 92 wells (XF96 format) at a density of 40,000–100,000 
cells/well in a 96-well format size. The instrument employs a 
 disposable cartridge that contains dual fl uorescent probes, which 
through excitation and emission of light, simultaneously measures 
oxygen and pH in a small sealed volume (~7 μL) over the cells in 
the well. OXPHOS consumes oxygen to make water through a 
four-electron reduction at complex IV. The major source of proton 
production in the media of cells grown in culture is lactate gener-
ated by glycolysis. In addition to the fl uorescent probe, each well 
of cells can be treated with four different conditions. Once the 
disposable cartridge is  lowered down into the wells for a typical 
measurement period of 2–3 min, the instrument makes continuous 
measurements of  oxygen concentrations and proton fl ux. These 
continuous measurements are converted into two rates: the rate of 
oxygen consumption (OCR) and the rate of proton production, or 
extracellular acidifi cation rate (ECAR), which directly quantifi es 
OXPHOS and glycolysis, respectively. After making a measurement, 
the cartridge is lifted to allow mixing of the reserve media above 
the cells. After a period of waiting, the cartridge is again lowered 
and another series of rate measurements are made. Experiments 
 providing a metabolic bioenergetic profi le are performed by simul-
taneously measuring three to ten replicates of cell wells, for three 
to four rates under fi ve different conditions (basal, oligomycin, 
FCCP (carbonyl cyanide  p -trifl uoromethoxyphenylhydrazone), 
2-deoxyglucose (2-DG), and rotenone —    described below) in each 
of 20 wells of cells. 

 In a typical experiment, basal rates of oxygen consumption and 
proton production are initially measured. The next measurement 
condition occurs during inhibition of ATP synthesis at complex V 
by oligomycin. This causes a buildup of protons across the inner 
matrix with subsequent loss of electron fl ow, a decrease in oxygen 
consumption, and an ensuing rise in proton production due to the 
cell’s sole dependence upon glycolysis for ATP. The addition of 
FCCP causes the protons on the outside of the inner mitochondrial 
membrane to be carried across to the basic matrix, allowing the 

1.1  Principle of 
the Assay
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electron fl ow to proceed. In some cells, such as neurons, this causes 
a large increase in oxygen consumption, which David Nicholls has 
called “spare respiration capacity” [ 12 ,  13 ]. The third injection of 
2-DG inhibits glucose uptake into glycolysis and the TCA 
Tricarboxylic acid cycle. In some cells, this is accompanied by an 
even further increase in oxygen consumption and loss of proton 
production due to  inhibition of glycolysis. The fourth and fi nal 
injection of rotenone, a complex I inhibitor, causes cessation of 
both electron fl ow and oxygen consumption ( see  Fig.  1 ).

   In a separate experiment, steady-state ATP is measured by 
quantifying the amount of light produced by an ATP-dependent 
luciferase in a luminometer. Together, these two experimental 
methods give a clear indication of how the cell is generating ATP. 
These measurements can be made within about 3 h and allow fairly 
rapid throughput.  

 
 The major advantages of the Seahorse technology includes its 
 convenient microtiter plate format, the ability to use a relatively 
low number of intact cells and the ability to make real-time mea-
surements of both glycolysis and OXPHOS after injection of up to 
four different metabolic inhibitors or agonists. 

1.2  Advantages 
and Disadvantages 
of the Assays
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  Fig. 1       Pharmacological profi ling of OCR, indicative of OXPHOS and ECAR, indicative of glycolysis. Oxygen 
 consumption rate (OCR— dark circle ) and extracellular acidifi cation rate (ECAR— open circle ) were determined 
through real-time measurements using the Seahorse XF24 Extracellular Flux Analyzer. Oligomycin (1 μM), 
FCCP (300 nM), 2-DG (100 mM), and Rotenone (1 μM) were injected sequentially at the indicated time points 
after the basal level measurements. Results are expressed as mean of fi ve different experiments ± SEM       

 

Bioenergetic Analysis of Intact Mammalian Cells



592

 The Seahorse experiment is performed in a modifi ed plate with 
the same diameter as a 96-well plate, thus allowing interrogation of 
~20,000–100,000 cells per well. This format allows the probes to 
get very close to the bottom of the well creating a 7 μL seal allow-
ing the detection of small fl uctuations in oxygen and pH in the 
media. Another advantage of the microplate format is the possibil-
ity of running many biological replicates in the same plate, as well 
as to compare controls and different treatments. 

 The Seahorse instrument allows the user to observe the imme-
diate effect of up to four compounds (inhibitors, uncouplers, ago-
nists) in different orders on both OXPHOS and glycolysis at the 
same time. Cells can also be pretreated with inhibitors and the 
effect on the baseline of OXPHOS and glycolysis can be 
measured. 

 Another nice feature of the Seahorse instrument is its ease 
of operation. Users just need to setup the protocol and place the 
 calibration and experimental plate in the machine. All the measure-
ments, injection of compounds and mixing of the samples are 
automated, so there is less room for technical error. 

 Furthermore, the results are monitored in real-time and the data 
can be used directly from the machine with the Seahorse software, 
which allows for immediate analysis of the raw data. The software is 
very fl exible in letting you look at and/or graph the data in different 
ways. In addition, the Seahorse software can combine results, 
include/exclude points, and view the data in various ways for several 
applications. 

 The main disadvantage is that the instrument is designed to 
only work at 37 °C and at ambient levels of oxygen. However, 
some laboratories have overcome this problem by placing the 
entire instrument inside an environmental chamber. 

 The major advantages of the Luciferase ATP assay are the 
 simplicity, high sensitivity and linearity of the protocol, fast results 
and the lack of cell harvesting or separation steps. In addition, the 
ATPLite lysis buffer is able to irreversibly inactivate the endoge-
nous ATPases, overcoming the problem presented by other kits.   

2    Materials 

  XF24 FluxPak (Seahorse Bioscience). The kit includes XF24 V7 
cell culture microplates, calibration plates, disposable sensor car-
tridges and XF calibrant necessary for 18 Seahorse assays. XF24 V7 
microplates were specially designed for the Seahorse XF24 
Extracellular Flux Analyzer. The plate has a typical 24-well format. 
However, the wells were modifi ed to have the same diameter as a 
96-well plate. This format is important, for it creates a 7 μL micro-
chamber above the cells where the OXPHOS and the lactate pro-
duction will be measured.  

2.1  Seahorse XF24
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      1.    ATPlite kit (PerkinElmer). The kit includes a mammalian cell 
lysis solution, substrate (Luciferase/Luciferin), substrate  buffer 
solution, and ATP standard. These reagents are stored at 4 °C. 
The diluted aliquots of the ATP standard are kept at −20 °C.   

   2.    CulturePlate-96 Black (PerkinElmer). The black 96-well 
microplates are sterile and tissue culture treated. The lid is 
included.      

 
 The MDA-MB 231 breast cancer cell line was purchased from 
ATCC. As a routine procedure in our laboratory, we perform a 
sensitive PCR assay to ensure that all our cells grown in culture are 
not contaminated with mycoplasma. Among other effects, myco-
plasma contamination may induce changes in cell metabolism, and 
cause increases in inhibitor effl ux out of the cell and thus, can 
interfere with Seahorse data interpretation.  

      1.    RPMI 1640 (Lonza) supplemented with 10 % Fetal Bovine 
Serum (Atlanta Biologicals) and 1 % Penicillin/Streptomycin 
(Cellgro) was used for all routine tissue culture and cell growth.   

   2.    Dulbecco’s Modifi ed Eagle’s Medium Base (DMEM) 8.3 g/L 
(Sigma) supplemented with 2 mM Glutamax-1 (Gibco), 1 mM 
sodium pyruvate (Sigma), 25 mM glucose (Sigma), 32 mM 
sodium chloride (Sigma), and 15 mg phenol red (Sigma) was 
used for the Seahorse experiment. Unbuffered medium is nec-
essary for measuring fl uctuations in pH during glycolysis.      

      1.    Oligomycin (Sigma). Prepare a 50 mM solution in DMSO 
(FisherBiotech). Store in 100 μL aliquots at −20 °C. Dilute the 
50 mM stock to 1 mM with DMSO. Aliquots in use are kept 
at 4 °C.   

   2.    FCCP (Sigma). Prepare a 30 mM solution in DMSO. Store in 
100 μL aliquots at −20 °C. Dilute the 30 mM stock to 300 μM 
with DMSO. Aliquots in use are kept at 4 °C.   

   3.    2-DG (Sigma). The 2-DG solution is prepared fresh every time.   
   4.    Rotenone (Sigma). Prepare a 50 mM solution in DMSO. Store 

in 100 μL aliquots at −20 °C. Dilute the 50 mM stock to 
1 mM with DMSO. Aliquots in use are kept at 4 °C.      

      1.    Inverted phase-contrast microscope, laminar fl ow hood, and 
two types of incubators are required for cell culture. A CO 2  
incubator is necessary for growing cells in an atmosphere of 
5–10 % CO 2  and a non-CO 2  incubator is necessary for pH and 
temperature stabilization.   

   2.    Seahorse XF24 Extracellular Flux Analyzer.   

2.2  Luciferase 
ATP Assay

2.3  Cell Line

2.4  Cell Media

2.5  Injection 
Compounds for the 
Metabolic Profi le: 
Stock Solutions

2.6  Equipment
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   3.    Platform shaker (New Brunswick Scientifi c, Innova 2000). 
A platform shaker is necessary for homogenizing cells during 
the ATP steady-state assay.   

   4.    Plate reader. Biotek Synergy 2 Plate Reader (Winooski, VT) is 
used to detect the luminescence emitted by the reaction of ATP 
with luciferase and  d -luciferin in the ATP steady-state assay.   

   5.    Viable cell counter. CASY Cell Counter (Roche Innovatis AG, 
Germany) is used to determine the cell number before (viable) 
and after (total) the Seahorse run. The machine requires CASY 
ton, CASY cups, and CASY clean. This is an accurate and rapid 
method to count cells.       

3    Methods 

  DAY 1  
 

 The success of Seahorse and ATP steady-state experiments is inex-
tricably linked to good cell culture practice. We have observed high 
reproducibility and low variation between runs when a rigorous 
protocol of cell passaging (splitting and maintaining a specifi c cell 
density) is performed prior to the experiment. Further care needs 
to be placed on even cell seeding within the experimental plates.

    1.    Cell density. Since cells can differ in size, it is important to use 
the appropriate density, thus avoiding a lower number or confl u-
ence of cells. In this way, before starting metabolic experiments 
it is strongly recommended that a pilot run be used to determine 
the optimum cell number. We suggest testing three or four dif-
ferent densities, varying from 20,000 to 100,000 cells per well. 
In our experiment with the MDA-MB 231 breast cancer cell 
line, cells were seeded at a density of 40,000 cells per well.   

   2.    Seeding cells. Starting from a non-confl uent culture (80–90 % 
confl uence), harvest cells by trypsinizing from fl asks. Resuspend 
the cells in growth media to obtain a desired density and add 
100 μL per well in the Seahorse plate. For the ATP assay, seed 
the desired density in 50 µL per well. Maintain the Seahorse 
plate overnight in a CO 2  incubator at 37 °C, 5–10 % CO 2 .     

 For the Seahorse experiment, keep the plate at 37 °C, 5–10 % 
CO 2  for 1–5 h (depending on the cell type) allowing the cells to 
adhere. Gently add 150 μL of growth media to each well ( see   Note 1 ). 
Place the plate back in the incubator until the following day.  

 
 The Seahorse XF24 cartridge has two fl uorophores for analyte 
detection on the end of each of the sensor sleeves. One fl uorophore 
detects the oxygen consumption, a direct measurement of the 
 mitochondrial respiration or OXPHOS. The other fl uorophore is 

3.1  Cell Culture

3.2  Cartridge 
Preparation

Michelle Barbi de Moura and Bennett Van Houten



595

sensitive to changes in pH caused by  protons released during 
glycolysis. 

 The fl uorophores need to be hydrated before the experiment. 
Remove the green lid of the cartridge and add 1 mL of Seahorse 
XF24 calibrant per well on a Seahorse 24-well plate. Put the green 
lid back on the plate and place the cartridge overnight at 37 °C on 
a non-CO 2  incubator ( see   Note 2 ). 

  DAY 2   

 –      Warm the unbuffered DMEM media to 37 °C.  
 –   Using an aspirator pipette, remove approximately 150 μL of 

the growth media ( see   Note 3 ).  
 –   Wash cells (including the temperature correction wells A1, B4, 

C3, and D6) with 1 mL of unbuffered DMEM. Remove all 
but 150 μL of media from the wells ( see   Note 3 ).  

 –   Add 675 μL of unbuffered DMEM to the wells and keep the 
plate at 37 °C in a non-CO 2  incubator for 1 h.     

  While the cells are equilibrating in unbuffered media, start to 
 prepare the injection compounds ( see   Note 4 ).

    1.    Oligomycin. 10× solution (10 μM): Add 30 μL of 1 mM stock 
solution to 3 mL of unbuffered DMEM media. Add 75 μL of 
this solution to port A of the calibrated cartridge. The fi nal 
concentration inside the well will be 1 μM.   

   2.    FCCP. 11× solution (3.3 μM): Add 33 μL of 300 μM stock 
solution into 3 mL of unbuffered DMEM media. Add 75 μL 
of this solution to port B of the calibrated cartridge. The fi nal 
concentration inside the well will be 0.3 μM ( see   Note 5 ).   

   3.    2-DG. 1.2 M solution: 0.591 g 2-DG diluted in 2.7 mL 
DMEM. Adjust the pH to 7.4 by adding 4–8 μL of 0.1 M 
NaOH. For the Seahorse experiment, add 75 μL of this solu-
tion to port C of the calibrated cartridge. The fi nal concentration 
inside the well will be 100 mM.   

   4.    Rotenone. 13× solution (13 μM): Add 39 μL of 1 mM stock 
solution into 3 mL of unbuffered DMEM media. Add 75 μL 
of this solution to port D of the calibrated cartridge. The fi nal 
concentration inside the well will be 1 μM.    

   
 Before starting the bioenergetic measurements, it is necessary to 
calibrate the sensor cartridge. Login to the XF24 software and set 
up an experimental template by using the Assay Wizard option. 
Carefully add information about media, cells, compounds and 
their concentrations. Save the template and be sure that the “Save 
Directory” and “Save Name” fi elds contain the proper information 
( see   Note 6 ). 

3.3  Preparing the 
XF24 Cell Plate for the 
Seahorse XF24 Assay

3.4  Preparing the 
Injection Compounds 
and Loading the 
Sensor Cartridge

3.5  Calibrating the 
Sensors and Running 
the Experiment

Bioenergetic Analysis of Intact Mammalian Cells
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 Start the calibration step by clicking on the “Start” button. When 
the loading door opens, place the sensor cartridge with the calibration 
plate on the tray. Click the “Continue” button. The calibration step 
will take approximately 30 min. When the calibration is complete, 
replace the calibration plate with the experimental cell plate. The 
duration of the run can vary from experiment to experiment. 

 The protocol commands used in our experiments are as follows:

 –    Calibrate probes  
 –   Loop 4× (measurements 1–4)  
 –   Mix for 3 min  
 –   Time delay of 2 min  
 –   Measure for 3 min  
 –   Loop end  
 –   Inject Port A  
 –   Loop 3× (measurements 5–7)  
 –   Mix for 2 min  
 –   Time delay of 2 min  
 –   Measure for 4 min  
 –   Loop end  
 –   Inject Port B  
 –   Loop 3× (measurements 8–10)  
 –   Mix for 4 min  
 –   Time delay of 2 min  
 –   Measure for 2 min  
 –   Loop end  
 –   Inject Port C  
 –   Loop 3× (measurements 11–13)  
 –   Mix for 4 min  
 –   Time delay of 2 min  
 –   Measure for 2 min  
 –   Loop end  
 –   Inject Port D  
 –   Loop 3× (measurements 14–16)  
 –   Mix for 2 min  
 –   Time delay of 2 min  
 –   Measure for 4 min  
 –   Loop end    

 Program End  
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  It is well known that cells have different growth rates. Sometimes 
it may be diffi cult to calculate the cell number before the Seahorse 
run when working with primary or stem cells. In order to mitigate 
this problem, we strongly suggest normalizing every run by cell 
number, protein concentration, or another method. In our labora-
tory we measure the total number of cells in each well after the 
Seahorse assay, and then normalize our data per cell number. Our 
protocol for counting cells is as follows:

 –    Warm up Trypsin–EDTA, 1× (Cellgro).  
 –   Prepare 2 mL tubes with wells of Seahorse plate numbered 

correspondingly.  
 –   Prepare CASY cups with 10 mL CASY solution.  
 –   Transfer supernatant of each well to corresponding numbered 

tube.          
 –   Add 30 μL Trypsin–EDTA, 1× to each well.  
 –   Keep the plate for 5 min in 37 °C incubator.  
 –   Take 800 μL of supernatant from 2 mL tube and add to 

 corresponding well. Harvest the cells in the supernatant and 
move back to the tube.  

 –   Check each well with a microscope to ensure that all the cells 
have been removed. If not, repeat  step 7  until a well is free of 
the cells.  

 –   Mix solution in tube up and down 3–5 times with 1 mL pipette, 
take 100 μL and put in CASY cup containing CASY solution.  

 –   Count cells with CASY Cell counter.  
 –   Make a record of viable cells/mL, total amount of cells/mL, 

and % viability.     
 

 The luciferase ATP assay is used to evaluate the effect of  compounds 
on cellular ATP steady-state levels. The ATP concentration is pro-
portional to the light emitted during the reaction of intracellular 
ATP with added luciferase and  d -luciferin, and it is determined by 
comparison to a series of ATP standards. 

 The protocol for ATP steady-state measurement is followed as 
suggested by the manufacturer:     

 –   Add 50 μL of the same compounds used in the Seahorse exper-
iment. However, the compounds must be 2X concentrated 
and diluted in appropriate volume of unbuffered DMEM, 
enough for 50 μL per well. (1 μM oligomycin, 300 nM FCCP, 
100 mM 2-DG, and 1 μM rotenone).  

 –   Incubate the ATP plate at 37 °C in a non-CO 2  incubator for 
45 min.  

3.6  Normalization 
of Seahorse Results 
by Cell Number

3.7  Luciferase 
ATP Assay

Bioenergetic Analysis of Intact Mammalian Cells
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 –   Add 10 μL of a series of the ATP standards to the appropriate 
wells (4, 16, 32, and 64 μM).  

 –   Add 50 μL of mammalian cell lysis solution to the wells, includ-
ing the standards and the blank ( see   Note 7 ).  

 –   Shake the plate in an orbital shaker at 300 rpm for 5 min.  
 –   Add 50 μL of reconstituted substrate solution to the wells 

( see   Note 8 ).  
 –   Wrap the plate in aluminum foil and shake it in an orbital 

shaker at 270 rpm for 5 min.  
 –   Keep the plate protected from light for 10 min.  
 –   Measure the luminescence.     

 

     1.    Seahorse XF24 
 The data obtained by the Seahorse experiment can be analyzed 
using the Seahorse software. The software also allows for the 
combination and analyses of different runs when the plate tem-
plates are identical. A step-by-step analysis using the Seahorse 
software can be found in the Seahorse XF24 training course 
workbook. 

 Another approach to data analysis is to extract the Seahorse 
data to a Microsoft Excel spreadsheet and analyze it manually. 
Six fundamental parameters can be calculated from the Seahorse 
 output ( see  Fig.  2a ).

   The basal levels of OCR and ECAR are indicative of the 
amount of oxygen that cells are consuming during OXPHOS 
and the amount of proton production during glycolysis, respec-
tively. The OCR basal level is calculated by the difference between 
the mean of the four measurements, prior to injection A, and the 
mean rates 14–16, after injection D (rotenone). This basal OCR 
represents the normal amount of oxygen that is being consumed 
to maintain OXPHOS at a level to supply ATP for the growing 
cells. For ECAR, the basal level is calculated by the mean of rates 
1–4, prior to injection A ( see  Fig.  2b, c ). 

 The proton leak is calculated by the difference between the 
mean of rates points 5–7, prior to injection B, and the mean of 
the rates 14–16, after injection D. 

 The FCCP-activated rate is a measure of the maximum rate 
at which the electron transport chain can supply electrons to 
complex IV, and is calculated by the difference between the mean 
rates of 8–10, prior to injection C, and the mean of the rates 5–7. 
The 2-DG activated rate is an indication of the total respiration 
capacity that the cells can achieve and is calculated by the differ-
ence between the mean of rates at 11–13, prior to injection D, 
and the mean of the rates 8–10. These parameters together rep-
resent the total reserve capacity. 

 The non-mitochondrial respiration represents the cellular 
 process that consumes oxygen without ATP generation. An 

3.8  Data Analysis
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  Fig. 2    ( a ) Detailed description of OCR profi le elucidated through the use of metabolic inhibitors. The basal level 
is calculated by the difference between the mean of rates 1–4 and the mean of rates 14–16. The proton leak 
is calculated by the difference between the mean rates from 5 to 7 and the mean of rates 14–16. The FCCP-
activated effect is calculated by the difference between the mean of rates 8–10 and the mean of the rates 5–7. 
The 2-DG activated effect is calculated by the difference between the mean of rates 11–13 and the mean of 
the rates 8–10. Non-mitochondrial respiration is calculated by the mean of rates 14–16. ( b ) Bioenergetic 
parameters evaluated from OCR. ( c ) Basal level (rates 1–4) and oligomycin-induced parameters (mean of rates 
5–7) from ECAR measurements       
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example of this phenomenon is the activity of the NADPH 
oxidase complex. 

 The oligomycin-induced parameter for ECAR represents 
the mean of rates at 5–7. 

 The data presented here is a combination of fi ve different 
experiments ( n  = 28) and the error bars represent the standard 
error of the mean.   

   2.    Luciferase ATP assay 
 Analysis of data obtained by the luciferase ATP assay is done 
using a Microsoft Excel spreadsheet. The luminescence read-
ings of the replicates ( n  = 16) are averaged and plotted as bar 
graphs. The data presented here is a combination of four dif-
ferent experiments, and the error bars represent the standard 
error of the mean ( see  Fig.  3 ).

4            Notes 

     1.    Do not seed cells in temperature correction wells (A1, B4, C3, 
and D6). Gently hit the plate on all sides to assure even 
cell seeding. If cells are clumped in the middle or edge of the 
well, a large amount of variation is observed. For non-adherent 
cells, such as lymphoblastoid cells, use BD Cell-Tak Cell and 
Tissue Adhesive (BD Biosciences, cat. no. 354240) to attach 
cells to Seahorse plate. In this case, the cell attachment and 
Seahorse assay can be done in the same day. Use a multichannel 
pipette to diminish pipetting errors.   
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  Fig. 3    ATP steady-state levels evaluated in the absence or presence of the oligo-
mycin (1 μM), 2-DG (100 mM) and the combination of both. Cells were treated 
for 45 min and the ATP steady-state was measured using ATPLite Luminescence 
Assay System. Results shown are mean of four different experiments ± SEM       
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   2.    Seahorse Bioscience recommends hydrating the sensor cartridge 
overnight. However, a minimum incubation time of 4 h is 
acceptable. A hydrated cartridge can be stored for up to 72 h at 
37C in a non-CO2 incubator. Wrap Parafi lm around the edges 
to prevent evaporation.   

   3.    Be careful not to remove all media and dry out the cells in 
 steps 2  and  3 . Do not touch the bottom of the wells.   

   4.    Be aware of the orientation of the cartridge when loading com-
pounds and when placing in the machine! If the cartridge is 
loaded in a backwards position, only the basal level can be mea-
sured. The sensor cartridge is loaded into the instrument with the 
bar code facing the back and the lot number facing the front. The 
temperature correction well should be loaded with media or injec-
tion compounds. Different compounds and combinations can be 
used for Seahorse experiments depending on the assay type.   

   5.    We strongly suggest optimizing the FCCP dose to be used 
in the Seahorse experiments. In our laboratory for cancer cell 
lines, we have found that 300 nM is optimal, but this concen-
tration can differ from cell line to cell line.   

   6.    The template can be prepared in advance and saved. The pro-
tocol commands that have not yet been executed can be 
changed during the experiment. Be sure that the cartridge and 
the experimental plate are fi rmly attached to the bottom of the 
tray! If not, it can damage the Seahorse instrument.   

   7.    Allow the reagents to equilibrate to room temperature.   
   8.    Reconstitute the lyophilized substrate solution vial by adding 

5 mL of substrate buffer solution.      

5    Summary 

    Since its deployment, the Seahorse XF24 Extracellular Flux  analyzer 
has been used by a number of researchers to measure  cellular bioen-
ergetics under a number of conditions. Many of these references are 
listed at the Seahorse Bioscience Web site under the XF resources 
button (  http://www.seahorsebio.com    ). This technology should 
help make measurements of mitochondrial function and glycolysis 
more accessible to a larger group of investigators.     
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    Chapter 41   

 Quantifi cation of Selective Phosphatidylserine Oxidation 
During Apoptosis 

           James     P.     Fabisiak     ,     Yulia     Y.     Tyurina    ,     Vladimir     A.     Tyurin    , 
and     Valerian     E.     Kagan   

    Abstract 

   Membrane phospholipids are gaining increasing attention as important mediators in a variety of signal 
transduction processes. Oxidation and changes in membrane topography of lipids are likely important 
 elements in the regulation of phospholipid-dependent signaling. Phosphatidylserine (PS), in particular, is 
implicated in the regulation of macrophage-dependent clearance of apoptotic cell “corpses” in a pathway 
likely mediated by selective oxidation and translocation of PS in the plasma membrane. Here we describe 
our highly sensitive and specifi c assay to measure differential lipid peroxidation in individual phospholipid 
classes in live cells using metabolic integration of the fl uorescent oxidation-sensitive fatty acid analog, 
 cis -  parinaric acid and resolution of specifi c phospholipids by high-pressure liquid chromatography. These 
experimental approaches can provide insight into the roles and mechanisms of PS oxidation in the identi-
fi cation and clearance of apoptotic cells.  

  Key words     Lipid peroxidation  ,   Phospholipids  ,   Phosphatidylserine  ,    cis -Parinaric acid  ,   High-pressure 
liquid chromatography  ,   Apoptosis  ,   Oxidative stress  ,   Aminophospholipids  ,   Fluorescence  

1      Introduction 

 While oxidative stress has been implicated as a functional component 
of the fi nal common pathway of apoptosis execution, the precise 
molecular events responsible for redox signaling and their func-
tional consequences remain elusive. Membrane phospholipids are 
gaining increasing importance in cell signaling phenomenon and 
by virtue of their content of polyunsaturated fatty acids are extremely 
sensitive to modifi cation by low levels of oxidative stress. Thus, oxi-
dation of various membrane phospholipids could play a role in the 
initiation or regulation of programmed cell death. 

 In order to more fully characterize phospholipid oxidation 
during apoptosis, we utilized  cis -parinaric acid ( cis -PnA), a natu-
rally derived highly fl uorescent fatty acid to metabolically label 
phospholipids in live cells. The presence of an extensive conjugated 
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double-bond  system in  cis -PnA renders it highly sensitive to 
 oxidation with concomitant loss of its intrinsic fl uorescence. Thus, 
comparison of the fl uorescent content of various cellular-derived 
phospholipid classes following their resolution by HPLC can be 
used to assess site-selective phospholipid oxidation in the presence 
of various apoptotic stimuli [ 1 ]. Using 32D cells we fi rst described 
the selective oxidation of PS during paraquat-induced apoptosis 
[ 2 ]. Selective oxidation occurred early in the course of apoptosis, 
preceded PS externalization, and was blocked by the overexpression 
of the anti-apoptotic protein BCL-2. Further studies revealed that 
apoptosis-related PS oxidation was insensitive to vitamin E analogs, 
suggesting that PS oxidation proceeds via a unique mechanism dif-
ferent from randomly directed chain reactions among membrane 
lipids [ 3 ]. More recently, we have confi rmed specifi c PS oxidation 
occurred in a multitude of cell types following a  variety of stimuli, 
including those not directly associated with the ability to cause 
 oxidative stress, such as Fas/FasL ligation [ 4 ] and staurosporine 
[ 5 ]. Thus, PS oxidation appears to be a nearly universal feature of 
apoptosis. Although its exact function remains elusive, we hypoth-
esize that it may, in part, regulate PS translocation and/or its recog-
nition by phagocytic macrophages. The utilization of directed 
oxidation of select phospholipids may represent a previously unap-
preciated feature of lipid-based signal transduction systems. 

 We describe here our highly sensitive method to measure 
 oxidation in specifi c phospholipid classes based on the metabolic 
incorporation of  cis -PnA. Its utility arises from the fact that it can 
report exceeding low levels of oxidation in live cells, even in the pres-
ence of effi cient phospholipid repair. We believe that this  technique 
will greatly aid in studying the mechanistic connection between lipid 
peroxidation and translocation events during apoptosis.  

2    Materials 

      1.     cis -Parinaric acid ([9Z, 11E, 13E, 15Z]-octadecatetraenoic 
acid,  cis -PnA) (Molecular Probes, Eugene, OR) ( see   Note 1 ).   

   2.    Dimethyl sulfoxide (DMSO) (ACS grade or higher) (Sigma, 
St. Louis, MO).   

   3.    Fatty acid-free human serum albumin (hSA) (Sigma).   
   4.    Phosphate buffered saline (PBS) (Invitrogen, Gaithersburg, MD).   
   5.    0.45 μm Filter (e.g., Nalgene™, Nalge Nunc, Rochester, NY).      

      1.    Cells of interest ( see   Note 2 ).   
   2.    Incubation media (tissue culture media formulation usually 

used for maintenance of the cell line of interest), without  phenol 
red and fetal bovine serum (e.g., Sigma, Invitrogen).   

2.1  Preparation of 
 cis -PnA/hSA Complex

2.2  Metabolic 
Labeling of Cells 
with  cis -PnA

James P. Fabisiak et al.
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   3.    Trypan Blue, 0.4 % solution (Sigma).   
   4.    Hemocytometer.   
   5.    Tabletop centrifuge (e.g., CRU-5000 Centrit GE, Damon/

IEC Division, Needham Heights, MA).   
   6.    Tissue culture incubator (37 °C, 5 % CO 2 ) (e.g., Heraeus 

HERACell CO 2  Incubator, Kendro Lab Products. Newton, CT).   
   7.    0.5 mg/mL hSA in medium (Sigma).   
   8.    BD Falcon 15 and 50 mL polypropylene centrifuge tubes 

(Fisher Scientifi c, Pittsburgh, PA).      

      1.    PBS.   
   2.    Tabletop centrifuge (e.g., CRU-5000 Centrit GE, Damon/

IEC Division).   
   3.    Methanol (HPLC grade) (Sigma).   
   4.    Butylated hydroxytoluene (ACS grade or higher, Sigma).   
   5.    Chloroform (HPLC grade) (Sigma).   
   6.    Evaporation apparatus (e.g., Evap-O-Rac, Cole-Parmer, 

Chicago, IL).   
   7.    0.1 M NaCl (Sigma).   
   8.    Vortex (e.g., Daigger Vortex Genie 2, Scientifi c Industries, 

Bohemia, NY).   
   9.    4:3:0.16 (vol:vol:vol) Isopropanol–hexane–water (all HPLC 

grade, Sigma).   
   10.    Pyrex glass test tubes (13 × 100 mm) with screw cap (Fisher).      

      1.    Shimadzu LC-600 high-performance liquid chromatograph 
equipped with in-line fl uorescence detector (model RF-551) 
and UV–VIS detector (model SPD-10AV; Shimadzu, 
Columbia, MD). The apparatus is interfaced to a PC computer 
capable of acquiring the UV and fl uorescence data in digital 
form and running Shimadzu EZChrom™ software.   

   2.    5 μm SUPELCOSIL LC-Si column (Supelco, Bellefonte, PA).   
   3.    100 μL glass microsyringe for HPLC sample injection 

(Hamilton, Reno, NV).   
   4.    Solvent A: 56:42:2 isopropanol–hexane–water (Sigma).   
   5.    Solvent B: 54:41:10 isopropanol–hexane–40 nM ammonium 

acetate (Sigma).   
   6.    Programmable automated gradient maker (low pressure mixing 

LPH-600, Shimadzu).   
   7.    Spectrofl uorometer (e.g., Shimadzu RF-5301).   
   8.    Spectrophotometer (e.g., Shimadzu UV/VIS 160U).      

2.3  Lipid Extraction

2.4  HPLC Resolution 
of Phospholipid 
Classes

 PS Oxidation During Apoptosis
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      1.    Cell culture disposable glass tubes (Fisher).   
   2.    Evaporation apparatus (e.g., Evap-O-Rac, Cole-Parmer).   
   3.    HClO 4  (Aldrich, Milwaukee, WI).   
   4.    Heating apparatus to achieve 170–180 °C (Troemner 501 

hotplate with aluminum block test tube holders, Thorofare, 
NJ, or equivalent).   

   5.    4.2 % Sodium molybdate (ACS grade or higher, Sigma) in 1:3 
5 M HCl–0.2 % malachite green (ACS grade or higher, Sigma).   

   6.    1.5 % Tween 20 (Sigma).   
   7.    Spectrophotometer (e.g., Shimadzu UV/VIS 160U).   
   8.    NaH 2 PO 4  (Sigma).      

      1.    Obtain a set of phospholipid standards: cardiolipin (CL), 
 phosphatidylcholine (PC), phosphatidylserine (PS), phosphati-
dylethanolamine (PE), phosphatidylinositol (PI), sphingomyelin, 
diphosphatidylglycerol, and lysophosphatidylcholine (Avanti Polar 
Lipids, Alabaster, AL).   

   2.    5 × 5-cm Whatman silica G thin-layer chromatography plates 
(Whatman, Clifton, NJ).   

   3.    Chromatography chambers (e.g., 10 cm Latch-Lid 
Chromatotank, Thomas Scientifi c, Swedesboro, NJ).   

   4.    65:25:5 chloroform–methanol–28 % ammonium hydroxide 
(HPLC grade, Sigma).   

   5.    Appropriate “forced air blower” (e.g., Norelco Hair Dryer).   
   6.    50:20:10:10:5 chloroform–acetone–methanol–glacial acetic acid– 

water (all HPLC grade, Sigma).   
   7.    Iodine crystals (Sigma).   
   8.    13 × 100 mm Borosilicate glass tubes (Fisher).   
   9.    70 % Perchloric acid (ACS grade, Sigma).   
   10.    Heating apparatus to achieve 170–180 and 90–100 °C.   
   11.    2.5 % Sodium molybdate (Sigma).   
   12.    10 % Ascorbic acid (Sigma).   
   13.    Tabletop centrifuge.   
   14.    Spectrophotometer.       

3    Methods 

      1.    Dissolve  cis -PnA in DMSO to a fi nal concentration of 
20 mg/mL.   

   2.    Add 1.8 μmol  cis -PnA in 25 μL to 50 mg hSA (760 nmol) in 
1 mL of PBS.   

2.5  Determination 
of Total Lipid 
Phosphorous

2.6  Determination 
of Inorganic 
Phosphorous Content 
of Specifi c 
Phospholipid Classes

3.1  Preparation 
of  cis -PnA/hSA 
Complex

James P. Fabisiak et al.
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   3.    Incubate this reaction mixture 30 min at room temperature 
and then fi lter (0.45 μm). Aliquot solution and store frozen at 
−80 °C until use.      

      1.    Obtain cells from cultures in late log phase growth and deter-
mine cell number and viability using Trypan Blue exclusion 
and a hemocytometer.   

   2.    Wash suspension cells twice with centrifugation (400 ×  g , 10 min) 
in incubation medium and then resuspend to a density of 1 × 10 6  
per mL. Similarly, rinse monolayer cultures with two changes 
of incubation medium, then add 10 mL (for a 75 cm 2  fl ask) or 
3 mL incubation medium (for a 3.5 cm diameter well of a 6-well 
plate;  see   Note 3 ).   

   3.    Add  cis -PnA/hSA complex to a fi nal concentration of between 
1 and 5 μg/mL and incubate for 2 h at 37 °C in a tissue culture 
incubator ( see   Note 4 ).   

   4.    Wash labeled cells once with incubation medium containing 
0.5 mg/mL fatty acid-free hSA, and again without hSA.   

   5.    Resuspend cell pellets or monolayers in a medium appropriate 
to apply an apoptotic (or other) stimulus, and incubate for 
desired times prior to lipid extractions ( see   Notes 5  and  6 ).      

      1.    Obtain approximately 1 × 10 6  cells, wash once in PBS, and 
resuspend or scrape in 1 mL PBS ( see   Note 7 ).   

   2.    Centrifuge cell suspensions to (400 ×  g , 10 min) and resuspend 
in 3 mL methanol containing 0.1 mg butylated hydroxytolu-
ene, mix with 3 mL chloroform, and then place under nitrogen 
atmosphere on ice in the dark for 1 h. Add 0.1 mL of 0.1 M 
NaCl to each sample and vortex vigorously.   

   3.    Collect the bottom chloroform layer after separation by 
 centrifugation (1,500 ×  g , 5 min) and evaporate to dryness 
under oxygen-free N 2 .   

   4.    Dissolve the resultant lipid fi lm in 0.2 mL 4:3:0.16 (v/v/v) 
isopropanol–hexane–water.      

      1.    Prepare a dilution series of  cis -PnA solutions for generation of 
standard curve (1, 2, 4, 6, 8, 10 ng/100 μL prepared in 
4:3:0.16 [v/v/v] isopropanol–hexane–water).   

   2.    Apply a 100 μL sample of lipid extract to the injector port of 
an HPLC apparatus equipped with a 5-μm Supelcosil LC-Si 
column (4.6 × 250 mm) equilibrated with 1:9 solvent A:solvent 
B ( see   Note 8 ).   

   3.    Elute the column using a preprogrammed automated gradient 
maker for 3 min with a linear gradient from 10 % solvent B to 
37 % solvent B, then 3–15 min with isocratic 37 % solvent B, 

3.2  Metabolic 
Labeling of Cells 
with  cis -PnA

3.3  Lipid Extraction

3.4  HPLC Resolution 
of Phospholipid 
Classes
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15–23 min with a linear gradient to 100 % solvent B, and 
fi nally 23–45 min with isocratic solvent B. Apply the mobile 
phase at a fl ow rate of 1 mL/min.   

   4.    Monitor the column effl uent simultaneously for  cis -PnA 
 fl uorescence at emission wavelength 420 nm after excitation 
at 324 nm, as well as absorbance at 205 nm for total lipids 
( see   Note 9  and Fig.  1 ).

       5.    Determine the  cis -PnA content of each phospholipid class by 
calculating the fl uorescent peak area using EZChrom™ 
Software and comparison with the standard curve constructed 
using various amounts  cis -PnA alone.   

   6.    Normalize the amount of  cis -PnA fl uorescence in each indi-
vidual phospholipid class to the amount of inorganic phospho-
rous (Pi) contained in the total lipid extract (relative PnA 
oxidation), as well as the Pi content of the individual phospho-
lipid class (specifi c PnA oxidation) determined from parallel 
high- performance thin-layer chromatography (HP-TLC) plates 
( see  Subheadings  3.5  and  3.6  below).     

PE

PC

PC

PS

PSPI

PI

CL

CL

PnA

PnA

0 453015
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100
FAU
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  Fig. 1    HPLC chromatograms of  cis -PnA-labeled phospholipids derived from 
 control ( top  tracing) and anti-Fas-treated Jurkat cells ( bottom  tracing).  CL  cardio-
lipin,  PC  phosphatidylcholine,  PE  phosphatidylethanolamine,  PI  phosphatidylino-
sitol,  PnA  parinaric acid,  PS  phosphatidylserine       
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 Figure  1  shows representative chromatograms of  cis -PnA labeled 
phospholipids obtained from control Jurkat cells (top tracing) and 
cells treated with anti-Fas antibody for 2 h to induce apoptosis 
 (bottom tracing). It is clear that Fas-mediated apoptosis is associated 
with specifi c loss of fl uorescence in the peak corresponding to PS, 
while sparing the oxidation of major phospholipids PE and PC. 
Signifi cant oxidation of PI was also observed with this non-oxidant 
stimulus, a fi nding that mirrors our earlier observation with para-
quat-induced apoptosis in 32D cells [ 2 ]. Since both PS and PI 
are anionic phospholipids, negative charge may, in part, direct the 
 selective oxidation of specifi c phospholipid species.  

        1.    Prepare a dilution series of NaH 2 PO 4  of 4–6 concentrations 
between 1 and 10 nmol to generate a standard curve.   

   2.    Pipette 50 μL aliquots of lipid extracts into test tubes and evap-
orate the solvent to dryness under a stream of oxygen-free N 2 .   

   3.    Add 50 μL of HClO 4  to the dried samples, and incubate for 
20 min at 170–180 °C.   

   4.    Prepare a stock solution of 200 mM NaH 2 PO 4  in water. To 
generate a standard curve pipet 100, 60, 40, 20, and 10 μL into 
separate tubes in duplicate corresponding to 10, 6, 4, 2, and 
1 nmol phosphate. Add water to yield a fi nal volume of 4 mL.   

   5.    After allowing the samples to cool, add 0.4 mL of water to 
each tube followed by 2 mL sodium molybdate–malachite 
green reagent solution and 80 μL of 1.5 % Tween 20.   

   6.    Shake the tubes immediately to stabilize the developed color, 
and quantify at 660 nm in a spectrophotometer.   

   7.    Determine Pi content by comparison to the linear standard 
curve. Fluorescence can be normalized to the total amount of 
lipid phosphorous in each sample for determination of relative 
content of  cis -PnA in each phospholipid class.      

       1.    Activate HP-TLC plates by heating 20 min at 120 °C to 
remove all traces of H 2 O.   

   2.    Spot 20 μL aliquots of lipid extracts onto Whatman silica G 
TLC plates (5 × 5 cm) and allow to air-dry.   

   3.    Spot similar preparations of phospholipid standards for 
 comparison to experimental samples (e.g., 2.5 mg each per 
phospholipid).   

   4.    Perform 2D HP-TLC by development of the spotted TLC 
plate(s) in the fi rst dimension using 65:25:5 (v/v/v) chloro-
form–methanol–28 % ammonium hydroxide. After removing 
the fi rst solvent using a forced air blower, the TLC plate is 
rotated 90° and developed in the second dimension with 
50:20:10:10:5 (v/v/v/v/v) chloroform–acetone–methanol–
glacial acetic acid–water.   

3.5  Determination 
of Total and Specifi c 
Lipid Phosphorous

3.6  Determination of 
Pi Content of Specifi c 
Phospholipid Classes
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   5.    Place plate in a chromatographic tank containing approximately 
0.5 g iodine crystals until dark spots corresponding to resolved 
lipids are observed. Length of time required depends on age 
and amount of iodine crystals. Identify specifi c phospholipid 
classes by comparison to migration of authentic phospholipid 
standards ( see  ref.  3  for a typical migration pattern of cellular 
phospholipids). Scrape the spots corresponding to specifi c 
phospholipid classes from the plates and transfer them to 
13 × 100-mm borosilicate disposable glass tubes.   

   6.    Add 125 μL of 70 % perchloric acid to each silica gel sample 
and heat to 175–180 °C.   

   7.    After cooling, add 825 μL of H 2 O to each tube, followed by 
125 μL 2.5 % sodium molybdate, followed by 125 μL 10 % 
ascorbic acid. Vortex immediately and then heat to 90–100 °C.   

   8.    After cooling, clarify samples by centrifugation at 1,000 ×  g  
for 5–10 min and measure the absorbance of the supernatant 
at 797 nm. The Pi content of the samples is derived from com-
parison to the standard curve constructed with known amounts 
of NaH 2 PO 4  (from Subheading  3.5 ,  step 1 ).       

4    Notes 

     1.    The purity of each batch of  cis -PnA is determined by UV spectros-
copy using the molar extinction  e  304nm,EtOH  = 80 × 10 3 /mM/cm.   

   2.    Suspension cells (7–10 × 10 5  cells/mL) or monolayer cells 
(70–80 % confl uence) can be used. The number of cells and 
wells/dishes required depends on the number of desired 
experimental points. Cell number and viability for monolayer 
cultures can be obtained after trypsinization of parallel plates 
or wells set up identically to those for  cis -PnA assay. Lipids 
derived from approximately 1 × 10 6  cells provide enough mate-
rial for a single sample subjected to HPLC and fl uorescent 
quantifi cation.   

   3.    We originally utilized L1210 buffer (115 mM NaCl, 5 mM 
KCl, 1 mM MgCl 2 , 5 mM NaH 2 PO 4 , 10 mM glucose, and 
25 mM HEPES, pH 7.4), but have found that other medium 
formulations such as RPMI 1640 and KGM-2 (keratinocyte 
growth medium) are compatible with incorporation of  cis -PnA, 
provided they are utilized in the absence of fetal calf serum and 
phenol red.   

   4.    It is necessary to derive the appropriate  cis -PnA concentration 
for each cell line to achieve maximal metabolic incorporation, 
while minimizing any potential toxicity of  cis -PnA.   

   5.    Some knowledge of the time course and conditions for apoptosis 
is useful in designing the experiment. We usually restrict our 
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incubations to no more than 2 h. The study of certain stimuli 
with prolonged induction of apoptosis, such as growth factor 
withdrawal, may be problematic given the confounding factors 
of basal spontaneous oxidation of  cis -PnA and the continuing 
synthesis of new unlabeled phospholipids. Most stimuli that we 
have applied have an observable apoptotic response (changes in 
nuclear morphology, DNA fragmentation) in about 4–8 h and 
show selective PS oxidation within 2 h.   

   6.    Media formulation may be important, as the presence of serum 
or other defi ned growth factors may be required to prevent 
apoptosis in the control untreated cells. For example, when 
using the IL-3-dependent cell line, 32D, we utilized media 
containing 10 % media preconditioned by WeHi 3B cells as a 
source of IL-3.   

   7.    The cells can be stored at −80 °C at this point until lipid 
extraction.   

   8.    We have also found a 5 mm (4.5 × 250 mm) Microsorb-MV 
column from Rainin (Woburn, MA) to be suitable.   

   9.    It is strongly recommended that each laboratory calibrate the 
migration of specifi c phospholipid classes using purifi ed 
authenticated standards.         
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    Chapter 42   

 Quantitative Method of Measuring Phosphatidylserine 
Externalization During Apoptosis Using Electron 
Paramagnetic Resonance (EPR) Spectroscopy 
and Annexin-Conjugated Iron 

           James     P.     Fabisiak     ,     Grigory     G.     Borisenko    , and     Valerian     E.     Kagan   

    Abstract 

   We present here the application of a novel assay that measures the absolute amount of PS externalized on the 
surface of cells. While based on the same annexin binding principle as the fl uorescent fl ow cytometry assay, 
we use paramagnetic iron as the ultimate reporter molecule, establishing a linear relationship between signal 
amplitude and amount of PS on the cell surface, allowing a quantitative assay of PS externalization over a 
wide dynamic range. The application of this technique, alone and in concert with the PS oxidation method 
presented in the previous chapter, will greatly aid in studying the mechanistic connection between lipid per-
oxidation and translocation events during apoptosis.  

  Key words     Phospholipids  ,   Phosphatidylserine (PS)  ,   Annexin V  ,   Electron paramagnetic resonance 
spectroscopy (EPR)  ,   Apoptosis  ,   Oxidative stress  ,   Aminophospholipids  

1      Introduction 

 A characteristic of nearly all normal cells is the maintenance of an 
asymmetric distribution of phospholipids across cell membranes. 
Under normal conditions, phosphatidylcholine (PC) and sphingo-
myelin (SPH) are located primarily in the outer leafl et of plasma 
membrane, while aminophospholipids—phosphatidylethanol-
amine (PE) and phosphatidylserine (PS)—are found almost entirely 
in the inner leafl et [ 1 ]. One of the hallmarks of apoptosis, however, 
is the translocation and externalization of PS [ 2 ], where it serves as 
a target for recognition and engulfment by phagocytic macro-
phages [ 3 ]. Since externalized PS can bind the protein annexin V 
with high affi nity in a Ca 2+ -dependent manner, the use of fl uores-
cently labeled annexin V has formed the basis for a widely used 
assay to enumerate apoptotic cells [ 4 ]. However, this fl ow cyto-
metric approach provides little information regarding the absolute 



614

amounts of PS appearing on the cell surface and does not report 
any structural modifi cations to the PS molecule that may be coin-
cident with its externalization. 

 While it is clear that profound redistribution of membrane 
phospholipids accompanies apoptosis, the quantitative aspects of 
PS externalization have received little attention. The fl ow cytometric- 
based assay using the fl uorescent-labeled cell- impermeable protein, 
annexin V, was designed to assess the number of apoptotic cells 
with externalized PS rather than quantify the amount of external-
ized PS available for annexin binding. Another approach involves 
chemical modifi cation of aminophospholipids with cell-imperme-
able reagents for primary amines such as fl uorescamine or trinitro-
benzene sulfonic acid, followed by subsequent chromatographic 
separation of the modifi ed PS and PE. This approach is time- 
consuming, lacks sensitivity, and requires ultimate lysis of the target 
cells. For this reason, we sought to develop a novel sensitive and 
specifi c quantitative assay for PS externalization on cell surfaces 
using annexin V-conjugated iron nanoparticles. These magnetic 
microbeads have been developed to physically isolate apoptotic cells 
from a mixed cell population using application of a magnetic fi eld. 
We, however, exploited the paramagnetic properties of iron in order 
to quantify annexin V binding using electron paramagnetic reso-
nance (EPR) spectroscopy. We have effectively used this approach 
to measure PS externalization on normal and apoptotic cells, as well 
as incorporation of exogenous PS into the plasma membrane. The 
amount of externalized PS on the surface of normal Jurkat and 
HL-60 cells is ≈1 pmol/10 6  cells. Treatment of Jurkat and HL-60 
cells with camptothecin induces apoptosis with 240 pmol external-
ized PS/10 6  cells and 30 pmol PS/10 6  cells, respectively. Using 
naïve cells with exogenously applied PS, it appears that only 
20–40 pmol PS/10 6  cells is suffi cient to trigger recognition and 
phagocytosis by macrophages.  

2    Materials 

      1.    Phospholipids: 1-palmitoyl (C16:0)-2-arachidonyl (C20:4)-3- 
phosphatidylserine (PS) and phosphatidylcholine (PC) from 
brain (Avanti Lipids, Alabaster, AL).   

   2.    Chloroform (high-performance liquid chromatography [HPLC] 
grade; Sigma, St. Louis, MO).   

   3.    13 × 100-mm Borosilicate glass tubes (Fisher Scientifi c, 
Chicago, IL; or other appropriate disposable glass tubes).   

   4.    Evaporation apparatus (e.g., Evap-O-Rac, Cole-Parmer, 
Chicago, IL).   

   5.    Phosphate-buffered saline (PBS; Invitrogen, Gaithersburg, MD).   
   6.    Vortex (e.g., Daigger Vortex Genie 2, Scientifi c Industries, 

Bohemia, NY).   

2.1  Preparation 
of PS-Containing 
Liposomes
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   7.    Sonicator (e.g., Ultrasonic Homogenizer 4710, Cole-Parmer).   
   8.    Microcentrifuge tubes (0.5–2 mL, Corning, Corning, NY).      

      1.    Cells of interest.   
   2.    Incubation media: tissue culture media formulation usually 

used for maintenance of the cell line of interest (Invitrogen or 
ATCC, Manassas, VA).   

   3.    Trypan Blue (Sigma).   
   4.    Hemocytometer.   
   5.    Appropriate centrifuge (e.g., Centrifuge 5415 C, Brinkmann 

Instruments, Inc., Westbury, NY, equipped with Eppendorf 
tube rotor, ≤3,000 ×  g ).   

   6.    PBS.   
   7.     N -Ethylmaleimide (NEM; Sigma).   
   8.    Appropriate means of incubating cells and phospholipids at 

37 °C (e.g., Heraeus HERACell CO 2  Incubator, Kendro 
Laboratory Products, Newton, CT or TS-66518 AW-9 heated 
water bath, Precision Scientifi c, Chicago, IL)      

      1.    Labeling buffer: 150 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 
2 mM CaCl 2 , 5 mM NaHCO 3 , 5 mM glucose, 20 mM HEPES, 
pH 8.0 (all components from Sigma).   

   2.    Fluorescamine (ACS grade or higher; Sigma).   
   3.    40 mM Tris–HCl, pH 7.4.   
   4.    Bio-Rad Fluor-S MultiImager (Hercules, CA) or other appara-

tus to allow UV visualization of fl uorescamine-labeled PS on 
high-performance thin-layer liquid chromatography (HP-TLC) 
plates.      

      1.    Annexin V-microbead apoptosis detection kit and Basic micro-
beads (Miltenyi Biotech, Auburn, CA).   

   2.    0.1 % Bovine serum albumin (BSA, Fraction V, fatty acid-free; 
Sigma).   

   3.    Gas-permeable Tefl on tubing (Alpha Wire, Elizabeth, NJ).   
   4.    Appropriate EPR quartz tube (e.g., Welmad Labglass, 

Buena, NJ).   
   5.    JEOL RE1X EPR spectrometer (JEOL, Tokyo, Japan)      

      1.    Annexin V-microbead apoptosis detection kit and Basic micro-
beads (Miltenyi Biotech).   

   2.    Propidium iodide (PI; Oncogene, Boston, MA).   
   3.    Annexin V-fl uorescein isothiocyanate (FITC; Oncogene).   
   4.    Flow cytometer (e.g., Becton Dickinson FACScan, BD 

Biosciences, San Jose, CA).       

2.2  Incorporation 
of PS into Plasma 
Membrane

2.3  HP-TLC Assay 
for Evaluation 
of Externalized PS 
by Labeling with 
Fluorescamine

2.4  Annexin 
V-Microbead EPR 
Assay for 
Quantifi cation of 
Externalized PS

2.5  Annexin V-FITC 
Flow Cytometric Assay 
for Quantifi cation 
of Cells with 
Externalized PS

Quantifi cation of PS Externalization by EPR
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3    Methods 

 Relative PS externalization on the cell surface can be simply 
 determined by labeling cells with annexin V-microbeads followed 
by analysis by EPR spectroscopy. To establish the absolute amounts 
of PS ext , however, one needs to prepare cells with known amounts 
of PS ext  on their surface and calibrate the resultant EPR signal of 
annexin V-microbeads. To this end, cells are co-incubated with 
PC/PS liposomes to incorporate various amounts of PS into 
the plasma membrane. In order to ensure that all exogenous PS 
remains on the cell surface, the cells are pretreated with 
 N -ethylmaleimide (NEM), a thiol specifi c reagent shown to meta-
bolically poison the PS-internalizing activity of aminophospholipid 
translocase [ 5 ]. PS-enriched cells are then analyzed by both EPR- 
based annexin-iron bead assay and by HP-TLC assay of surface PS 
derivatized with fl uorescamine to create a calibration curve of EPR 
signal vs. amount of PS ext . Finally, traditional annexin V-FITC fl ow 
cytometry assay can be applied for discriminating and quantifying 
cells with high and low levels of externalized PS, so that the amount 
of PS ext  obtained by EPR-based assay can be recalculated per 
 number of cells that externalize high levels of PS. 

       1.    Dissolve purifi ed phospholipids (PC and PS) in chloroform 
(100 mM fi nal concentration). Frozen stocks can stored at −80 °C 
for at least 2 months.   

   2.    Make small unilamellar liposomes by making a 1:1 mix of the 
PC and PS stocks in a glass tube by adding 2.52 μmol (25.2 μL) 
of each phospholipid stock (2.4 μmol are required for analysis 
of fl uorescamine-labeled PS by HP-TLC and 0.12 μmol are 
required for EPR assay).   

   3.    Evaporate chloroform from the liposome preparations under a 
stream of compressed nitrogen.   

   4.    Add 5.0 mL PBS for a fi nal concentration of 1 mM total lipids, 
then mix the lipid mixture by vortexing vigorously ( see   Note 2 ).   

   5.    Sonicate liposomes fi ve times for 30 s on ice using a microtip 
and 20 % output.   

   6.    Prepare aliquots of liposomes in the following concentrations: 
1 mM, 750 μM, 500 μM, 250 μM, 125 μM. (Concentrations 
in aliquots are fi vefold greater than fi nal concentration in 
 solution with cells.) The total volume of each aliquot should 
be at least 1.68 mL (1.6 mL for HP-TLC and 0.08 mL for the 
EPR assay) ( see   Note 3 ).      

       1.    Obtain cells from cultures in late log phase growth, and deter-
mine cell number and viability using Trypan Blue exclusion 
and a hemocytometer.   

3.1  Preparation 
of PS-Containing 
Liposomes ( See   Note 1 )

3.2  Incorporation 
of PS into Plasma 
Membrane
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   2.    Wash suspension cells or harvested monolayer culture cells 
(method appropriate to cell type) twice with centrifugation 
(1,000 ×  g ) in incubation medium, and then resuspend in PBS 
at a density of 6.25 × 10 6  cells/mL. The number of cells 
required for one series of measurements for a complete calibra-
tion curve is 252 × 10 6  cells (249 × 10 6  for HP-TLC and 
12 × 10 6  for the EPR assay) ( see   Note 4 ).   

   3.    Treat cells with 10–50 μM NEM for 5 min at 37 °C to inhibit 
aminophospholipid translocase activity ( see   Note 5 ).   

   4.    To incorporate phospholipids into plasma membrane of cells, 
incubate cells with the indicated amounts (25, 50, 100, 150, 
and 200 μM) of the PS-containing liposomes (four parts of cell 
solution to one part liposomes, prepared as described in 
Subheading  3.1 ,  step 6 .) for 30 min at 37 °C. Sample volume 
for each experimental point is 8.4 mL (8 mL for HP-TLC and 
0.4 mL for the EPR assay).   

   5.    Remove unincorporated liposomes by washing cells twice with 
1 mL PBS and centrifugation for 1,000 ×  g  for 5 min.      

      1.    Resuspend 4 × 10 7  cells in 2 mL labeling buffer. Add 2 μL of 
200 mM fl uorescamine dissolved in dimethylsulfoxide 
(DMSO) to a fi nal concentration 200 μM and agitate cells 
gently for 15 s. Add 3 mL of 40 mM Tris–HCl, pH 7.4.   

   2.    Centrifuge cells (1,000 ×  g  for 5 min) and extract lipids 
( see  Chapter   40    , Subheading   3.3    ,  steps 2 – 4 ).   

   3.    Separate specifi c phospholipid classes using HP-TLC 
( see  Chapter   40    , Subheadings   3.5     and   3.6    ).   

   4.    Localize fl uorescamine-modifi ed PS (mPS) on HP-TLC plate 
by exposure to UV light using a Fluor-S MultiImager. 
Unmodifi ed phospholipids can be localized by visible light 
after exposure of HP-TLC plates to iodine vapor ( see  Chapter 
  40    , Subheading   3.4    ). The identities of specifi c phospholipid 
species are determined by comparison with purifi ed standards.   

   5.    Determine the inorganic phosphorus content of the external-
ized and non-externalized PS ( see  Chapter   40    ,    Subheadings 
3.5 and 3.6).      

      1.    Obtain cells from cultures in late log phase growth and deter-
mine cell number and viability using Trypan Blue exclusion 
and a hemocytometer.   

   2.    Wash suspension cells or harvested monolayer culture cells 
(method appropriate to cell type) twice with centrifugation 
(1,000 ×  g ) in incubation medium, and then wash 2 × 10 6  
cells twice in 1 mL 1× Binding Buffer (from the annexin 
V-microbead kit).   

3.3  HP-TLC Assay 
for Evaluation of 
Externalized PS 
by Labeling with 
Fluorescamine

3.4  Annexin 
V-Microbead EPR 
Assay for 
Quantifi cation of 
Externalized PS

Quantifi cation of PS Externalization by EPR
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   3.    Resuspend cells in 40 μL of Binding Buffer and incubate with 
10 μL of annexin V-microbead solution or equivalent amount 
of Basic beads for 5 min ( see   Note 6 ).   

   4.    Wash cells twice with 1 mL Binding Buffer (1,000 ×  g  for 
5 min) to remove unbound annexin V-microbeads, and resus-
pend in 50 μL of Binding Buffer for EPR assay ( see   Note 7 ).   

   5.    EPR measurements can be performed in gas-permeable Tefl on 
tubing. Fill tube with 50 μL of sample and place in an EPR 
quartz tube and then in EPR resonator ( see   Note 8 ).   

   6.    Determine the amplitude of the PS-specifi c EPR signal as the 
difference between the EPR signals from annexin V-microbeads 
and Basic beads (Fig.  1 ).

       7.    Construct a calibration curve of PS-specifi c EPR signal ampli-
tude vs. inorganic phosphorous from fl uorescamine-modifi ed 
PS to fi nd the relationship between EPR signal amplitude and 
amount of PS on cell surface (Fig.  2 ).

       Figure  1  shows the EPR spectra from Jurkat cells labeled with 
annexin V-microbeads or Basic microbeads without annexin. 
Figure  1a  represents untreated cells; Fig.  1b  represents cells 
 pre-incubated with PC/PS liposomes (0.3 mM phospholipids to 
saturate external membrane leafl et with PS); and Fig.  1c  repre-
sents cells treated with camptothecin (50 mM) for 3 h to induce 
apoptosis. Cells then were labeled with annexin V-beads (thin 
line). Parallel samples were also incubated with Basic beads (bold 
line) to control for nonspecifi c binding of iron microbeads. EPR 
spectroscopy was performed on 2 × 10 6  cells/sample. EPR spectra 
of paramagnetic iron from microbeads were recorded as described 
in  Note 8 . 

 Figure  2  shows the positive correlation between the PS-specifi c 
EPR signal amplitude and the fl uorescamine-modifi ed PS amount 
from Jurkat cells. PS was incorporated into the external bilayer of 
the plasma membrane by co-incubation with liposomes prepared 
as described in Subheading  3.2 . Note the linear relationship 
between the amount of PS incorporated on the surface of cells as 

30 mT

g-factor
~ 2.1

a

30 mT

g-factor
~ 2.1

b c

30 mT

g-factor
~ 2.1

  Fig. 1       EPR spectra of untreated ( a ), PS-loaded ( b ), and apoptotic ( c ) Jurkat cells labeled with annexin 
V-conjugated and basic magnetic microbeads       
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measured by fl uorescamine modifi cation and the amount detected 
by binding of paramagnetic iron/annexin V microbeads.  

      1.    Centrifuge 0.5 × 10 6  cells at 1,000 ×  g  for 5 min, and resuspend 
in 1 mL of Binding Buffer.   

   2.    Incubate the cell suspension with annexin V-FITC (1 μg/mL 
fi nal concentration) and PI (5 μg/mL) in the dark for 5 min at 
room temperature.   

   3.    Analyze labeled cell samples by fl ow cytometry. Gate out low 
fl uorescent debris and necrotic cells prior to analysis ( see   Note 
9 ). Collect 10,000 “events” (or “cell equivalents”) per sample 
to analyze the annexin V-FITC-positive and PI-negative popu-
lation, which represent the apoptotic cells expressing PS on the 
external cell surface.   

   4.    Recalculate the amount of externalized PS obtained by the 
EPR-based assay per number of annexin V-FITC positive cells 
based on the cytometric analysis.       

4    Notes 

     1.    Volumes and amounts given for the preparation of liposomes 
and incorporation into cells correspond to those necessary to 
construct a 6 point standard curve comparing EPR signal inten-
sity and externalized PS measured by fl uorescamine. Over 90 % 
of the required liposomes are necessary for the fl uorescamine 
determination by HP-TLC and hence volumes of reagents can 
be signifi cantly reduced after the relationship between EPR 

3.5  Annexin V-FITC 
Flow Cytometric 
Assay for 
Quantifi cation 
of Cells with 
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  Fig. 2    Linear relationship between the amount of external PS incorporated into 
plasma membrane and EPR signal measured with annexin V-magnetic micro-
beads in Jurkat cells       
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 signal and lipid content is determined in the investigator’s own 
laboratory. Once this standard curve is obtained, analysis of 
experimental samples can proceed by comparison to liposome- 
loaded cells measured by EPR alone.   

   2.    During liposome preparation, make sure that all dry phospho-
lipids are moved into the water phase.   

   3.    Solutions of small unilamellar liposomes are translucent com-
pared to a cloudy suspension characteristic of multilamellar 
liposomes. The PS-containing liposomes should be used imme-
diately after preparation to avoid their oxidation.   

   4.    Precautions should be taken to preserve cell viability during 
this assay, because the presence of endogenous externalized 
PS from apoptotic/necrotic cells will bias the standard curve. 
In addition, the EPR signal from nonspecifi c Basic beads alone 
is negatively correlated with the number of necrotic cells, sug-
gesting that nonspecifi c binding of iron microbeads is increased 
in dead or dying cells. Cell viability can be ascertained using 
Trypan Blue exclusion before and after liposome incorporation 
and should be 95 % or greater.   

   5.    The optimum concentration of NEM for effective inhibition 
of aminophospholipid translocase should be determined 
empirically for each cell line using the NBD-PS internalization 
assay described in detail by McIntyre and Sleight [ 6 ].   

   6.    Before use, the annexin V-microbeads supplied with the kit 
should be washed on the magnetic column with 0.1 % BSA 
solution to remove sodium azide and unbound annexin V as 
follows. Place separation column in the magnet for separation. 
Apply 0.5 mL of BSA solution on top of the column, and let 
the solution run through (do not let the column dry). Then 
apply microbeads solution (not more than 0.5 mL) onto the 
column, and allow solution to fl ow through. Wash column 
twice with BSA solution. To remove microbeads from the col-
umn, add a volume of BSA solution equal to that originally 
applied to column. Immediately remove column from the 
magnet and fl ush out microbeads into collection tube using 
the plunger. Volume of microbeads solution collected, as well 
as EPR signal intensity from solution, should be equal to that 
of the initial solution of microbeads.   

   7.    Do not keep cells on ice after labeling with annexin V-microbeads. 
This may cause precipitation of microbeads and lead to errone-
ous results. For best results, utilize annexin V-microbeads and 
Basic microbeads kits within 6 months because nonspecifi c 
binding of annexin V-microbeads and Basic microbeads increases 
over time.   

   8.    EPR spectra are recorded at room temperature under the 
 following settings: 10 mW microwave power; 9.445 GHz 
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microwave frequency; 300 mT center fi eld; 150 mT sweep 
width; 2 mT fi eld modulation; X100–X1000, gain range; 0.3 s 
time constant; 1 min time scan.   

   9.    First, use forward scattering (FSC) and side scattering (SSC) 
corrections to gate out cell debris, which have signifi cantly 
lower FSC and SSC signals than live cells. Then set channel 
FL1 (530/30 nm band-pass fi lter) to collect annexin V-FITC 
fl uorescence signal, and channel FL3 (>650 nm long-pass 
 fi lter) to collect PI fl uorescence. Use untreated cells that pos-
sess nominal FL1 and FL3 signals to set threshold on channel 
FL1 for cells not expressing PS on surface (annexin V-FITC-
negative cells) and threshold on FL3 for live cells (PI-negative 
cells). Collect 10,000 events per sample of cells of interest. 
Annexin V- and PI-positive cells can be arbitrarily defi ned as 
events that possess 50-fold greater signal intensity than the 
modal intensity of FL1 and FL3 channels, respectively, observed 
in a negative control viable non-apoptotic cell population.         
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 Detection of Programmed Cell Death in Cells Exposed 
to Genotoxic Agents Using a Caspase Activation Assay 

           Madhu     Gupta    ,     Madhumita     Santra    , and     Patrick     P.     Koty    

    Abstract 

   Many toxins that individuals are exposed to cause DNA damage. Cells that have sustained DNA damage 
may attempt to repair the damage prior to replication. However, if a cell has sustained serious damage it 
cannot repair, it will commit suicide through a genetically regulated programmed cell death (PCD) path-
way. Crucial to the ultimate execution of PCD is a family of cysteine proteases called caspases. Activation 
of these enzymes occurs late enough in the PCD pathway that a cell can no longer avoid cell death, but 
still earlier than PCD-associated morphological changes or DNA fragmentation. This protocol details a 
method for using fl uorochrome-conjugated caspase inhibitors for the detection of activated caspases in 
intact cells. The analysis and documentation is performed using fl uorescence microscopy.  

  Key words     Apoptosis  ,   Programmed cell death (PCD)  ,   Caspase  ,   Inhibitor  ,   Fluorescence  ,   DNA damage  , 
  Genotoxic agent  

1      Introduction 

 Every day we are exposed to a variety of environmental and 
 occupational toxic agents. They can be inhaled, such as particulate 
toxins, including asbestos and diesel exhaust, and are responsible 
for reactive oxygen species that can damage the body [ 1 ], or 
ingested in over-the-counter remedies, such as Toremifene or 
Doxycycline [ 2 ]. Toxins that are known or suspected carcinogens 
are almost universally genotoxic, in which they directly damage 
DNA [ 3 ] even at low doses [ 4 ]. Normally the cell repairs such 
DNA damage prior to replication, but when it cannot repair the 
damage, the cell will halt replication and commit suicide. This out-
come arises through a genetically regulated pathway(s) called 
 programmed cell death (PCD). In addition, PCD has been shown 
to play a fundamental role in many other pathways involving 
embryonic development, tissue remodeling/regeneration, and 
wound healing (for review  see  ref.  5 ). 
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 Programmed cell death is often associated with distinct 
 morphological changes that distinguish it from a necrotic death. 
Necrosis typically involves many cells and occurs in response to a 
severe insult to the cell, such as cytotoxicity, hypoxia, or depletion 
of ATP. These severe conditions result in the dramatic release of 
the cellular contents into the intercellular space, causing an infl am-
matory response. PCD, on the other hand, signals a single damaged 
cell to enter a series of genetically regulated steps that culminate in 
the removal of the cell without releasing the cytoplasmic contents, 
thus avoiding any infl ammatory response. During this process, the 
chromatin condenses and is subsequently digested into fragments 
in an organized manner, unlike necrosis in which the DNA is 
digested in an apparently random pattern. The surface of the cell 
then retracts, breaking cell contact with its neighbors, followed 
by cellular blebbing. The cellular contents, including the now 
 fragmented genome, are sequestered into small apoptotic bodies, 
which are then phagocytosed by neighboring cells or macrophages 
and fi nally digested (for review  see  ref.  6 ). 

 Maintaining normal genetic regulation of programmed cell 
death is crucial for an organism’s fi tness and survival. Any change 
in the rate of PCD in either direction, even subtle changes, can 
manifest as a life-threatening disease. Excessive PCD contributes 
to several human diseases, including the neurodegenerative  diseases 
Parkinson [ 7 ] and Alzheimer [ 8 ]. Decreased rates of PCD, on the 
other hand, are observed in diseases such as autoimmune diabetes, 
local self-reactive disorder, and cancer (for review  see  ref.  9 ). 
Although some individuals inherit a higher susceptibility to these 
disorders, most are theorized to arise from a lifetime of exposure to 
a variety of known and unknown toxins. 

 There are two major pathways of PCD which are usually 
 distinct but may have overlapping signals. One pathway is regu-
lated through receptors on the plasma membrane which are known 
as “death receptors” and include the TNFR family, such as Fas, 
TNFR1, DR3/WSL, and TRAIL/Apo-2L (for review  see  ref.  10 ). 
These receptors respond to ligands presented by other cells or to 
toxins that mimic these ligands. The absence of a ligand, in par-
ticular growth factors, can also trigger a PCD signal. When a PCD 
signal occurs in the receptor-based PCD pathway, the death recep-
tor forms a death-inducing signal complex (DISC) which in turn 
activates additional downstream signals. The other major PCD 
pathway is mediated by the mitochondria, and can be triggered by 
the inability to repair DNA damage caused by ionizing radiation or 
genotoxic effects, metabolic or cell cycle perturbation, or free radi-
cals (for review  see  ref.  10 ). This pathway is partially regulated 
through homo- and heterodimerization of PCD inducers, such as 
Bax and Bid, and inhibitors, such as Bcl-2 and Bcl-xL. These proteins 
are sequestered to the outer mitochondrial membrane and control 
the intracellular regulation of cytochrome  c  (for review  see  ref.  6 ). 
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Homodimerization of PCD inhibitors prevents the release of 
 cytochrome  c  while heterodimerization of PCD inducers with 
PCD inhibitors allows the release of cytochrome  c  from the mito-
chondria into the cytosol which irreversibly sends the cell along a 
PCD pathway [ 11 – 14 ]. Regardless of whether a receptor- or 
mitochondrial- based pathway is initiated, both involve the activa-
tion of a family of proteins called caspases that results in the 
 morphological and physiological changes characteristic of PCD, 
including DNA fragmentation, surface blebbing, and the eventual 
formation of apoptotic bodies (for review  see  ref.  10 ). 

 Caspases are a family of highly conserved enzymes that are 
expressed in organisms from worms to humans. There are cur-
rently 14 known mammalian caspases, 8 of which have been shown 
to be crucial in human PCD pathways. Caspases are catalytically 
inactive cysteine proteases which are cleaved to reveal a recognition 
sequence, producing a proteolytically active protein. These enzymes 
are functionally categorized as initiators, which include caspase-2, 
-8, -9, and -10, and effectors, which include caspase-3, -6, and -7. 
Initiators are characterized by a large prodomain (>90 residues) 
which is important to its function after undergoing autocleavage. 
Effectors, on the other hand, have small prodomains, between 20 
and 30 residues, which are not required for the active protein to 
function. Each caspase contains a unique four residue recognition 
sequence, which is used to specifi cally target substrates particular 
for the given caspase. Currently, there are a wide range of synthetic 
substrates that use these recognition sequences to target and cova-
lently bind to the caspase proteins, permanently inactivating them. 
Given the unique nature of the recognition sequences, inhibitor 
substrates can target individual caspases, or they may target broad 
groups of caspases, using a binding sequence compatible with mul-
tiple caspases (for review  see  refs.  14 ,  15 ). 

 Although there exist caspase-independent pathways of PCD 
(for review  see  refs.  16 – 19 ), in most cases, caspases are a critical 
feature of the PCD pathway and appear to serve as a bottleneck in 
the signal transduction for the execution of death. For this reason, 
the activation of caspases is a very good marker for PCD induction. 
Detection of caspase activation also has advantages over other 
assays for PCD induction, such as cell viability or DNA fragmenta-
tion, since it detects events earlier in the PCD pathway and does 
not overlap with necrosis. Detecting morphological changes asso-
ciated with PCD, which, if they do occur, are typically late events 
during PCD, is usually labor intensive and limited to analyzing a 
small number of cells. On the other hand, caspase activation analy-
sis can detect most cells undergoing PCD and can utilize fl ow 
cytometry, fl uorescent spectrophotometry, or microscopy in 
which large numbers of cells can be easily and accurately assayed 
(for review  see  ref.  20 ). 

 PCD Detected by Caspase Activation
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 Caspase activation can be detected using either cellular lysates 
or intact cells. Cell lysates can be used to detect pro-caspases or 
cleaved caspases or their cleaved substrates using western blot anal-
ysis. Quantifi cation of caspase activation can also be performed on 
cell lysates using caspase substrates that are conjugated to chromo-
phores or fl uorochromes and detected spectrophotometrically on a 
microplate reader (for review  see  ref.  20 ). Although the assays using 
cell lysates can easily process a large number of cells, their limita-
tions include antibody non-specifi city, inability to determine the 
number of cells undergoing PCD, and diffi culty identifying specifi c 
activated caspases due to overlapping substrates. Intact cells can 
be analyzed using immunogenic staining against active caspases, 
conjugated- substrate cleavage, or fl uorescent inhibitors that target 
either specifi c or nonspecifi c (pan) caspase active sites [ 21 ]. 
Although there are some disadvantages to using intact cells, such 
as the inability to determine the amount of caspase activation 
within a cell or the potential of non-specifi city of antibodies, the 
advantages far outweigh these limitations. Using these assays for 
intact cells, the exact number of cells undergoing PCD can be 
determined at a given time point, small to large cell numbers can 
be easily analyzed, and analysis can utilize either a fl uorescence 
or laser confocal microscope or a fl ow cytometer. For a more com-
plete analysis of cells undergoing PCD, the use of fl uorescent- 
conjugated inhibitors of activated caspases (early PCD event) can 
be combined with nuclei staining to detect morphological changes 
(apoptotic bodies—late PCD event) and analyzed simultaneously 
using dark-fi eld microscopy. 

 The following protocol describes how to simultaneously detect 
caspase activation (using a pan or specifi c fl uorescent-conjugated 
caspase inhibitor) and morphological changes associated with the 
induction of PCD using dark-fi eld microscopy.  

2    Materials 

      1.    Sterile 24-well tissue culture plates ( see   Note 1 ).   
   2.    Sterile medium with supplements appropriate for cells of choice 

(e.g., RPMI-1640 supplemented with FBS).   
   3.    Genotoxic agent to be tested.      

      1.    Caspase detection kit (Carboxyfl uorescein Caspase Detection 
Kit, Cell Technology, Mountain View, CA; CaspaTag™, 
Millipore, Billerica, MA; Carboxyfl uorescein FLICA apoptosis 
detection kit, Immunochemistry Technologies, LLC, 
Bloomington, MN) ( see   Note 2 ) which contains: lyophilized 
FAM-VAD-FMK pan-caspase inhibitor (Light sensitive, store 
in dark); Hoechst 33342 stain stock solution (200 μg/mL) 

2.1  Cell Culturing 
and Genotoxic 
Exposure

2.2  Solutions
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( Caution : possible mutagen. Handle with care, use gloves and 
a mask); 10× wash buffer ( Caution : contains sodium azide 
which is harmful if absorbed through skin. Handle with care, 
use gloves. Sodium azide can react with lead and copper- 
containing sink drains forming explosive compounds. Use 
large volumes of water when disposing of excess wash buffer 
down sink drain); 10× fi xative solution ( Caution : contains 
paraformaldehyde which is toxic. Handle with care, use gloves 
and a mask). Store kit at 4 °C.   

   2.    Sterile dimethyl sulfoxide (DMSO).  Caution : DMSO is toxic. 
Handle with care, use gloves and a mask.   

   3.    Sterile cell culture grade 1× phosphate buffered saline (PBS): 
1.06 mM KH 2 PO 4 , 154 mM NaCl, 2.71 mM Na 2 PO 4 ·7H 2 O, 
pH 7.4.   

   4.    Sterile deionized water.      

      1.    Sterile small bore transfer pipets.   
   2.    Sterile serum-free tissue culture medium appropriate for cell 

type of interest (e.g., RPMI 1640).   
   3.    Hoechst 33342 stain stock solution (200 μg/mL) included in 

kit.  Caution : possible mutagen. Handle with care, use gloves 
and a mask.   

   4.    Sterile 15 mL polypropylene conical centrifuge tubes.      

      1.    Sterile cell culture grade 1× Trypsin–EDTA: 0.05 % Trypsin, 
0.53 mM EDTA.   

   2.    Fetal bovine serum (FBS)-enriched medium appropriate for 
cell type of interest (10–25 % FBS, depending on cell type).   

   3.    Sterile small bore transfer pipets.   
   4.    Lint- and dye-free tissues (e.g., Kimwipes; Kimberly-Clark 

Worldwide, Inc. Roswell, GA).   
   5.    10× stock fi xative included in kit.  Caution : contains parafor-

maldehyde which is toxic. Handle with care, use gloves and a 
mask.      

      1.    Glass microscope slides, precleaned, untreated, 25 × 75 × 1 mm.   
   2.    Sterile 1× PBS.   
   3.    Mounting medium (e.g., Cytoseal 60; Electron Microscopy 

Sciences, Hatfi eld, PA).   
   4.    Glass coverslips, 25 × 50 × 1 mm.   
   5.    Coplin jar.      

      1.    Fluorescence microscope with suitable light source (e.g., mer-
cury or xenon arc lamp) and 35 mm or CCD camera for 
documentation.   

2.3  Cell Labeling 
and Counterstaining

2.4  Cell 
Trypsinization 
and Fixation

2.5  Microscopic 
Slide Preparation

2.6  Fluorescence 
Microscopy Analysis

 PCD Detected by Caspase Activation
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   2.    Filter cubes compatible with carboxyfl uorescein (e.g., bandpass 
fi lter, excitation 490 nm, emission 520 nm) and Hoechst 
33342 staining (e.g., UV fi lter, excitation 365 nm, emission 
480 nm) ( see   Note 3 ).       

3    Methods 

      1.    Seed an appropriate number of cells into a sterile 24-well tissue 
culture plate. Allow cells to adhere and grow for 24 h ( see   Note 4 ).   

   2.    Expose cells to the genotoxic agent for the desired time points 
according to your specifi c protocol.      

      1.    Reconstitute lyophilized FAM-VAD-FMK inhibitor in 50 μL 
sterile DMSO (150× stock solution). Light sensitive, work 
in dark. Mix well by gently swirling bottle until completely 
 dissolved ( see   Note 6 ).   

   2.    Prepare an appropriate amount of 30× FAM-VAD-FMK 
 inhibitor working solution by adding four parts sterile 1× PBS 
to one part 150× FAM-VAD-FMK inhibitor stock solution 
( see   Note 7 ).   

   3.    Prepare an appropriate amount (approximately 4.5 mL/well 
for 24-well tissue culture plates) of 1× working wash buffer by 
diluting 10× stock wash buffer in a 1:10 ratio with deionized 
water ( see   Note 8 ).   

   4.    Pre-warm 1× working wash buffer at 37 °C until use.   
   5.    Prepare 1× FAM-VAD-FMK inhibitor solution by adding 

10 μL 30× FAM-VAD-FMK inhibitor working solution to 
300 μL serum-free medium (310 μL of 1× FAM-VAD-FMK 
inhibitor/medium solution/well for 24-well tissue culture 
plates).      

       1.    Carefully remove the medium after exposure to genotoxic 
agent using a small bore pipet so as not to collect detached 
cells and discard medium ( see   Note 9 ).   

   2.    Add 310 μL 1× FAM-VAD-FMK inhibitor/serum-free medium 
solution to each well. Incubate for 1 h at 37 °C in a humid 
atmosphere with 5 % CO 2  protecting the wells from light.   

   3.    Add 1.5 μL Hoechst 33342 stock stain solution to each well, 
mix well by gently swirling plate and incubate 5 min at 37 °C 
in a humid atmosphere with 5 % CO 2  ( see   Note 10 ).   

   4.    Carefully remove the medium from each well using a small 
bore pipet and save in a labeled sterile 15 mL conical centri-
fuge tube and save.      

3.1  Cell Culturing 
and Genotoxic 
Exposure

3.2  Solutions 
( See   Note 5 )

3.3  Cell Labeling 
and Counterstaining
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      1.    Add 0.5 mL of 0.5× trypsin–EDTA to each well and incubate 
for 5 min at 37 °C in a humid atmosphere with 5 % CO 2  
( see   Note 11 ).   

   2.    Ensure that all cells are detached ( see   Note 12 ). Using a small 
bore pipet, transfer cells to the 15 mL conical tube containing 
the previously removed medium.   

   3.    Add 1 mL of fetal bovine serum-enriched medium to each 
well, swirl plates gently to collect remaining cells in solution, 
and transfer medium to 15 mL conical tube containing the pre-
viously removed medium and trypsin solution. Discard plates 
( see   Note 13 ).   

   4.    Centrifuge (100 ×  g ) for 5 min at room temperature.   
   5.    Carefully remove and discard supernatant. Gently resuspend 

the cell pellet in 2 mL of 1× wash buffer.   
   6.    Centrifuge (100 ×  g ) for 5 min at room temperature.   
   7.    Repeat  steps 5  and  6 .   
   8.    Carefully remove and discard supernatant. Briefl y drain the 

tubes by inversion on a lint- and dye-free tissue (Kimwipes) to 
ensure that any remaining wash buffer has been removed, but 
do not allow the cells to dry out ( see   Note 14 ). Gently resus-
pend the pellet by pipeting in 100 μL of 1× wash buffer.   

   9.    Add 10 μL of 10× stock fi xative solution to each tube. Mix by 
gently swirling tubes and incubate for 15 min at room 
temperature.      

      1.    Pipet cells in the wash buffer/fi xative solution (110 μL) onto 
microscopic slides labeled appropriately and spread evenly 
avoiding creating bubbles ( see   Note 16 ).   

   2.    Dry slides on a fl at surface (approximately 30 min to an hour), 
checking periodically to ensure even solution distribution 
( see   Note 17 ).   

   3.    Carefully wash cells once in 50 mL 1× PBS in a Coplin jar for 
5 min.   

   4.    Drain off excess liquid and allow slides to air-dry briefl y 
(2–3 min).   

   5.    Add 3 drops of mounting medium and place on coverslip 
 trying to avoid bubbles. Allow slides to dry overnight in the 
dark at room temperature.      

      1.    Analyze the slides using a fl uorescent microscope with the 
appropriate band-pass and UV fi lters to observe caspase activa-
tion (either green or red, depending on which fl uorescently 
labeled substrate is used) and Hoechst 33342 stain (blue). 

3.4  Cell 
Trypsinization 
and Fixation

3.5  Microscopic 
Slide Preparation 
( See   Note 15 )

3.6  Fluorescence 
Microscopy Analysis
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Cells should be analyzed on the basis of presence of caspase 
signal and presence of apoptotic bodies, as apparent from 
counterstaining. Though the number of cells needed to be 
analyzed will differ, depending on individual goals, counts of 
at least 500 cells per condition should be used to obtain 
 reasonable power in statistical analysis ( see   Note 18 ).       

4    Notes 

     1.    Alternative tissue culture plates (i.e., 96-well or 12-well) or 
microscopic chamber slides can be used. However, reaction 
volumes must be adjusted accordingly.   

   2.    Although we typically use a pan-caspase peptide inhibitor, specifi c 
peptide inhibitors for caspase-1, -2, -3, -6, -8, -9, and -10 are 
available and compatible with this protocol. In addition, caspase-3 
and pan-caspase peptides conjugated to sulforhodamine (SR) are 
commercially available (Carboxyfl uorescein Caspase Detection 
Kit, Sulforhodamine Caspase Detection Kits, Cell Technology, 
Mountain View, CA; CaspaTag™, Millipore, Billerica, MA; 
Immunochemistry Technologies, LLC, Bloomington, MN).   

   3.    The SR-conjugated peptides require a fi lter cube with an 
 excitation of 550 nm and emission of 595 nm (e.g., DAPI–
FITC–Texas Red triple fi lter; Chroma Technology Corp, 
Bellows Falls, VT).   

   4.    Confl uent growth may prevent exposure of some cells to 
the peptide inhibitor, resulting in uneven staining and inaccurate 
analysis. If using non-adherent cells, this protocol may be  carried 
out in tubes rather than plates with a cell density of  10 6  cells/mL.   

   5.    The FAM and SR fl uorescent conjugated peptide inhibitors 
and Hoechst 33342 are extremely sensitive to light. Avoid 
direct exposure to light, as this will result in photo-bleaching. 
All sample processing, incubations, and microscopic analysis 
should be performed in the dark.   

   6.    Any unused 150× FAM-VAD-FMK inhibitor stock solution 
should be aliquoted into appropriate volumes and stored in the 
dark and desiccated at −20 °C. Repeated freeze–thaw of the 
150× FAM-VAD-FMK inhibitor stock solution will result in 
substrate degradation.   

   7.    Only prepare enough 30× FAM-VAD-FMK inhibitor working 
solution for the number of wells to be analyzed. 30× FAM-
VAD- FMK inhibitor working solution cannot be stored and 
any remaining unused 30× FAM-VAD-FMK inhibitor working 
solution must be discarded.   

   8.    A precipitate may form in the 10× stock wash buffer when 
stored at 4 °C. Therefore, incubate the 10× stock wash buffer 
at 37 °C for 30 min prior to use, or until precipitation is 
 completely dissolved.   
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   9.    If detached cells are collected in the medium, the medium can 
be centrifuged (100 ×  g ), and the supernatant discarded. The 
cell pellet can then be resuspended in the 310 μL 1× FAM-
VAD- FMK inhibitor/serum-free medium solution from the 
appropriate wells from    Subheading  3.3 ,  step 4  and added back 
to the appropriate well. Recovering these detached cells is 
important since many may be undergoing PCD.   

   10.    Proper mixing after the addition of the Hoechst 33342 stain is 
critical for even fl uorescence of the entire cell population.   

   11.    Incubation in trypsin may be increased from 5 to 10 min if 
necessary to detach all adherent cells.   

   12.    Tap plates gently but fi rmly against palm to knock cells loose. 
Visual inspection is preferable since light microscopy will 
cause photo-bleaching of the cells. However, since analysis of 
all cells is critical, inspection using an inverted light micro-
scope may be necessary, though exposure to light should be 
minimized.   

   13.    The use of FBS-enriched medium is necessary to stop the tryp-
sin activity.   

   14.    Removing any excess wash buffer is important, as failure to do 
so will increase the volume spread on the microscope slide. 
This may result in increased drying time and increased back-
ground fl uorescence.   

   15.    An alternative to air-drying the fi xed cells onto the microscope 
slides is to use a cytospin. After incubation with fi xative, follow 
the cytospin protocol for spinning cells onto slides. Be sure to 
determine an appropriate cell concentration prior to performing 
this caspase activation assay, as too high or low a concentration 
will make the subsequent microscopic analysis more diffi cult, 
if not impossible.   

   16.    When spreading the solution onto the slides, it is important 
not to force air out of the pipet tip, as this will create  bubbles. 
When dry, these bubbles will result in rings of high background 
and disrupt the even distribution of cells.   

   17.    Slides should be dried on a completely level surface, as any 
incline will create pooling in one area of the slide, leading to 
high background and uneven cell distribution. It may be useful 
to check on the slides periodically as they dry and respread the 
solution on the slide as needed.   

   18.    High background signal for the caspase staining may indicate 
insuffi cient washing of the cells. If counterstaining is weak, 
extend the incubation time with Hoechst 33342 to 10 min. 
If counterstaining is too strong, shorten incubation time as 
needed.         
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