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Preface

The aim of this second edition of Biological Aging: Methods and Protocols is to provide
an update of the most useful and promising methods currently available to study aging.
Due in part to the encompassing nature of aging, many new tools for its analysis have
emerged. Biological Aging: Methods and Protocols provides not only several of the estab-
lished techniques but also some of the most recent and exciting breakthroughs in technol-
ogy in this field that have served to advance the study of aging.

It would be unrealistic to attempt to amass all of the methods applied to biological
aging in one book. The tools detailed in this book include established protocols such as
aging cell culture as well as many more contemporary approaches such as nuclear transfer,
microarray, and proteomics technologies. Collectively, these powerful protocols combined
with the many other techniques that are presented are rapidly advancing the exciting and
expanding field of biological aging.

Trygve O. Tollefsbol
Birmingham, AL, USA
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Cell Senescence Culturing Methods

Huaping Chen, Yuanyuan Li, and Trygve 0. Tollefsbol

Abstract

Chapter 1

Development of therapeutic approaches that slow or ablate the adverse physiological and pathological
changes associated with aging has been considered as an important goal for gerontological research.
As cellular senescence is characterized as the basis for aging in organisms, culturing and subculturing of
normal human diploid fibroblasts to mimic the in vivo aging processes have been developed as major
methods to investigate molecular events involved in aging. It has been established that normal human
diploid fibroblasts can proliferate in culture for only finite periods of time. There are many ways to study
aging in vitro. In this chapter, we will discuss some of the basic laboratory procedures for cell senescence

culturing methods.

Key words Senescence, Aging, Biomarker, Fibroblasts, Cell culture

1 Introduction

Aging can be impacted by both environmental and inherent factors.
The outcome of cellular aging is characterized by replicative senes-
cence. Specifically, accumulation of damage in both nuclear and
mitochondria DNA can lead to cellular senescence which may affect
aging processes in organisms [1] (Fig. 1). It is generally accepted
that human cells can only divide for a limited number of times.
Gene mutations can accumulate during DNA replication, which
ultimately lead to abnormal regulation of cell metabolism and
physiology that contribute to the aging processes. Additionally,
another well-known mechanism related to cell replicative senes-
cence is the inability of normal somatic cells to fully maintain
telomere DNA due to the lack of telomerase [2].

Cell senescence is a final, common pathway for actively dividing
cells. It can be achieved through oncogenic- and replication-
induced senescence [3, 4]. The cell culture model system has
been widely used to study replicative cellular senescence. However,
questions have been raised regarding whether such a procedure
accurately represents aging in organisms. Cultivation requires that

Trygve O. Tollefsbol (ed.), Biological Aging: Methods and Protocols, Methods in Molecular Biology, vol. 1048,
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Aging of organisms

Dysfunction of organs

Dysfunction at the tissue

Cellular senescence
level

Fig. 1 Cellular senescence will lead to dysfunction of tissue and organs and
eventually aging of organisms

cells continuously undergo proliferation which may stress cells
unnaturally and does not occur in an organism [4]. Moreover,
cells in culture and those in an intact organism differ drastically in
metabolic needs, growth conditions, and many other factors.
The conventional tenfold dilution of serum in culture media con-
tains a lower concentration of protein than is normally found in
extracellular tissue fluids [5]. In addition, it has been demonstrated
that the needs of cultured cells differ from those of cells that are
freshly isolated from intact tissue which require 13 amino acids for
stable growth, whereas cells in an organism require 8—10 amino
acids. Furthermore, many types of cells need to be maintained in
conditioned medium or seeded at a high population density [6].
However, observations that the propagative life span of skin fibro-
blasts in cell culture declines as a function of donor age suggest
a critical role of replication-mediated cellular senescence in aging
[3, 7, 8]. Thus, the limited proliferative capacity of somatic cells
appears to be an appropriate system to study human aging, as long
as correct correlations are made between observed phenomena and
physiology of the entire organism. The culture system exhibits the
gradual, stepwise changes that permanently alter the organism, not
so much in discrete phases as in a continuum of events that mirror
the time from the fusion of the gametes to the demise of the
organism. Another strategy is to approach the question from a
therapeutic perspective by focusing on the prevention and treat-
ment of the ailments known to increase with age. These studies
have concentrated on specific age-related conditions with unfavor-
able consequences or the processes underlying many age-related

dysfunctions [9, 10].
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Changes During Cellular
Aging
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of Aging
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In this chapter, important concepts involved in aging cell
culture as well as the detailed procedures involved with this process
will be discussed. Specifically, in vitro signs of aging including
morphological changes and aging biomarkers will be covered.
Basic procedures involved in aging cell culture, such as subcultur-
ing, cell counting, cell freezing, and thawing will be also discussed.
Common aging cell culture models such as fetal lung fibroblasts
WI-38 and skin cells will be discussed. Major issues and experimen-
tal design considerations will also be evaluated.

Characteristic morphological changes that accompany replicative
senescence in cultured cells include increased cell size, nuclear
size, nucleolar size, number of multinucleated cells, prominent
Golgi apparatus, increased number of vacuoles in the endoplasmic
reticulum and cytoplasm, increased numbers of cytoplasmic
microfilaments, and large lysosomal bodies [11]. The increased
cell and nuclear size and numbers of inclusion bodies observed
in late-passage cells could be due to the increase of the intracellular
content of RNA and proteins which might be caused by reduced
protein degradation by proteasome-mediated pathways, decreased
RNA turnover, the uncoupling of cell growth from cell division,
and putative block of senescent cells in late Gl. Aging cells
also seem to exhibit an increased sensitivity to cell contact [11],
perhaps as a result of changes in interactions with the extracellular
matrix (ECM) or expression of secreted proteins [4], resulting in
reduced harvesting and saturation densities [12].

Cellular aging is characterized by altered cellular morphology
as aforementioned above, expression changes of IGF-1, EGEF,
c-fos, increased activity for senescence-associated p-galactosidase
(SA-B-GAL), increased formation of senescence-associated hetero-
chromatin foci (SAHF) and promyelocytic leukemia protein
nuclear bodies (PML NBs), permanent DNA damage, chromo-
somal instability, and an inflaimmatory secretome [13-15]
(Fig. 2). They also display increased average cell cycle times, largely
at the expense of longer G1 intervals. IGF-1 is produced by many
cell types and plays an important role in the regulation of cell
proliferation. IGF-1 mRNA production is reduced to an undetect-
able level in senescent cells, whereas IGF-1 receptor mRNA pro-
duction remains at a detectable level [16]. Epidermal growth factor
(EGF) signaling has been postulated to impair downstream recep-
tor binding in nonproliferating senescent human diploid fibroblasts
[17]. A loss of ¢c-fosin senescent WI-38 cells has also been reported,
suggesting that the lack of proliferation in aging cells was due in
part to selective repression of c-fos[ 18]. Staining for p-galactosidase
has been widely used in many studies to determine the amount of
senescence achieved in culture due to the specific staining of senes-
cent cells in situ [19-21]. More recently, annexin A5 has been
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Change in expression
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Fig. 2 Biomarkers for aging. Aging biomarkers include alteration of small
molecules such as EGF, IGF, c-fos, and senescence-associated B-galactosidase
(SA-p-GAL) and appearance of macromolecules such as senescence-associated
heterochromatin foci (SAHF) and promyelocytic leukemia protein nuclear bodies
(PMLNBs)

B -A(2")
D=C+n+ AQ™Y - A2

Fig. 3 Equation to determine population doubling of aging cells in culture. Where
Aequals no. of cells plated, B equals no. of cells counted after growth period, C
equals old population doubling, D equals new population doubling, and n equals
the largest number that satisfies the equation A22" < B

indicated to accumulate at the nuclear envelope during replicative
senescence and drug-induced cellular senescence in primary human
fibroblasts [22].

Currently, a novel way to quantify cellular aging is through calcu-
lating population doublings that the cells undergo during the
culturing process. Population doubling is defined as the number
of times that the cell number is doubled. This is based on the
observation that during cellular aging, the proliferative potential
decreases. Generally, population doublings can be recorded by
plating a specific number of cells and then counting those cells
after a defined period of growth. If the population has doubled,
for example, a plating of 1.0 x 10° cells is followed by a growth
phase and a count of 2.0 x 10°; one population doubling is added
to the current age of the cells. However, because even counts as
specified above are almost never achieved, a more precise method is
needed for accuracy. Figure 3 outlines an equation in the aging
research field that takes into account all the cells counted and
results in a more exact population doubling.
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For aging research, important terms have been introduced for
convenience of study. These include cumulative population dou-
blings (CPD), senescence, and senesced. CPD refers to the number
of times that the cell number has been doubled. It has been
used to measure the total number of cell divisions, and it can be
affected by several biological factors including the maximum
life span of the species, age of the donor, the site of the biopsy,
and the culture conditions. If cultures fail to reach confluency in
1 week, the culture is termed as “senescence.” Cultures are consid-
ered to be “senescent” (at the end of their replicative life span)
when they are unable to complete one population doubling during
a 4-week period that includes three consecutive weeks of refeeding
with fresh medium containing 10 % FBS. Generally, WI-38 cells
with less than 30 population doublings are considered to be in early
passage, and those at the end of their replicative life span are greater
than 95 % life span completed. This translates to a population
doubling of about 58-65, depending upon the subline that is
being cultured.

2 Materials

The following materials, which must be sterile, are used to culture
cells in vitro. Although antimicrobial agents can be added to
culture media to prevent contamination, certain antibiotic-resistant
microbial organisms existing in the environment can cause serious
contamination. Thus, cell culturing should be performed under a
laminar flow hood. For most aging cell types, an antibiotic/anti-
mycotic solution of streptomycin, amphotericin B, and penicillin
(Mediatech, Inc., http://www.cellgro.com) can be added to the
medium at a final concentration of 1 % to adequately hinder the
growth of bacteria, fungi, and yeast. Cells are cultured in a humidi-
fied 37 °C incubator with varied concentration of CO, depending
on cell types. Medium, trypsin/EDTA solutions, and phosphate-
buffered saline (PBS) should be warmed to 37 °C in a water bath
before use. Different cell types may be cultured in different medium.

1. Monolayer cultures of cells.

. Trypsin/EDTA solution (se¢ Note 1).
. Complete medium with serum.

. Sterile Pasteur pipets.

. 70 % (w/v) ethanol.

. Sterile PBS without Ca?* and Mg?".

. Tissue culture plastic ware (pipets, flasks, plates, cryovials,
15- and 50-mL conical tubes), all sterile.

N N g R N
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3 Culturing Aging Fibroblasts

3.1 Procedures
for Culturing Aging
Fibroblasts

3.1.1 Trypsinization
and Subcultivation

3.1.2 Cell Counting

Human fetal lung fibroblasts, WI-38 cells, have been widely used as
a cellular model to study molecular events associated with the aging
process. The WI-38 cell line was originated from lung tissue of a
therapeutically aborted fetus at 3 months gestational age. Addition-
ally, fibroblasts explanted from the skin have also been widely used
as a model to study the aging process.

The methods outlined as follows describe the trypsinization
and subcultivation of monolayer cells, the freezing of monolayer
cells, and the thawing and recovery of frozen cells. Notes have been
added to discuss specific tips for aging cell culture.

Cells should be subcultured upon approximately 90 % confluence
to avoid contact inhibition or transformation.

1. Remove media from primary culture with a sterile Pasteur
pipet. Wash adherent cells with a small volume of sterile PBS
to remove residual fetal bovine serum (FBS), which may inhibit
trypsin.

2. Add sufficient 37 °C trypsin/EDTA solution (se¢ Note 1)
to cover the cell monolayer. Place in incubator for 1-2 min
(see Note 2). Check cells with an inverted microscope to make
sure cells are detached.

3. Add appropriate amount (2—-6 mL) of warmed culture medium
and disperse cells by gently pipetting up and down.

4. Add appropriate aliquots of the cell suspension to new culture
vessels (see Note 3).

5. Incubate cultures, checking for adherence after 24 h.

6. Renew medium every 2—4 day.

Cell counting is essential for aging cell culture research. Here we
will describe the method of counting cells with a hemacytometer
(Improved Neubauer).

1. Split cell cultures as in Subheading 3.1.1.

2. To check for viability, 0.75 mL of cells is mixed with 0.25 mL
of trypan blue.

3. Nine microliters of this suspension is loaded onto the hemacy-
tometer with coverslip and viewed under the microscope
(100x magnification). Viable cells remain unstained.

4. After counting, calculate the number of cells per milliliter:
cells/mL = average count per square of grid x dilution
factor x 10



3.2 Freezing

3.2.1 Thawing
and Recovery
of Frozen Cells

3.2.2  Monitoring Aging
Process Through Aging
Biomarkers (-
Galactosidase Staining)

3.3 Aging Cell
Culture: Major Issues
and Experimental
Design Considerations
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Cells to be frozen should be in late-log-phase growth.

1.

Dissociate monolayers with trypsin/EDTA (se¢e Note 1) and
resuspend cells in complete medium.

2. Count resuspended cells to determine viability and number.

. Gently pellet cells for 5 min at approx 300-350 x »

(1,500 rpm in a swinging bucket or 45° fixed-angle rotor)
and remove and discard supernatant above the pellet.

. Resuspend cells in freezing medium (see Note 4) at a concen-

tration of a 5 x 10° cells/mL. Aliquot cell suspension into
labeled cryovials and freeze immediately.

. Cells can be frozen at —80 °C for short-term storage.

(Optional: place cryovials into a styrofoam container or slow
freezer such as the Nalgene® Cryo Freezing Container filled
with isopropanol, which has a repeatable —1 °C/min cooling
rate to prevent the formation of damaging ice crystals.)

. Transfer cells in cryovials to liquid nitrogen (—196 °C) after

24 h for long-term storage.

. Remove cryovial from liquid nitrogen and place in a 37 °C

water bath. Agitate gently until thawed.

. Wipe vial with 70 % ethanol before putting under hood and

opening.

. Transfer cells to a sterile 15-mL conical tube containing

medium prewarmed to 37 °C. Centrifuge 5-10 min at
150-200 x g (approx 1,000 rpm in a swinging bucket or 45°
fixed-angle rotor). Discard supernatant containing residual
dimethylsulfoxide (DMSO).

. Resuspend pellet in 1-mL complete medium and transfer to

culture plate /flask containing the appropriate amount of
medium. Place in incubator. Check cells for adherence after 24 h.

. Monolayers at low cell density are placed in PBS containing 3 %

formaldehyde for 5 min.

. After three washes with PBS, stain cells overnight at 37 °C in

staining solution (150 mM NaCl, 2 mM MgCl,, 5 mM KzFe
(CN)g, 5 mM K Fe(CN)g, 40 mM citric acid, and 12 mM
sodium phosphate, pH 6) containing 1 mg/mL 5-bromo-4-
chloro-3-indolyl p-p-galactoside.

. Cells are then washed with PBS.

. B-Galactosidase activity is monitored visually by scoring blue

precipitate in the cytoplasm and photographed at 200 x.

In this section, some major issues related to aging cell culture are
discussed, which include the in vitro cell culture model to study
in vivo senescence and experimental design in aging-related cell
culture studies.



3.3.1 Effect of Culture
Conditions

3.3.2 Timeline

Huaping Chen et al.

Effects of culture conditions other than cell proliferation itself
have also been investigated. One obvious difference in terms of
the environment between in vitro and in vivo cell growth is expo-
sure to direct light when cultured in vitro. Fluorescent light can
cause DNA double strand breaks [23, 24]. Additionally, it has been
shown that exposure to fluorescent light can damage photoactive
components of cell culture medium [25]. Several other conditions
have also been reported to induce a premature senescent pheno-
type, such as hydrogen peroxide [26], tert-butyl hydroperoxide
[27], and ultraviolet [28] and gamma radiation [29]. Although
the trypsinization procedure to remove adherent cells from culture
dishes may also cause cellular stress, weekly trypsinizations have
been shown to not affect the proliferative capacity of the mass
culture [30].

Aging studies that attempt to mimic cellular senescence are often
time-consuming since it generally requires numerous population
doublings for cells to acquire critically attenuated telomere lengths
which triggers senescence. For studies in this regard, it is better to
investigate one serially cultured sample at different ages than to
examine a few different cultured samples at different time periods.
Itis important to freeze cells in liquid nitrogen at various ages while
serially culturing aging cells. This can enable the investigator to
restart the study at certain points if a problem arises with a culture.
Many different cell lines used in aging research can be provided by
the Coriell Institute (http://ccr.coriell.org/nia/).

4 Notes

1. Depending on the cell type, the concentration of trypsin may
vary. Normally, 0.25 % (w/v) trypsin/0.2 % (w/v) EDTA
solution is applied to most of the cell types to detach cells and
chelate Ca?* and Mg®* ions that could hinder the action of
trypsin.

2. Depending on the cell type, the incubation time varies from 1
to 5 min. The incubation time needs to be optimized according
to experience (extended trypsin exposure damages cells).

3. Cells need to be seeded at proper density after splitting (e.g.,
WI-38 cells at carly passage are seeded at 3 x 10° /cm?). This
density will ensure that the cells are subconfluent, and there-
fore, possible effects of density on growth due to contact
inhibition are minimal.

4. Freezing medium is composed of 90-95 % complete culture
medium supplemented with 5-10 % DMSO or glycerol.
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Chapter 2

Digital Image Analysis of Gells Stained with the
Senescence-Associated p-Galactosidase Assay

Liran 1. Shlush and Sara Selig

Abstract

Cellular senescence plays important roles in the aging process of complex organisms, in response to stress
and in tumor suppression. Several markers can be used to identify senescent cells, of which the most widely
used is the senescence-associated p-galactosidase (SABG) activity. Here we describe a procedure for digital
image analysis of cells stained by the SABG staining technique at pH 6 or at pH 4. This analysis is highly
reproducible and sensitive to subtle differences in staining intensities resulting from diverse cellular
senescence pathways in culture.

Key words Senescence, f-Galactosidase, pH 6, pH 4, Digital analysis, BGAV

1 Introduction

Several markers of senescence have been described [1], among them
senescence-associated p-galactosidase (SABG) activity. This marker
has been the most extensively utilized biomarker for cellular senes-
cence (CS) both in in vitro (reviewed in ref. 2) and in in situ [3-6]
studies. The SABG method is a simple procedure, enables visualiza-
tion of senescent cells in a heterogeneous population, and is specific
for CS regardless of the initiating trigger [2 ]. The protein product of
the lysosomal p-galactosidase 1 (GLB1) gene is the source of the
SABG activity [ 7]. In senescent cells, both the mRNA and the protein
levels of the GLBI1 gene are significantly elevated, and the enzymatic
activity increases concomitantly [7]. Consequently, the enhanced
enzymatic activity in senescence can be detected not only at the
optimal pH for activity, pH 4.5, but also at a suboptimal pH of 6.0.
This finding constitutes the basis for the use of SBAG activity at
pH 6.0 as a marker for cellular senescence [7].

Scoring of the SABG-stained cells has been based on
experimentalist-dependent determination of a given cell staining
as being positive and is not anchored in well-defined criteria. In
addition, the blue staining in positive cells is impossible to quantity

Trygve O. Tollefsbol (ed.), Biological Aging: Methods and Protocols, Methods in Molecular Biology, vol. 1048,
DOI 10.1007/978-1-62703-556-9_2, © Springer Science+Business Media New York 2013
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Fig. 1 Application of the digital image-processing tool to the standard SABG assay. (a) SABG staining at pH 6.0 of
fibroblast cells at population doubling 34. (b) Image analysis of the field shown in Fig. 1a using the MATLAB
tool described. The cell membrane borders and the background control area (small circles) are marked manually.
The logarithmic ratio of the cytoplasmic staining intensity (CSI) divided by the background staining intensity (BSI)
yields the BGAV. (Reproduced from Shlush et al. 2011 [9] with permission from BioMed Central)

objectively, such that cells with strong, moderate, or weak blue
staining may all be recognized as equally positive. This renders
the method insensitive to subtle effects of various stressors on CS
and might contribute to the inconsistency in replicating SABG
assay results in skin biopsies [8].

The limitation described above motivated us to develop a quan-
titative in situ SABG assay. We applied digital image processing to
quantify the SABG staining, following the use of the previously
described protocol of the in situ SABG assay [4 |. This quantification
method, based on color intensity analysis of photographed images of
stained cells, generates values of cell staining intensity (CSI) measured
in arbitrary intensity units. CSI values are the product of the ratio
between the green plus blue values of each pixel in the manually
marked cell cytoplasm and the total color (red, green, and blue) in
the same cytoplasm, divided by the cell surface area. Standardization
of each single CSI value is achieved by dividing the CSI value with
the adjacent background staining intensity (BSI) value (Fig. 1a, b). In
order to decrease the signal-to-noise ratio, we applied a logarithmic
transformation to the ratio CSI/BSI and termed the value obtained
B-galactosidase activity value (BGAV). The BGAVs are highly sensi-
tive and reproducible [9]. In addition, we have also varied the pH of
the assay to broaden the range of histochemically detectable activity
and enable the detection of subtle changes in BGAVs, which are
evident only when performing the SABG staining at the nonstandard
pH 4.0 [9]. SABG staining can be applied also to OCT-frozen tissues
[9, 10]; however, the quantitation of the resulting signals requires
expertise in histological analysis of the relevant tissue.
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2 Materials

2.1 SABG Staining
Solution Components

2.2 Preparation of
the SABG Solution Mix

. MgCl,: 1 M solution in double distilled water (DDW). Weigh

9.5 g and dissolve in DDW to final volume of 100 ml. Store
at room temperature (RT).

. NaCl: 5 M solution in DDW. Weigh 29.2 g and dissolve

in DDW to final volume of 100 ml. Store at RT.

. K3gFe(CN)g: 100 mM solution in DDW (see Note 1). Weigh

3.29 g and dissolve in DDW to final volume of 100 ml. Store
at RT.

. K4Fe(CN)g-3 H,O: 100 mM solution in DDW (see Note 1).

Weigh 4.22 g and dissolve in DDW to final volume of 100 ml.
Store at RT.

. Citric acid solution: 0.1 M solution in DDW. Weigh 1.92 g and

dissolve in DDW to final volume of 100 ml. Store at RT.

. Disodium phosphate (Na,HPOy) solution: 0.2 M solution

in DDW. Weigh 2.83 g and dissolve in DDW to final volume
ot 100 ml. Store at RT.

. X-gal  (5-bromo-4-chloro-3-indolyl-p-p-galactoside)  stock

solution (x20): 20 mg/ml dissolved in dimethyl formamide
(DMF) (see Note 1). Aliquot 1 ml portions and freeze at
—20°C. We used X-gal from various sources and all worked well.

. Components for the staining solution can be prepared in

advance but should only be mixed together shortly before
carrying out the staining.

. Prepare a fresh mix of citric acid /phosphate buffer at the required

pH. Staining at various pHs requires different ratios of the 0.1 M
citric acid solution and the 0.2 M disodium phosphate solution:

For a citric acid/phosphate buftfer at pH 4.0, mix 38.55 ml of
0.2 M Na,HPOy, with 61.45 ml of 0.1 M Citric acid.

For a citric acid /phosphate buffer at pH 6.0, mix 63.15 ml of
0.2 M Na,HPO, with 36.85 ml of 0.1 M Citric acid.

Verity the pH with pH indicator (litmus) paper.

. Thaw 1 ml of frozen 20 mg,/ml X-gal and place on ice.

4. Mix the following components to prepare a 20 ml volume of

staining solution:

12.4 ml of DDW, 40 pl of 1 M MgCl, (final concentration
2 mM), 600 pl of 5 M NaCl (final concentration 150 mM),
1 ml of 100 mM KzFe(CN)g (final concentration 5 mM), 1 ml
of 100 mM K Fe(CN)g (final concentration 5 mM), 4 ml of the
citric acid/phosphate solution (prepared at chosen pH), and
1 ml of 20 mg/ml X-gal (final concentration 1 mg,/ml).
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2.3 Cell Fixation
Components

1.

Cold phosphate-buftered saline (PBS). To prepare PBS dissolve
8 g of NaCl, 0.2 g of KCI, 1.44 g of Na,HPOy, and 0.24 g of
KH,PO4 in 800 ml of H,O. Adjust pH to 7.4 and add H,O to
a final volume of 1 L.

2. 25 % glutaraldehyde solution (Sigma G6257) (see Note 1).

. Prepare fixation solution immediately before fixation by dilut-

ing 1:50 the 25 % glutaraldehyde solution with cold PBS to a
final concentration of 0.5 % glutaraldehyde (see Note 2).

3 Methods

3.1 Preparing Gells
for SABG Staining

3.2 Staining
Procedure

3.3 Microscopy and
Image Acquisition

3.4 Digital Analysis
of the Acquired Images

. Seed cells 48 h prior to staining at a density of 2—4 x 10* cells/

well in a six well plate (see Note 3).

. Remove media from cell culture.

2. Wash cells briefly with cold PBS.

w

o NN O Ul

. Add 2 ml of 0.5 % glutaraldehyde to each well, and place on ice

for 5 min.

. Wash briefly twice with cold PBS.

. Add 2 ml of freshly prepared SABG staining solution.

. Incubate for 8 h at 37 °C. Do not incubate in a CO, incubator.
. End staining procedure by washing 3 x 5 min with cold PBS.
. Add 3 ml of PBS and store at 4 °C until images are collected (see

Notes 4 and 5).

. Color images of the SABG-stained cells should be captured

with a color digital camera, mounted on an inverted light
microscope, using a 10x objective. Any high-quality color
digital camera is adequate. Optimal exposure should be set
for each individual experiment and should be constant for all
images taken for a specific experiment.

. Images must be saved as TIFF files. Other formats are not

acceptable for analysis.

. A minimum of 250 cells should be analyzed for each experi-

ment or time point in order to reach statistically valid BGAVs
(see Note 6).

. Use MATLAB package version 7.0 or above.
. Download the MATLAB applications for cell marking (seg-

mentGui.m) and for color analysis (postProcess3.m) from the
following website:

http://md.technion.ac.il /pictures/storage /45 /47 .zip
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10.

11.

12.
13.

14.

15.

16.

17.

The files: postprocess3.m, segmentGui.asv, segmentGui.fig,
segmentGui.m, and batchscript.m must be placed in the same
tolder with the figures. Therefore, for each series of images
analyzed, the above four files should be copied into the figures’
directory.

. Point MATLAB to the working folder (the folder with the

images and applications of the software). Press on the three
dots (. ..) on the MATLAB toolbar to open the browser for the
folder window.

. In the command window type segmentGui and then press

“Enter”.

. Double click on the figure you want to analyze (*.tif).
. Press the button “start segmentation.”
. Mark the button “whole cell segmentation.”

. Mark the cell borders (see Note 7) and press “Enter” when you

finish marking each cell.

Mark a control region adjacent to the analyzed cell. The control
region must be smaller than the smallest cell (in the figure) for
the program to recognize it as a control region. Mark the
control regions with three points, as near as possible to the
cell itself (see example in Fig. 1) (see Note 7).

Press “stop segmentation” when you have finished analyzing all
cells in a figure.

Press “save segmentation.”

Close the segmentGui application (an error note will appear—
ignore it).

For single-image analysis type in the MATLAB command win-
dow exactly the following:

postProcess3 (“Image Name.tif”)

In the place of “Image Name” type the name of your specific
image.

For multiple-image analysis type in the MATLAB command
window the command “batch_script“ and all the marked and
saved figures will be analyzed (it may take a few minutes for
analysis of 20 figures).

The output of postProcess3.m (for a single image) and of
batch_script (for multiple images) will be both a figure file of
the results and a text file (both will be created in the same
directory of the processed images) that may be easily copied
to EXCEL or to any other text editor.

After copying the data to an EXCEL file, the columns will
appear in the same order as in the example file (Fig. 2).
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Fig. 2 An example of an EXCEL file containing the results produced by the MATLAB analysis of the SABG

staining

3.5 Statistical

Analysis

In most instances the BGAVs did not fit a normal distribution
according to either Shapiro-Wilk W or Kolmogorov-Smirnov nor-
mality tests [9]. Therefore, rather than using a student’s #test,
which assumes normal distribution, we use the Kolmogorov-
Smirnov test for analysis of the BGAV values.

4 Notes

. Handle with caution. This material is a biohazard.

. Alternatively, fixation may be carried out using freshly prepared

3 or 4 % formaldehyde, at RT for 5 min, as described in other
SABG staining protocols [11, 12].

. This cell density ensures that cells will not reach confluence

before staining is carried out and is adjusted for human primary
fibroblasts. If rapidly growing cells are plated for staining,
adjust the number of cells seeded in order to avoid confluent
cultures at the day of staining. Avoid seeding cell clumps. These
conditions will enable better scoring of SABG-positive cells.

. We found that staining peaks 16 h after the SABG solution is

replaced with PBS, and following 48 h the staining reaches a
plateau and remains stable for as long as 2 months [9]. We
therefore recommend acquisition of the images for analysis at
least 48 h after removing the SABG solution and preferably
during the first 2 weeks after the staining was performed.

. When staining is carried out at pH 4, strong staining is evident

in all cells after 8 h (see example in Fig. 3). Varying staining
intensities are not apparent by visual inspection alone after
staining at pH 4 and however are detected by digital analysis.

. The number of images captured should be adjusted based on

the density of the cells viewed per microscope field.
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Fig. 3 SABG staining of primary fibroblasts (population doubling 38) at different pHs. (a) Staining at pH 4. (b)
Staining at pH 6

7. A few tips for cell marking (segmentation):

(a) The borders of adjacent cells must not overlap. If they do,
analysis of the whole figure will fail. Therefore, mark cells
that are far enough apart to avoid this problem.

(b) Start marking at one point at the cytoplasmic border of the
cell and continue by clicking with mouse left click along the
border of the cytoplasm all around the cell until you reach
the starting point. Once done press “Enter” and the line
will close automatically.

(c) When marking a cell — do not create any loops that will
automatically be regarded as segments (cells) and will create
an error.

(d) You may mark one control area per figure to save time,
although in most cases it will result in a much less accurate
quantitation due to an unequal spread of background over
the figure. Therefore, standardization to the figure back-
ground is best achieved by marking a background area
adjacent to each analyzed cell.
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Chapter 3

Analysis of Biomarkers of Caloric Restriction in Aging Cells

Yuanyuan Li and Trygve 0. Tollefshol

Abstract

Caloric restriction (CR) has been extensively documented for its profound role in effectively extending
maximum lifespan in many different species. However, the accurate mechanisms, especially at the cellular
level, for CR-induced aging delay are still under intense investigation. An emerging technique, recently
explored in our laboratory, provides precisely controllable caloric intake in a cultured cellular system that
allows real-time observation and quantitative analysis of the impact of CR on the molecular cellular level
during the aging processes. This in vitro method allows investigation of the molecular mechanisms
pertaining to how CR influences aging processes leading to life extension in human cellular systems.
It will provide important clinical implications for future preventive approaches for aging and aging-related
degeneration diseases in humans. Hence, we will discuss the detailed procedures of this novel technique as
well as the analysis of relevant aging biomarkers and its broad application in the field.

Key words Caloric restriction, Aging, Cell senescence, p-Galactosidase assay

1 Introduction

Aging is an inevitable biological processes associated with degener-
ative changes at both the cellular and organic levels that result in
multiple degenerative diseases and even death in senior popula-
tions. Advances in scientific understanding of basic aging mechan-
isms increase the likelihood of postponing aging processes and
increasing the lifespan of humans. Among many well-investigated
factors that effectively reverse the progression of aging, nutritional
intervention has shown promising prospects due in part to its
obvious merits such as safety and availability [1].

Energy control such as caloric restriction (CR), as a major
nutritional manipulator, is by far the most effective environmental
intervention that can extend maximum lifespan in many different
species [2, 3]. Numerous studies have revealed the remarkable
effects of CR on aging intervention and lifespan extension among

Trygve O. Tollefsbol (ed.), Biological Aging: Methods and Protocols, Methods in Molecular Biology, vol. 1048,
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diverse species including yeast, worms, flies, fish, and even mammals
such as mice [4-6]. In addition, studies in higher mammals such as
nonhuman primates and humans revealed a profound influence of
CR in delaying a wide range of aging-associated diseases such as
cancer, diabetes, atherosclerosis, cardiovascular diseases, and neu-
rodegenerative diseases [6-9 |. However, besides the overwhelming
effects of CRin experimental animal research, convincing outcomes
between CR and aging delay/lifespan extension are limited in
human studies primarily due to uncontrolled ethical limitations for
long-term dietary control, especially lifelong CR studies, which can
be much more easily controlled in animal studies. Potential mechan-
isms by which CR induces aging delay and prevents the onset of
many aging-related degenerative diseases include the reduction of
oxidative stress or regulation of metabolic pathways during aging
progression [10-12]. However, the precise mechanisms of CR-
induced longevity, especially in human systems, are not very well
understood.

While acknowledging the maximal benefits of CR in experi-
mental animals, it is of essential importance to apply this benefit to
human health. A novel in vitro human cellular system explored in
our laboratory could serve as a research bridge to investigate the
effect of CR in human systems that may benefit future clinical
applications [13, 14]. This in vitro system is designed to mimic
CR-controlled longevity by reduction of glucose, the main caloric
resource, in cell culture medium. This system allows more precise
analysis of molecular mechanisms of CR and the effects of CR on
human cellular lifespan, specifically at the cell molecular level. For
example, a homogeneous cellular system provides an eftective and
consistent platform to monitor changes during aging progression
which avoids fluctuant metabolic changes in organisms. Therefore,
compared to aging research in experimental animals, this novel
mammalian in vitro cellular system has numerous advantages and
unique features that benefit sophisticated aging studies at the
molecular level in human systems.

In this chapter, we will discuss detailed information on how to
manipulate glucose concentrations and mimic CR effects in human
cellular systems, population doubling (PD) calculations, aging bio-
marker observations during the aging processes, and data valida-
tion. This new technology detects molecular mechanisms of CR
and CR-associated aging delay and lifespan extension in human
cellular systems, which provides an excellent in vitro model to
investigate aging and its important modulator, CR, especially for
application to future human studies.
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2 Materials

2.1 Cell Culture

2.1.1 Caloric Restriction
(CR) in Cell Culture

2.1.2  Population
Doublings (PDs)
Assessment

2.2 Aging
Biomarkers Analysis

2.2.1 Senescence-
Associated -
Galactosidase (SA--Gal)
Activity Assay

2.2.2 Age-Related Gene
Analysis

2.2.3 Age-Related
Oxidative Stress Analysis

2.2.4 Age-Related DNA
Damage Analysis

o NN O Ul

p—

. Normal human fetal lung fibroblasts WI-38 (ATCC)
. Dulbecco’s modified Eagle medium (DMEM) with 4.5 g/L

glucose (Invitrogen) for control cells

. Glucose- and sodium pyruvate-free DMEM medium (Invitro-

gen) for CR cells

. Glucose solution (Cellgro)

. Fetal bovine serum (Atlanta Biologicals)

. Penicillin/streptomycin (Mediatech)

. Glucose Assay kit (BioVision)

. 100 x 20 mm tissue culture disks (BD Falcon)

. Microscopy (Nikon)

. Neubauer hemocytometer

. Phosphate-buftered saline (PBS)

2. Senescence B-galactosidase staining kit (cell signaling)

QN U1 W W

N I S R

. 5-Bromo-4-chloro-3-indolyl beta-p-galactoside (X-Gal) (Sigma)

. RNA extraction and ¢cDNA reverse transcription: RNeasy kit

(Qiagen), 2-mercaptoethanol, SuperScript 11 kit (Invitrogen)

. Protein extraction: RIPA lysis buffer (Upstate Biotechnology),

protease inhibitors

. Related primers and specific antibodies
. SYBR Green qPCR Master Mix (Invitrogen)
. Roche LC480 thermocycler (Roche)

. Western-blot electrophoresis apparatus

. Reactive oxygen species (ROS) detection assay (Abcam)
. Superoxide dismutase (SOD) assay (Cell Biolabs)
. Nitric oxide (NO) assay (Abcam)

. Fluorescence spectroscopy

1. DNA purification kit (Promega)

. DNA double-strand break assay (Cell Biolabs)
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3. 8-Hydroxydeoxyguanosine (8-OHdG) DNA damage assay
(Cell Biolabs)

4. Microplate reader

3 Methods

3.1 Cell Culture

3.1.1  Caloric Restriction
(CR) in Cell Culture

3.1.2 PDs Assessment
and Sample Collection
During Aging Progression

The method described below is suitable for analysis of CR eftects on
cultured human cells. Normal diploid human fibroblasts such as
fetal lung fibroblasts, skin fibroblasts, and vascular fibroblasts can
be used for this study (see Note 1). We will use WI-38 human fetal
lung fibroblasts as an example to describe this method [14]. Since
glucose is the primary energy resource in culture medium, we have
developed an in vitro system to mimic CR by reducing glucose
concentration in cell growth medium. Control WI-38 cells grown
in 100 mm culture plates are maintained in DMEM medium sup-
plemented with regular glucose level at 4.5 g/1.. To restrain glu-
cose, cells are cultured in glucose- and pyruvate-free DMEM
medium, and different CR levels can be obtained by adding various
concentrations of glucose in the medium depending on the relevant
study design. All culture media are supplemented with 10 % fetal
bovine serum and 1 % penicillin/streptomycin in the presence of
5 % CO, at 37 °C. Culture media should be replaced once every
other day. The actual glucose concentration in the glucose restric-
tion medium will be assessed by the Glucose Assay kit.

1. WI-38 cells are typically within the range of 15-20 PDs (young
cells) upon initiation of the experiment (se¢ Note 1). Parallel
culture control and CR cells should be set up in corresponding
mediums and the experiments need be initiated synchronously.

2. PDs calculation: to quantify replication, cells are passaged
weekly at a seeding density of 10° cells per plate and counted
using a hemocytometer until cells reach 90-95 % confluence.
Cellular PDs are calculated based on the following formula: log
[(number of cells harvested)/(number of cells seeded)]/log2
(see Note 2) [15]. The first confluent cells are designated as PD
0 when the experiments are initiated. The duration of cellular
lifespan can be equally divided in three stages including early
(young), intermediate (middle age), and late passages (aging or
senescence).

3. Harvest glucose restriction treated- and untreated-WI-38 cells
and extract total RNA, DNA, and protein once a week during
the cellular lifespan; carefully label and appropriately store
samples at different PDs.
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Old

Fig. 1 Cellular senescence is determined by the senescence p-galactosidase (SA-{3-gal) assay. Human WI-38
fibroblasts at a proliferating state (young, a) and senescence (old, b) are subjected to SA-p-gal staining and
photographed. Blue staining cells are SA-B-gal positive or senescent cells. Magnification, x100

3.2 Aging
Biomarkers Analysis

3.2.1 Senescence-
Associated -
Galactosidase (SA--Gal)
Activity Assay

322 Age-Related Gene
Analysis

. Determine cellular replicative senescence at the end of late

passage in the cellular lifespan by morphological changes
(see Note 3) and senescence-associated p-galactosidase (SA-p-
Gal) activity assay. Experiments are considered to terminate
when cells stop dividing and cellular senescence occurs.

. Treat the WI-38 normal human fetal lung fibroblasts with

normal level of glucose and glucose restriction medium as
described preciously; measure SA-B-gal activity in control and
CR cells weekly with PDs calculation [14].

. Wash cells twice in phosphate-buffered saline (PBS) and then

fix in 0.5 % glutaraldehyde for 10 min at room temperature.

. Incubate cells at 37 °C with fresh senescence-associated p-gal

(SA-B-gal) stain solution containing 1 mg/ml of 5-bromo-4-
chloro-3-indolyl beta-p-galactoside (X-Gal) overnight accord-
ing to the manufacturer’s protocols (cell signaling).

. Blue-dye precipitated cells are SA-fB-gal-positive cells and are

considered to have undergone cellular senescence (Fig. 1) (see
Note 4). Positive-stained cells are counted by using a Nikon
digital camera at 40-fold magnification. Counts should be
performed at five random locations, and every field is counted
three times for the determination of the mean percentage of
positively stained cells.

. Compare senescence rate (SA-p-gal-positive cells) in control

and CR groups at different PDs during aging progression.

. Harvest the control and CR-treated WI-38 cells weekly at

different PDs during the cellular lifespan and extract RNA,
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Table 1
Selective age-related genes

Expression change

Gene Function in aging during aging References

p16"™NK#  Cell-cycle inhibitor; induce senescence Activation [13, 14, 22]
growth arrest via activated pl6—pRB pathway

p21 Cell-cycle inhibitor; induce senescence Activation [22, 23]
growth arrest via activated p21-p53 pathway

p53 Tumor suppressor gene; induce senescence Activation [22,23]
growth arrest via activated p21-p53 pathway

pRB Tumor suppressor gene; induce senescence Activation [22,24]
growth arrest via activated p16—pRB pathway

WTERT Human telomerase reverse transcriptase; Inactivation [13, 14, 22]
activate #TERT expression to elongate telomeres

Ras Oncogene; cause oncogene-induced senescence Activation [22, 25]

3.2.3 Age-Related
Oxidative Stress Analysis

3.2.4 Age-Related DNA
Damage Analysis

reverse transcript cDNA and extract protein as described in
Subheading 3.1.2, step 3 followed by the routine protocols.

. Analyze age-related gene expression such as 16"V #* at RNA

and protein levels by using the methods of real-time PCR and
western blot followed by the routine protocols. Detection of
specific age-related genes should be based on specific cell type
as well as study design (Table 1) (see Note 5).

. Monitor and compare age-related gene expression changes in

control and CR-treated WI-38 cells at different PDs during the
cellular lifespan.

. Harvest control and CR-treated WI-38 cells at different PDs

during the cellular lifespan according to Subheading 3.1.2,
step 3.

. Analyze age-related oxidative stress parameters such as ROS,

SOD, and NO according to the manufacturer’s protocols (see
Note 6).

. Compare alterations of these parameters in control and CR

cells at different PDs during aging progression.

. Harvest the control and CR-treated WI-38 cells weekly at

different PDs during the cellular lifespan and extract DNA
according to Subheading 3.1.2, step 3 followed by the routine
protocols.



Table 2

Analysis of Biomarkers of Caloric Restriction in Aging Cells 25

Selective CR-related genes

Expression
Gene Function in CR change References
SIRTI NAD-dependent histone deacetylase; activation Increased [14, 29]
of SIRT1 is seen in different animal organs expression
affected by CR
Foxo Forkhead transcription factors; controls various Decreased [29, 30]
biological functions; involves CR-related longevity expression
PGC-la Regulates mitochondrial function and glucose Increased [29, 31]
homeostasis during CR expression
PPAR~y Insulin sensitizer; increase insulin sensitivity Increased [28, 32]
during CR expression
Glucose-6- Involve energy metabolism such as glycolysis Increased [28]
phosphate expression
Hspl05 Heat shock protein; stress-related gene Decreased [28]
expression

3.2.5 Comparison of CR-
Related Gene Profiles

3.3 Data
Interpretation

2. Analyze age-related DNA damage parameters such as 8-OHdG
by using commercially available kits (se¢ Note 7).

3. Compare alterations of these parameters in control and CR
cells at different PDs during aging progression.

1. Analyze CR-related gene expression such as SIRT1 at the RNA
and protein levels using real-time PCR and western blot fol-
lowed by the routine protocols as described in Subhead-
ing 3.2.2 (see Note 8 and Table 2).

2. Monitor and compare CR-related gene expression change in
control and CR-treated WI-38 cells at different PDs during the
cellular lifespan.

Our in vitro cellular system mimics CR by reducing glucose concen-
tration in cell growth medium. Following consecutive treatment
and monitoring, extended lifespan or increased PDs can be
observed in CR-treated WI-38 cells. Delayed cell senescence rate
can also be determined by SA-B-gal assay under CR treatment. In
addition, CR treatment can prevent age-associated oxidative stress
and DNA damage. Altered age- and CR-related gene expression
profiles such as decreased expression of certain age-dependent genes
and increased expression of CR-related genes can be observed in
CR-treated cells. Therefore, by comparing these biomarkers, we can
casily investigate the effects of CR on aging processes at the cellular
and molecular levels in human systems (Fig. 2).
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Normal human fibroblasts

|Normal glucose level medium | | Glucose restriction medium (CR) |

progression

!

Age delay and
| PDs calculation | lifespan
extension in
l CR cells

| SA-B assay |

!

| Analyze age-related oxidative stress and DNA damage |

l A4

| Compare age- and CR-related differential gene expression |

Fig. 2 Schematic representation of the procedure for aging biomarker analyses in the CR in vitro model

4 Notes

1. Normal human diploid fibroblasts such as fetal lung fibroblasts,

skin fibroblasts, and vascular fibroblasts with a finite replicative
lifespan in vitro are the most commonly used cell types
to manifest aging [16, 17]. Other types of human normal
cells including human lymphocytes and certain epithelial cells
can also be applied in specifically designed aging studies [18].
To induce the CR effects in cell culture, glucose restriction
treatment should be initiated at the young stage of cells to
allow persistent stimulation and permanent changes that affect
aging processes.

. PDs calculation is the most critical procedure in this method.

Counting using a hemocytometer may lead to potentially
inaccurate PD calculations. Therefore, an automated cell
counter is encouraged for use in this study.

3. Another important biomarker for aging is cellular morphology

(Fig. 1). The steady loss of replicative potential is accompanied
by a greater heterogeneity of cell sizes. Senescent cells tend to
be much larger and irregular as compared to cells at their earlier
PDs. An increase in nuclear size, nucleolar size, and in the
number of cytoplasmic vacuoles can be observed in senescent
cells by light microscopy.
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4. The SA-p-gal assay is the most extensively utilized biomarker
for aging that catalyzes the hydrolysis of p-galactosides into
monosaccharides at pH 6.0 and develops blue staining only in
senescent cells [19, 20]. SA-B-gal activity is routinely detected
cytochemically, manually discriminating negative from positive
cells by light microscopy. Flow cytometry-based SA-p-gal assay
yields better differentiation to quantitatively calculate positive-
stained fibroblasts as compared to the routine cytochemical-
based method [21].

5. Senescent cells show striking changes in gene expression.
These changes include activation of cell-cycle inhibitors, such
as cyclin-dependent kinase inhibitors (CDKIs) p21 and p16 and
repression of cellular proliferation-promoted genes such
as WTERT (human telomerase reverse transcriptase), ¢-FOS,
cyclin A, cyclin B, and PCNA (proliferating cell nuclear anti-
gen) [14, 22-25]. A gene expression microarray assay will help
to identity more differentiated expression genes between cells
treated with normal level of glucose and glucose-restricted
medium.

6. In contrast to cells cultured in normal level of glucose medium,
cells in glucose-restricted (CR) medium tend to have longer
lifespan which may be attributed to reduced oxidative stress.
Therefore, the oxidative stress parameters such as ROS, SOD,
and NO could serve as useful markers in this study [ 11]. Other
oxidative stress markers can be applied in this study including
protein oxidation/nitration markers such as protein carbonyl
content (PCC) and lipid peroxidation marker such as 4-hydro-
xynonenal (4-HNE).

7. Stress-induced cellular senescence results in stress-related DNA
damage, which can be detected by certain parameters such as
8-OHdG. Another obvious marker for senescent cells is the
lack of DNA replication, which is typically detected by
the incorporation of 5-bromodeoxyuridine or H?-thymidine.
Some senescent cells can also be identified by the cyto-
logical markers of senescence-associated heterochromatin foci
(SAHFs) and senescence-associated DNA-damage foci (SDFs)
[22, 26, 27].

8. CR studies conducted in experimental animals have indicated
that CR treatment induces overwhelming gene profile changes
that may contribute to CR-induced aging delay and longevity.
For example, upregulation of SIRT1, an NAD-dependent his-
tone deacetylase, has been confirmed to correlate with CR-
induced longevity [14, 29]. Other known CR-related genes
can be detected to determine the efficacy of this in vitro CR
system [28-32].
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Chapter 4

Cell Sorting of Young and Senescent Cells

Graeme Hewitt, Thomas von Zglinicki, and Joao F. Passos

Abstract

Cellular senescence is the irreversible loss of proliferative potential and is accompanied by a number of
phenotypic changes. First described by Hayflick and Moorhead in 1961, it has since become a popular
model to study cellular aging. The replicative lifespan of human fibroblasts is heterogeneous even in clonal
populations, with the fraction of senescent cells increasing with each population doubling (PD). Thus, the
study of individual cells in mass culture is necessary in order to properly understand senescence and its
associated phenotype. Cell sorting is a process that allows the physical separation of cells based on different
characteristics which can be measured by flow cytometry. Here, we describe various methods by which
senescent cells can be sorted from mixed cultures and discuss how different methods impact on the
posterior analysis of sorted populations.

Key words Cell sorting, Cellular senescence, Flow cytometry

1 Introduction

Aging is characterized by random accumulation of unrepaired cel-
lular and molecular damage. The stochastic nature of damage is
thought to contribute to the extensive heterogeneity observed
during the aging process [1].

Hayflick and Moorhead showed that embryo-derived fibro-
blasts can divide 50 =+ 10 times before arresting irreversibly when
cultured in vitro. The potential number of divisions that cells could
undertake became known as the “Hayflick limit,” and the phenom-
enon was termed replicative senescence [2]. However, it was soon
discovered that there was extensive heterogeneity in the division
potential of individual cells and that the so-called Hayflick limit was
not due to cells in a mass culture reaching senescence simulta-
neously, but rather to a progressive increase of the fraction of cells
reaching senescence at each passage.

In their now classic experiment, Smith and Whitney showed
heterogeneity in the doubling potential between cells from the
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same clonal origin [3], suggesting that the replicative potential of
individual cells is influenced by stochastic factors.

Other studies have shown that the fraction of proliferation-
competent cells within a culture decreases progressively with the
number of population doublings. These studies have used BrdU
labeling [4], Ki67 [5], p21 [6] immunostaining, and a p53-
reporter assay [7] to assess the proliferative capacity of cells. It
was also shown that the percentage of cells stained positive for
y-H2AX as a response to functionally uncapped telomeres
increased gradually with population doubling level [8].

These data are consistent in showing that a proportion of cells
drop out of the cell cycle at each PD and that this proportion
increases with the age of the culture. The properties of these early
“dropouts” are of great interest in the study of cellular aging and
can be determined after physically separating these cells from mass
culture.

Senescent cells, by definition, differ from proliferating cells in a
wide variety of factors. These include gene expression [9],
cell and nuclear size [10], shape and structure, mitochondrial mass,
function and production of reactive oxygen species (ROS) [11], accu-
mulation of age pigment (lipofuscin) [ 12 ], activity of p-galactosidase at
near-neutral pH (senescence-associated p-galactosidase, SA-p-Gal)
[13], secretion of proteins [ 14, 15], and chromatin remodeling [16].
Recently, increased expression of WNT16B [17]and decreased expres-
sion of LaminB1 [18] have been proposed as senescent biomarkers.

Not all of these markers are suitable for physical separation of
cells using fluorescence-activated cell sorting (FACS). More impor-
tantly, no single marker is known to be completely specific to
senescent cells, and a number of these markers differ gradually
between proliferating and senescent cells. Recently, our group has
proposed that a combination of Ki-67 or PCNA negativity and
yH2A.X positivity can be used to reliably assess the senescent
state of cells both in vitro cultures and in mice tissue sections [6].
We first estimated fraction of senescent cells from observed growth
curves using a mathematical model. Then, we tested several candi-
date senescent markers and compared them with the results from
the model. Using this method we found that the combination
of Ki67 negativity with high YH2A X foci density (>5 per nucleus)
in fibroblasts provided the best fit to the mathematical model [6].

Here, we describe various methods by which senescent cells can
be identified in mass culture and physically separated using FACS.
Some of these methods use antibody staining of nuclear antigens
that require the permeabilization and fixation of cells, which can
severely limit the analytical choices available following sorting.
These methods, however, will more often result in clearly separated
populations of senescent and proliferating cells. In contrast, there
are few markers that allow sorting of live senescent cells such as cell
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size, lipofuscin content or fluorescent ROS-indicator dyes. These
parameters generally vary gradually between the two populations,
so specified cutofts must be set. The limits of these cutoffs are not
absolute and so the quantification of the frequency of senescent vs.
non-senescent cells cannot be obtained, and sorting will result in
an enrichment of senescent cells, but not in the production of a
“pure” population.

2 Materials

2.1 CGell Culture

2.2 Immunofiuore -
scence Staining

of Ki67 and yH2A.X
in Fixed Cells

2.3 BrdU Staining

1. Dulbecco’s modified Eagle’s medium (DMEM) with 10 % tetal
bovine serum, 1 % penicillin/streptomycin and 1 % glutamate.

2. 1x phosphate-buftered saline [1x PBS].

3. Solution of trypsin—-EDTA (5 g of trypsin, 2 g of EDTA per
liter of distilled water).

1. Paraformaldehyde (2 %).

2. PBG-Triton: (0.2 % fish skin gelatin, 0.5 % bovine serum
albumin [BSA] and 0.5 % Triton X-100 in phosphate-buftered
saline [1x PBS]).

3. Rabbit polyclonal antibody anti-Ki67 (Abcam, cat. no.
Abl5580).

4. Mouse monoclonal anti-yH2A.X (Upstate Biotechnology, cat.
no. 05-0636).

5. Anti-mouse fluorescein-conjugated secondary antibody Alexa
Fluor 594 (Molecular Probes, cat. no. A-11005).

6. Anti-rabbit fluorescein-conjugated secondary antibody Alexa
Fluor 488 (Molecular Probes, cat. no. A-21206).

1. Wash buffer: 1x Ca®*- and Mg**-free PBS with 0.5 % w/v
bovine serum albumin BSA (Sigma).

2. Denaturing solution: 2 M HCl in 1x Ca**- and Mg**-free PBS
with 0.5 % w/v BSA (Sigma) [dissolve BSA in PBS prior to
adding HCIl to avoid permanent precipitation of the BSA].

3. Dilution buffer: 1x Ca?*- and Mg**-free PBS with 0.5 % v/v
Tween-20 (Sigma), 0.5 % w/v BSA (Sigma).

4. FITC-labeled AntiBrdU monoclonal antibody (Pharmingen
Cat#33284X) or FITC-labeled IgG control (Pharmingen
Cat#35404X). Note: BrdU is a known carcinogen.

5. Propidium iodide (Note: Propidium iodide (PI) is known to be
toxic and carcinogenic).

6. Ice-cold 70 % ethanol (BDH Lab Suppliers).
7. M sodium borate (Sigma), pH 8.
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2.4 FACS Analysis
and Sorting

2.5 Vital Stainings
for ROS and MMP

1. FACS calibration beads of different sizes and /or fluorescence
intensities (Sphero™ Rainbow Calibration Beads) (Pharmin-
gen Cat No#556286) or (Partec 3 pM calibration beads)
(Partec Cat Code#05-4007).

2. 1 %Triton X-100, degassed PBS 1x.

1. Dihydrorhodamine 123 (DHR123) is available from Invitro-
gen either as powder (10 mg vial, Cat# D-632) or as ready-to-
use 5 mM stock solution in DMSO (Cat# D-23806). A 10 mM
stock solution of DHR123 is prepared by adding 2.89 ml
DMSO to the 10 mg vial. As DHR123 is readily oxidized by
air, the stock solution is immediately aliquoted under N, atmo-
sphere in 100 pl each and frozen at —20 °C.

2. 5,5',6,6'-Tetrachloro-1,1',3,3'-tetracthylbenzimidazolylcarbo-
cyanine iodide (JC-1) (Molecular Probes 5 mg, Cat# T-3168).
To prepare a stock solution, dilute JC-1 at 2.5 mg/mL in
dimethylsulfoxide (DMSO) by adding 2 mL of DMSO to the
5 mg vial. To avoid repeated freeze/thaw cycles, aliquot the
stock immediately into portions, each sufficient for one day of
experimental work, and store them at —20 °C until required for
use. Staining procedure must be carried under no direct intense
light and incubation in the dark, since JC-1 is light sensitive.

3. Dihydroethidium (hydroethidine) is available in a 25 mg vial, as
a stabilized 5 mM solution, or in 10 vials of 1 mg each from
Invitrogen. As DHE is readily oxidized by air, it is advisable
that 3 pl aliquots are prepared under N, atmosphere and stored
at —20 °C. Staining procedure must be carried out under no
direct, intense light and incubation in the dark, because DHE is
light sensitive.

4. MitoSOX™ Red mitochondrial superoxide indicator is avail-
able from Invitrogen (50 mg vials Invitrogen Catalog
# M36008). A stock solution 5 mM is prepared by adding
13 pl DMSO to the 50 mg vial. As MitoSOX™ is readily
oxidized by air, it is advisable that 3 pl aliquots are prepared
under N, atmosphere and store at —20 °C.

5. RPMI 1640 phenol-free without additives (Sigma).

6. Dulbecco’s modified Eagle’s Medium (DMEM) without addi-
tives (Sigma).

3 Methods

3.1 Setting Up the
Flow Cytometer

FACS machines vary considerably in complexity. There are highly
sophisticated  close-circuit multichannel high-speed sorting
machines, which are operated by highly trained specialist personnel,
dedicated exclusively to sorting. However, sorting can be done
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Antigens
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sufficiently well on much simpler (and cheaper) machines typically
characterized by a sorting chamber fitted to an existing flow
cytometer (see Note 1). On these machines, sorting will be the
exception rather than the rule. In these settings especially, a number
ofissues are worth keeping in mind before setting out to perform a
cell sorting experiment:

1. Preparation and calibration of the flow cytometer: Sheath fluid
needs to be of ultrapure quality and should be degassed before
use, especially for sorters that rely on piezo crystal action. The
system is calibrated using fluorescent beads to ensure optimum
performance and reproducibility. Sorting efficiency and the
quality of separation is tested using a mixture of two prepara-
tions of calibration beads of different sizes. Reanalysis of the
sorted fractions should show more than 20-fold enrichment of
the sorted fraction. Reanalysis of a defined volume can also be
used to count the number of sorted particles obtained and thus
to optimize the sorting conditions (se¢ Note 2).

2. Sterility: Sterile sorting is possible even in simple flow cyt-
ometers. We sterilize the system by running 0.1 % hypochlorite
solution both as sample and sheath fluid for 20-30 min and
thoroughly swabbing external orifices with the same solution.
Following bleaching sterile degassed 1x Ca?*- and Mg?*-free
PBS is run through for 10 min in order to remove residual
bleach which could have a cytotoxic effect. For the sorting
experiments, sheath fluid is autoclaved and the container for
sheath fluid is replaced by an autoclavable glass bottle. FACS
tubes are pre-sterilized by 0.1 % bleach neutralized by washing
with 1x Ca®*- and Mg?*-free PBS. Cells are sorted directly into
flasks with DMEM medium containing 5 % penicillin/strepto-
mycin in order to minimize the possibility of infection.

3. Sorting speed: Senescent fibroblasts are large and sensitive to
shear stress. While some systems offer extremely high sorting
speeds, we find that the quality and integrity of the recovered
cells decreases at higher speeds. We use rates of about 300
cells/s as a safe upper margin to sort cells for analytical pur-
poses. To obtain live senescent cells for further cultivation, we
recommend sorting speeds of not more than 100 cells/s.

Ki67 and PCNA are expressed in proliferating cells regardless
of cell-cycle phase (G1, S, G2 and M phases) but are absent in
nonproliferating cells (GO) and thus serve as potential “negative”
markers of senescence. It has been shown that the fraction of Ki67-
positive nuclei declines with each population doubling in human
fibroblast and mesothelial cell cultures [5]. Increased expression of
inhibitors of cyclin-dependent kinases pl6 and p21 has been
reported in senescent cells and can be used as “positive” marker
for senescence (see Note 3). The formation of DNA damage foci,
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Immunofluorescence
Staining of PCNA/Ki67
and yH2A.X in Fixed Cells

more specifically, phosphorylation of Ser-139 of histone H2A.X
(YH2A.X formation) by ATM/ATR kinases, has been shown to
increase gradually as cells grown in culture reach senescence [6], as
well as in various tissues with age [19-21]. It is thought that these
DNA damage foci are the result of telomere shortening, which
contributes to telomere uncapping [8]. However, our group has
recently demonstrated that acute stress (whether caused by oxida-
tive stress or DNA-damaging agents) can contribute to DNA dam-
age foci co-localizing with telomeres, irrespectively of telomere
length [19]. While telomere-associated DNA damage is probably
the best marker available for the detection of senescent cells, it
cannot be accurately detected using conventional flow cytometry
and will not be considered in this chapter.

Both DDR proteins and cyclin kinase inhibitors are not present
exclusively in senescent cells. A DDR can be activated transiently
and lead to a reversible cell-cycle arrest to allow for DNA damage to
be repaired. For this reason the use of just one of these markers to
assess senescence can lead to an overestimation of the senescent
population. A combination of proliferation markers (such as Ki67
and PCNA) and DDR proteins might allow a more accurate sepa-
ration of senescent cells [22]. Reliable antibodies for all of these
markers are available from a number of major distributors.

1. Cell fixation: Cells are incubated in 1 mL of 2 % paraformalde-
hyde in PBS for 10 min at room temperature. Paraformaldehyde
is removed and cells are washed three times for 5 min with
1x PBS.

2. Cell permeabilization: Cells are incubated for 45 min at room
temperature with 1 mL PBG-Triton (see Note 4).

3. Permeabilization solution is removed and cells are resuspended
in 400 pL of Rabbit polyclonal antibody anti-Ki67 (first pri-
mary antibody) in a 1:250 dilution (diluted in PBG-Triton).

4. Cells are incubated for 1 h at room temperature with gentle
agitation.

5. Cells are washed three times for 5 min each with PBG-Triton.

6. Following PBG-Triton removal, cells are resuspended in a
solution containing an anti-rabbit fluorescein-conjugated sec-
ondary antibody Alexa Fluor 488 in a 1:4,000 dilution (diluted
in PBG-Triton).

7. Cells are washed twice with PBG-Triton for 5 min.

8.400 pL of the mouse monoclonal anti-yH2A.X (second
primary antibody) in a 1:2,000 dilution (diluted in PBG-
Triton) is added (see Note 5).

9. Cells are incubated for 45 min to 1 h at room temperature.

10. Cells are washed twice with PBG-Triton for 5 min.
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11. Following PBG-Triton removal, cells are resuspended in a
solution containing an anti-mouse fluorescein-conjugated sec-
ondary antibody Alexa Fluor 594 in a 1:4,000 dilution (diluted
in PBG-Triton).

12. Cells are incubated for 45 min to 1 h at room temperature.

13. Following three washes with 1x PBS, cells are resuspended in
1x PBS at a density of about 10°/mL and analyzed by FACS.
The cell population is defined in a forward (FSC) vs. sideward
scatter (SSC) dotplot. Apoptotic cells (recognized by lower
FSC and higher SSC, see ret. 23) and debris (low in both FSC
and SSC) are gated out. FL1 (or any other fluorescence channel
if a different fluorophore is used) is set at logarithmic. Using
isotype controls, the gain for FL1 is set to obtain unstained cells
within the first decade. The sorting gate is set at the minimum
between unstained and stained cells, and sorting is started at a
rate of about 300 cells/s.

The absence of DNA replication for prolonged time spans, as
shown by the failure to incorporate nucleotide analogs like BrdU,
is regarded as one of the best criteria of cellular senescence. On a
cell population level, this marker appears to be more specific than,
for instance, staining for senescence-associated p-galactosidase
[24]. However, BrdU incorporation (or rather its absence) is less
specific for positive selection of senescent cells, as this fraction
might contain a significant number of cells that are only temporarily
withdrawn from the cell cycle. For that reason, a combination of
immunostaining for DDR proteins and BrdU incorporation can
provide a better separation of senescent cells. The technique
involves DNA denaturation at low pH and leads to significant
DNA degradation (see Note 6).

1. Growing cells are treated for 48 h with 20 pM BrdU (see Note 7).
Cell density is adjusted thus that the culture is still in exponential
growth phase at the end of this period. Cells are harvested and
counted.

2. Cells are centrifuged at 300 x g for 5 min, washed in 1x Ca®*-
and Mg?*-free PBS and recentrifuged for 5 min.

3. The supernatant is aspirated and the pellet is loosened by tapping
the tube. Ice-cold 70 % ethanol is added dropwise while vortexing
to a final concentration of 100 pl /10 cells, and cells are fixed by
incubation at room temperature for 20 min.

4. Cells are resuspended in 1 ml wash buffer and centrifuged at
300 x gfor 5 min. The supernatant is aspirated and the pellet is
resuspended in fresh denaturing solution at a concentration of
150 ul/10° cells.

5. Cellsare denatured by incubation at room temperature for 20 min.



38 Graeme Hewitt et al.

3.3 Sorting of Live
Cells

3.3.1 Size and
Autofluorescence

6. Cells are resuspended in 1 ml wash buffer and centrifuged at
300 x g for 5 min.

7. The supernatant is discarded and the pellet is resuspended in
0.5 ml 0.1 M sodium borate, pH 8.5, and incubated at room
temperature for 2 min to neutralize residual acid. 1 ml wash
buffer is added and the cell sample volume is divided into tubes
tor test and control. These are centrifuged at 300 x gfor 5 min
and the supernatant is aspirated.

8. FITC-labeled AntiBrdU monoclonal antibody (BD Pharmin-
gen Cat#33284X) or FITC-labeled IgG control (BD Pharmin-
gen Cat#35404X) is diluted in dilution buffer with 20 pl of
antibody per 30 pl of buffer.

9. Cells are resuspended in diluted antibody at a concentration of
50 pl/10° cells and incubated in the dark at room temperature
for 30 min. 1 ml wash buffer is added and cells are centrifuged
at 400 x g for 5 min.

10. The supernatant is aspirated. At this step, cells can optionally be
stained with propidium iodide (PI) to reveal the cell-cycle
distribution at the end of the BrdU incubation period
(see Note 8). Stained or unstained cells are diluted with 1 ml
1x Ca**- and Mg**-free PBS for analysis.

11. Cells are analyzed with 488 nm excitation. The cell population
is defined in a forward versus sideward scatter dotplot. BrdU
incorporation is measured in FL1, set at logarithmic. Using
isotype controls, the gain for FL1 is set to obtain unstained
cells within the first decade. The sorting gate is set at the
minimum between unstained and stained cells. Alternatively, if
cells are PI stained, a polygon gate can be used to define sorted
cells in a FLL1 /FL3 dotplot. Sorting is performed at a rate of
about 300 cells/s.

Sorting of live cells is ideal insofar as it does pose no limits whatso-
ever for subsequent analysis. However, the choice of the sorting
gate position and the resulting enrichment of senescent cells are to
some extent arbitrary.

An increased cell size has long been known as a characteristic of
senescent cells [10]. Size, as measured by FSC, has been used to
FACS-sort populations of cells with a senescent phenotype from a
culture of immortalized fibroblasts [25]. The cellular content of lipo-
fuscin, the undegradable, autofluorescent “age pigment,” increases
with time not only in postmitotic cells but also in proliferating ones.
This increase becomes faster as cells approach senescence, probably
because of higher oxidative stress resulting in faster accumulation,
slower “dissolution” onto daughter cells due to slower cycling [26]
and a decrease in the activity of cellular degradation pathways [27].
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Fig. 1 Cell sorting of MRC-5 fibroblasts (PD 30), according to size (FSC) and lipofuscin content (FL-1). (a) Left
panel- The gate for Senescent Sorted cells (SES) is defined so that it contains the cells with the highest values
in FSC and FL1. Accordingly, the gate to sort proliferating cells (PROL, P5) contains the lowest quartile of all
cells with respect to FSC and FL1. Middle panel. Reanalysis of MRC-5 sorted in the PROL gate. Right panel:
Reanalysis of MRC-5 sorted in the SES gate. (b) Majority of SES cells are positive for Sen-p-Gal. Light
blue (DAPI staining), darker cytoplasmic staining: Sen-p-Gal activity; (¢) SES cells contain high frequency of

yH2AX foci

The combination of both cell size and autofluorescence (measured in
FL-1) as sort parameters can allow good separation of senescent and
proliferating cells in live cultures, as confirmed by using various
markers of senescent cells including morphology and growth rates,
Sen-p-gal, y-H2A X staining, telomere-associated DNA damage, and
BrdU incorporation [11, 28, 29] (see Fig. 1).
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3.3.2 Live Cell Stains for
ROS and Mitochondrial
Membrane Potential

DHR 123 Peroxide
Staining (See Note 13)

1. Cells in the exponential growth phase are trypsinized and
collected in DMEM plus 10 % FCS and immediately used for
analysis and sorting in a FACS sorter (see Note 9).

2. Autofluorescence of unfixed cells is measured in FL1 (logarith-
mic). Cell size is monitored by FSC. FSC can be measured
using either linear or logarithmic scale. Using linear scale for
ESC, better resolution can be achieved (see ref. 28).

3. The population of live cells is defined in a FSC/SSC dotplot.
Apoptotic cells and debris are gated out (see Subheading 3.2.1).
Sorting gates are set in a ESC/FL1 dotplot. Using the upper
and lower quartiles with respect to both FSC and FL1 to sort
senescent and young proliferating cells, respectively, results in
good resolution between the sorted populations (Fig. 1) and
good enrichment of senescent cells [28] (see Note 10).

4. Cells are sorted at a rate of 100-300 cells/s and collected on

ice. If cells must be concentrated, a low centrifugation speed
(200 x g) should be used (see Note 11).

Assessment of ROS levels in live cells using fluorescent ROS-
indicator dyes has shown that in vitro senescence, like in vivo
aging, is associated with high levels of endogenous reactive oxygen
species [11]. The main source of ROS in cells is the mitochondrial
electron transport chain and mitochondria have been implicated in
cellular senescence. Changes in mitochondrial function have been
reported during senescence [11, 30, 31], as well as damage to
mtDNA [11]. While evidence is clear in establishing ROS as a
major player in cellular senescence, there are still technical chal-
lenges to its detection in live cells. Many of the fluorescent dyes
used for ROS detection are nonspecific and can be misused as a
consequence the interpretation of results should be met with cau-
tion [32]. Although dichlorodihydrofluorescein diacetate (DCFH-
DA) is commonly used for the fluorescent detection of ROS in cells,
we have restrained from its use and will not include it in this chapter
(see Note 12).

However, it has been shown that ROS-indicator dyes can
be used to efficiently sort young and senescent cells [11]. FACS-
sorted cells containing high MitoSOX intensity were shown to
contain high levels of DNA damage, with the majority of DNA
damage being located at telomeres [11]. Recently, we have shown
that MitoSOX staining (a dye which detects mitochondrial super-
oxide anion) was as reliable a marker in detection of senescent cells
as combination of Ki67 /yH2A.X immunostaining [33].

1. Cells in exponential growth phase are trypsinized, collected in
DMEM plus 10 % FCS, counted, washed once with PBS, and
centrifuged for 5 min at 400 x g.

2. Supernatant is discarded.
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. Cell pellet is resuspended in 5 ml serum-free DMEM containing

15 pl DHRI123 stock solution (see Subheading 2) (final
DHRI123 concentration 30 pM) (see Note 14).

4. Cells are incubated at 37 °C for 30 min in the dark.

. After incubation, cells are centrifuged (400 x g, 5 min) and

supernatant discarded.

. The pellet is resuspended in 3 ml of serum-free DMEM and is

immediately used for analysis.

. The population of live cells is defined in a FSC/SSC dotplot

and apoptotic cells and debris are excluded. Median fluores-
cence is determined in FL1 (logarithmic), conveniently in a
ESC/FL1 dotplot. Median autofluorescence of an unstained
sample is also determined. Sorting gates are defined in FL1
(logarithmic), conveniently in a ESC /FL1 dotplot. Use the left
and right quartiles with respect to FL.1 to sort cells with highest
(high FL1) and lowest (low FL1) peroxide levels (se¢ Note 15).

. Cells in the exponential growth phase are trypsinized and

collected in DMEM plus 10 % FCS, counted, then washed in
1xPBS, and centrifuged at 400 x g for 5 min.

2. Supernatant is discarded.
. 1 x 10° cells are resuspended in 500 pl of RPMI 1640 phenol-

free without supplements (Sigma) and 1 pl of JC-1 stock
solution is added to give a final concentration of 1 pg/ml
(see Note 14).

4. The cells are incubated for 30 min at 37 °C.
. The cells are harvested by centrifugation at 300 x g, 4 °C for

5 min, washed with ice-cold PBS and resuspended in 200 pl
PBS at 4 °C.

. The population of live cells is defined in a FSC/SSC dotplot

and apoptotic cells and debris are excluded from sorting (see
Subheading 3.2.1). FL1 and FL3 are set at logarithmic, and
sorting gates are defined in a FL3 /FL1 dotplot. The quartile of
all cells with simultaneously the highest FL.1 and lowest FL3
will be enriched for cells with low membrane potential, i.e.
senescent cells. Accordingly, the quartile of cells with the lowest
FL1 and highest FL3 constitutes the cells with the highest
mitochondrial membrane potential.

. To ensure that JC-1 staining is working, it is recommended

that a control sample, in which mitochondria of all cells
have been depolarized, be used. Treating cells with drugs
able to collapse AY, such as the proton translocator carbonyl
cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP 20 pM,
30 min), results in a dramatic change of the fluores-
cence distribution.



42 Graeme Hewitt et al.

MitoSOX™ Mitochondrial 1.

Superoxide Staining (See
Note 17)

Cells in the exponential growth phase are trypsinized and
collected in DMEM plus 10 % FCS, counted, then washed in
1x PBS and centrifuged at 400 x g for 5 min.

2. Supernatant is removed.

10.

DHE Staining of Cellular 1.

Superoxide (See Note 20)

. Cells are resuspended in 1 ml of serum-free DMEM containing

1 pl of stock MitoSOX™ solution giving a final concentration
of' 5 pM (see Note 14).

. Cells are incubated, in the dark for 30 min at 37 °C.

. Following incubation, cells are centrifuged at 400 x g
for 5 min.

. Supernatant is removed.

. Cells are resuspended in 3 ml of serum-free DMEM and imme-

diately used for analysis.

. The population of live cells is determined using a FSC/SSC

scatter plot. Apoptotic cells and debris are excluded from anal-
ysis. Mean fluorescence id determined in FL3 (logarithmic)
using a FSC/FL3 scatter plot. Median autofluorescence of an
unstained control is also analyzed (se¢e Note 18). Sorting gates
are defined in FL3 (logarithmic), conveniently in a FSC/FL3
dotplot. Use the left and right quartiles with respect to FL3 to
sort cells with highest (high FL3) and lowest (low FL3) super-
oxide levels.

. The uptake of MitoSOX™ as a positively charged ion by mito-

chondria is dependent on membrane potential. Thus, an
increase in fluorescence may be caused by increased superoxide
production, an increased membrane potential, or a combina-
tion of both. Therefore, to aid the interpretation of results,
further complimentary experiments should be carried out to
assess membrane potential in parallel samples using JC1 or
TMRM, for example [34].

Mitochondrial superoxide levels can vary with mitochondrial
density; as such we recommend the use of Mitotracker green or
NAO in a parallel sample to assess mitochondrial mass (see
Note 19).

Cells in the exponential growth phase are trypsinized and
collected in DMEM plus 10 % FCS, counted, then washed
in 1x PBS and centrifuged at 400 x g for 5 min.

2. Supernatant is removed.

. Cells are resuspended in 5 ml of serum-free DMEM containing

1 pl of stock DHE solution giving a final concentration of 5 pM
(see Note 14).

. Cells are incubated, in the dark for 30 min. at 37 °C.
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. Following incubation cells are and centrifuged at 400 x g

for 5 min.

. Supernatant is removed.

. Cells are resuspended in 3 ml of serum-free DMEM and imme-

diately used for analysis.

. The population of live cells is determined using a FSC/SSC

scatter plot. Apoptotic cells and debris are excluded from anal-
ysis. Mean fluorescence is determined in FL3 (logarithmic)
using a FSC/FL3 scatter plot. Median autofluorescence of an
unstained control is also analyzed. Similarly to MitoSOX, sort-
ing gates are defined in FL3 (logarithmic), conveniently in a
ESC/FL3 dotplot. Use the left and right quartiles with respect
to FL3 to sort cells with highest (high FL3) and lowest
(low FL3) superoxide levels.

4 Notes

. Magnetic affinity cell sorting (MACS) can also be used to sort

cells. It is a method used for separation of cell populations
based on surface markers. Cells are incubated with magnetic
nanoparticles coated with antibodies raised against surface anti-
gens and then sorted based on the presence or absence of
magnetization. This method can only be used for sorting senes-
cent cells based on expression of surface markers, so it is not
applicable for most of the methods described in this chapter.

. Before reanalysis, thorough cleaning of the flow cytometer is

necessary to obtain reliable quantitative results. The cleaning
function in most flow cytometers is not sufficient for this.

. Most of the nuclear markers used in this section are at least

somewhat sensitive to reversible growth arrest, e.g. by con-
fluency or serum starvation. For instance, p21 is elevated in
reversibly arrested GO cells. On the other hand, evidence sug-
gests that PCNA can occasionally be expressed in non-cycling
GO cells [35]. Background levels of DNA damage foci are
slightly higher in S than in G1, possibly because of recognition
of stalled replication forks [36], but might be suppressed in the
absence of serum [37]. Cells should therefore reproducibly be
sub-confluent at the time of sampling for sorting.

. Permeabilization step, e.g. type of detergent and incubation

time, should be optimized for different cell lines. Permeabiliza-
tion has to be gentler for FACS compared to immunostaining
as cells need to be kept intact while passing through the flow
cytometer. Once optimized, cells should still appear as a well-
defined population in ESC vs. SSC; at the same time, the
permeabilization should allow efficient antibody penetration.
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5.

10.

11.

12.

13.

The antibody dilutions are given as an example only;
concentrations must be optimized for each cell strain and anti-
body combination. Nevertheless, the indicated concentrations
have been shown to work for several types of cancer cells, stem
cells, and fibroblasts.

. We isolated DNA from MRC-5 fibroblasts after processing for

BrdU staining and analyzed it by pulsed field gel electrophore-
sis. Only heavily degraded DNA could be obtained, excluding
all posterior analysis relying on high-molecular-weight DNA.

. To obtain a more efficient selection of senescent cells, the BrdU

incorporation time can be increased to up to 72 h. However,
long-term BrdU treatment is cytotoxic and can also induce
by itself a DNA damage response in some cell types [38].
Concentrations of BrdU should be optimized according to
cell type used; the concentration provided has been optimized
for MRCS5 fibroblasts. Care must be taken not to expose cells to
light while they are incorporating BrdU, as this amplifies DNA
strand break generation.

. For staining of DNA incubate the cells in PI (Sigma) at 10 pg,/ml

in PBS for 30 min in the dark at room temperature. Use 0.5 ml PI
solution for 10° cells.

. In growth-arrested cells, the rate of lipofuscin accumulation is

increased because distribution of lipofuscin-containing lyso-
somes between daughter cells is the major if not the only way
of diminishing lipofuscin levels. For that reason, exponentially
growing cells should be used.

If the instrument is carefully calibrated from run to run, gate
positions defined in a standard population of cells can be used
for different experiments to measure quantitative shifts in the
ratio between senescent and non-senescent cells (see ref. 28).

Sorting times including storage of cells in PBS can be lengthy
(a few hours), and sorting itself constitutes a stress to the cells.
At the end of this process, human fibroblasts become highly
sensitive to shear stress, resulting in the loss of the majority of
cells during centrifugation at higher G-force.

DCF is oxidized not only by various ROS and NOS decompo-
sition products but also by cytochrome ¢ and other peroxidases.
It is prone to artefactual amplification of the fluorescence signal
via redox cycling, thus leading to badly reproducible results,
and it is a good substrate for various membrane transporters
including the multidrug resistance protein MDRI that is active
in stem cells, thus compromising cellular retention.

Colorless dihydrorhodamine 123 is oxidized in live cells,
e.g. by hydrogen peroxide in the presence of peroxidases, iron
or cytochrome ¢, to form rhodamine 123. DHR also reacts
with peroxynitrite. The fluorescent product of these reactions
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accumulates in the mitochondria regardless of its origin.
Rhodamine 123 fluoresces both in FL1 (green) and FL3
(red), but we find detection to be more sensitive in FLI.

When adding fluorescent dyes, make sure cells are fully resus-
pended as this can affect dye uptake.

The fluorescence of DHR123 in human fibroblasts remains
fairly constant at room temperature and ambient light, for at
least 1-2 h. If sorting takes longer than this, cells should be
kept at 4 °C and away from light.

The JC-1 probe exists as a green-fluorescent monomer at low
concentrations but forms aggregates at higher concentrations
that exhibit a broad excitation spectrum and an emission maxi-
mum at 590 nm. JC-1 can be excited at 488 nm and detected in
bivariate mode using the green channel for the monomer and
the red channel for the aggregate. Mitochondrial uptake of JC-
1 is dependent on membrane potential, with higher uptake
(and higher probability of red fluorescence) at higher potential.
Thus, the FL3/FL1 ratio is an indicator of mitochondrial
membrane potential. Alternatively to using JC-1, a combina-
tion of TMRM and Mitotracker green can be used.

MitoSOX™ Red permeates live cells and is rapidly targeted
to mitochondria (this mitochondrial uptake is driven by the
presence of cationic triphenylphosphonium). This is a cationic
derivative of dihydroethidium (DHE) and emits a red fluores-
cence (~590 nm) upon hydroxylation by superoxide anions. It is
readily oxidized by superoxide but not other ROS. The oxidized
product is highly fluorescent upon binding to nucleic acid.

MitoSOX™ staining intensity is generally quite low in certain
cell types like human fibroblasts. For this reason a measure of
autofluorescence for an unstained control must be taken as
small changes in autofluorescence could significantly affect
overall values of MitoSOX™ intensity.

For determination of mitochondrial mass by flow cytometry,
one can use Mitotracker green (a green-fluorescent mitochon-
drial stain which localizes to mitochondria regardless of mito-
chondrial membrane potential) or nonyl acridine orange
(NAO) which is well retained in the mitochondria indepen-
dently of mitochondrial membrane potential and binds to
mitochondrial cardiolipin. NAO strongly binds to plastic in
the flow cytometer; thus, great care is needed not to contami-
nate the equipment, and unstained cells should be run as
negative control after the final cleaning step.

Dihydroethidium (DHE), also known as hydroethidine, can
be used to detect cellular superoxide levels. Cytosolic dihydro-
ethidium exhibits blue fluorescence; once it is oxidized to
2-hydroxyethidium, it intercalates within DNA and stains the
nucleus with a red fluorescence.
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Chapter 5

Studying the Replicative Life Span of Yeast Cells

David A. Sinclair

Abstract

The budding yeast Saccharomyces cerevisineis a useful model for elucidating the pathways that control life span
and the influence of environmental factors, such as calorie restriction (CR). For 75 years, CR has been studied
for its ability to delay diseases of aging in mammals, from cancer to cardiovascular disease (McCay et al., Nutr
Rev 33:241-243,1975). In many other species, reducing calorie intake extends life span, including unicellular
organisms (Jiang et al., FASEB J 14:2135-2137, 2000; Lin et al., Science 289:2126-2128, 2000), inverte-
brates (Rogina and Helfand, Proc Natl Acad Sci U S A 101:15998-16003, 2004 ), and rodents (Martin-
Montalvo et al., Oncogene 30:505-520, 2011). Here we describe how to calorically restrict yeast cells, the
methods used to determine the replicative life span (RLS) of budding yeast cells, how to selectively kill
daughter cells using the mother enrichment program (MEP), how to measure recombination frequency at
the rDNA locus, how to isolate large quantities of old cells, and how to analyze the circular forms of DNA
known as extrachromosomal rDNA circles (ERCs), a cause of aging in S. cerevisine (Petes, Cell 19:765-774,
1980; Sinclair and Guarente, Cell 91:1033-1042, 1997; Defossez et al., Mol Cell 3:447-455,1999).

Key words Yeast aging, Life span, RLS, Bud scars, Mother cell enrichment program, ERC

1 Introduction

The quest to understand why we age and how to slow it has been a
goal ever since humans evolved. In recent years, great strides have
been made in elucidating genes that influence the pace of aging.
Studying humans and even rodents is a daunting and costly task that
is not amenable to genetic screening. Instead, many researchers have
turned to simpler organisms with shorter life spans to identify con-
served longevity genes and small molecules that might regulate it.

The simple dietary manipulation known as calorie restriction
(CR) can extend life span of rodents and delay most age-related
diseases. But what underlies this effect? In recent years, the budding
yeast Saccharomyces cerevisine has become one of the leading models
for uncovering conserved causes of aging and understanding how
CR works. Today, dozens of yeast longevity genes are known and
we have a good understanding of how CR works in yeast, the best
for any studied species [1, 2].

Trygve O. Tollefsbol (ed.), Biological Aging: Methods and Protocols, Methods in Molecular Biology, vol. 1048,
DOI 10.1007/978-1-62703-556-9_5, © Springer Science+Business Media New York 2013
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There are two ways to define yeast life span. One is the number
of days a yeast culture remains viable in a hypometabolic stationary
phase. This is known as the “chronological life span” [3]. Alterna-
tively, one can determine life span for a single cell based on the
number of times it divides, known as “replicative life span” or
“RLS” [4].

Despite yeast being a simple eukaryote, accurately determining
its replicative life span is not a simple task, even with the invention
of the “mother enrichment program” or “MEP.” The MEP is an
estradiol-inducible daughter killing system [5] that allows much
higher purity of old cells. The MEP also allows RLS to be deter-
mined as a function of viability over time. But the system is not
perfect: ~8 % of daughter cells in the MEP can still form micro-
colonies due to “leakiness” [5]. To precisely quantify mean and
maximum RLS of a given strain, micromanipulation is still neces-
sary. Only with time does one become skilled at this technique, and
often beginners do not obtain reliable data the first time. Even
using the MED, very pure populations of old cells require a mag-
netically sorting procedure to separate the mothers from daughters
in a culture.

2 Materials

2.1 Preparation
of Yeast for Replicative
Life Span Analysis

1. 2.2 x supplemented yeast extract/peptone (YEP) media: 22.2 g /L
Bacto Yeast extract (Becton, Dickinson and Company), 44.4 g /L.
Bacto Peptone (Becton, Dickinson and Company) in water and
filter sterilized with a 0.22 pm vacuum filter. Supplement the media
by adding 40 mL /L 0.5 % adenine solution and 20 mL /L for the
remaining 1 % amino acid solutions.

2. Use flat wooden toothpicks that have a rounded end opposite
to the pointed tip. Diamond brand is suitable. Sterilize by
autoclaving in a small beaker with aluminum foil on the top
and toothpicks point down. Discard any toothpicks that have a
sharp protruding splinter that could damage the agar.

3. 4 % agar: Bacto Agar (Becton, Dickinson and Company); 8 g of
agar is added into 200 mL of water and autoclaved.

4. 18 M Q Milli-Q grade water is used for all media preparations.
5. Petri plates: 100 x 15 mm (Falcon).

6. Amino acid and adenine (Sigma-Aldrich) stock solutions (w/v):
0.5 % adenine, 1 % uridine, 1 % tryptophan, 1 % histidine, and
1 % leucine solutions are prepared with water and filter sterilized
using a 0.22 pm vacuum filter. These supplement the auxotro-
phies that are particular to the W303AR strain of yeast. Differ-
ent amino acids may be required for other strains.
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2.4 Analysis of ERCs
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. 1.05x YEP: 10.5 g/L Bacto Yeast extract (Becton, Dickinson and

Company), 21.1 g/I. Bacto Peptone (Becton, Dickinson
and Company) in water and autoclaved. Supplement after auto-
claving as with the preparation of 2.2 x YEP media, but use haltthe
amount of solutions.

.40 % (w/v) glucose stock solution.

. Dissection needle kit (Cora Styles Needles n Blocks, Cat. No.

1025, 105 Cypress Pt., Hendersonville, NC 28739, Phone#
828-629-9528). We use 10 or 25 pM needles that are made by
polishing flat the ends of optic fibers.

17p-Estradiol (Sigma, St. Louis, MO), only it using the MEP.

Phosphate-buffered saline (PBS): A 10x stock solution is
prepared with 1.37 M NaCl, 27 mM KCI, 43 mM Na,H-
PO4-7H,0, 14 mM KH,POy,adjusted to pH 7.4 with HCI if
required and then promptly autoclaved. A 1 x working solution
is made by diluting 1:10 with sterile water.

. EZ-Link Sulfo-NHS-LC-Biotin, m.w. 556.59 (Thermo Scien-

tific/Pierce).

. Streptavidin-coated paramagnetic iron beads (Thermo Scien-

tific/Pierce). Other labs have used Dynabeads streptavidin
(Invitrogen/Life Technologies).

4. Calcofluor fluorescent brightener 28 (Sigma, St. Louis, MO).

. 17B-Estradiol (Sigma, St. Louis, MO), only if using the MEP.

. 1x TE buffer: 10 mM Tris—Cl, pH 8.0 and 1 mM EDTA, pH

8.0.

. Sorbitol solution: 0.9 M sorbitol (Fisher), 0.1 M Tris—Cl, pH

8.0, 0.1 M EDTA are prepared with water and filter sterilized
using a 0.22 pm filter.

. Zymolyase solution: Dissolve 0.3 mg/ml Zymolyase

(20,000 U/g; ICN Immunobiologicals) in sorbitol solution
and store at 4 °C.

4. 2-Mercaptoethanol.

o)

. 10 % (w/v) sodium dodecyl sulfate (SDS).

. 5 M potassium acetate solution (do not adjust pH).

. Random primed DNA labeling kit (Roche Diagnostics).

. ProbeQuant '™ Sephadex G-50 columns (Amersham Pharmacia).
. dCTP*? (PerkinElmer).

. Pre-hybridization bufter: 100 pl boiled salmon sperm DNA

(5 mg/mL stock ssDNA), 1 g dextran sulfate, 1 mL 10 %
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2.5 Recombination
Analysis

SDS, 0.56 g NaCl in 10 mL water. Heat at 65 °C for 30 min to
dissolve the salts into solution.

. 10x TBE electrophoresis stock buffer: 0.89 M Tris base,

0.89 M boric acid, 20 mM EDTA, pH 8.0. A 1x working
solution is made by diluting 1:10 with water.

. 0.4 M NaOH solution.
. 0.25 M HCI solution.
. 20x SSC stock solution: 3 M NaCl, 0.3 M Nagjcitrate-2H,O.

Adjust the pH to 7.0 with 1 M HCI. A 2 x working solution is
made by diluting 1:10 with water.

. Nylon membrane (NEN).
10.

Wash buffers: 2x SSC 0.1 % SDS (low stringency) at room
temp, 1 x SSC 0.1 % SDS (medium stringency) at 60 °C, 0.1 x
SSC 0.5 % SDS (high stringency) at 60 °C, 0.1x SSC (brief
wash) at room temp.

. 1.05x YEP: prepared in the same manner as previously

described.

. 2.2x YEP: unlike 2.2 x YEP that is prepared for life span assay

plates, do not supplement this stock solution with adenine or
histidine. The solution can also be autoclaved rather than filter
sterilized. Otherwise, it is prepared in the same manner.

. 3 % agar: Bacto Agar (Becton, Dickinson and Company); 6 g of

agar is added into 200 mL of water and autoclaved.

4. Large Petri plates: 150 x 15 mm (VWR).

. Glass beads for spreading can be obtained from Amazon.com

from Carolina Biological Supply Company. They are sterilized
by autoclaving.

3 Methods

3.1 Preparation

of Yeast for Replicative
Life Span (RLS)
Analysis with

and Without MEP

. The day prior to starting the experiment, the yeast should be

streaked onto agar plates containing media identical to that
used for the life span assay. The yeast should be as fresh as
possible. If taken directly from the freezer, allow at least 2 days
of consecutive streaking for recovery. Use yeast only from a
plate that has been struck within 24 h, i.e., as fresh and actively
growing as possible. See Note 1 for tips on handling the yeast
and plates.

. Using a sterile toothpick, transfer a tiny amount (barely visible

to the eye) from the previous nights’ streak onto a fresh plate
that will be used for the life span analysis. The yeast should be a
barely visible dot on the plate. Allow the transferred cells to
grow for an additional 3-5 h at 30 °C.
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3. Afterattaching the inverted plate onto the stage of the microscope,
use the tip of the fiber-optic needle to drag a bunch of cells, i.e.,
however many will fit under the needle, approximately >1 cm
away from the plated dot of cells. You may need to repeat this
several times to move enough cells.

4. Find cells that are relatively small and healthy looking; i.e.,
round and exhibiting no aberrant morphology. Use the tip of
the needle to array 40 cells, in sets of 5, planting a single
column. Allow enough spacing between each cell so as to see
no more than 3-5 cells within the field of view using a 10x
objective. Each group of 5 cells can be marked by stabbing the
needle into the agar, i.e., use 1 stab, 2 stabs, 3, 4, and a right
angle, any pattern that will help you to find and keep track of
the column of cells on the plate. The same pattern can then be
marked in a notebook with columns divided into groups of 5.

5. After arraying the cells, remove the prepared life span assay
plate from the microscope stage and incubate at 30 °C for
1-2 h, after first sealing the plate with Parafilm to prevent the
loss of moisture. After returning the plate to the microscope,
the yeast will have undergone about 1-2 divisions. If'a cell died
before the first division, we excluded it from the data set
assuming the transfer was deleterious. Most wild-type strains
divide at least five times before senescing.

6. With the needle, pull apart the cells and leave behind the
smaller budded cell (Fig. 1). This starting “virgin” cell will
henceforth be the mother cell during the assay. Discard the
rest of the divided cells by moving them to the left,
corresponding to about 1/3 of a field of view away from the
virgin mother cell. Not all cells will be ready for separation at
the same time. Thus, you may need to come back after another
30 min to 1 h after the others were separated. Importantly,
mother cells are dragged carefully in the opposite direction to
the daughters every 2—5 divisions about % of a field of view to
avoid running out of nutrients. If using the MED, first grow
the mother cells on YPD medium with no estradiol. Move the
tounding virgin cells to agar with 1 pM estradiol [5] (Fig. 2).

7. Incubate the sealed plate at 30 °C for 1-2 h. After transferring
the plate back to the microscope, pick off and, from now
onwards, discard the smaller daughter buds from your starting
virgin mother cell and record the number of divisions for each
arrayed mother cell.

8. Repeat step 7 throughout the day. The mother cells get
enlarged after progressive divisions and eventually become
much easier to tell apart from the daughter cells. Their rate of
division will also slow down, with some old cells taking up to
4 h to divide. If a cell does not divide after 8 h we considered it
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Fig. 1 The yeast replicative life span (RLS) assay. Individual yeast cells are
planted in a single column on agar plates, using a 25 or 50 pm fiber-optic
needle. If using the MEP, then the virgin cells are transferred from an island of
YPD (yeast extract/Bacto Peptone/glucose) or the test medium to the same
medium with 1 pM estradiol (see Fig. 2). Micromanipulation of yeast is typically
performed using a 10 x objective. After the placement of “virgin” mother cells in
an array on the plate, daughter cells that bud off are removed using the needle
and are swept away, at least one field of view, from the mother cells so as not to
compete with them for nutrients. The amount of divisions each mother cell has
undergone during each micromanipulation session is then recorded. (a) Move
daughter cells at least one field of view away from the mothers, which can be
moved in the opposite direction if daughter colonies grow too large. (b) Relative
sizes of the 25 uM needle and young yeast cells. (¢) Appearance of young
mothers, old mothers, and dead cells. Cells at the end of life are always large,
with a thick cell wall, and may have cells permanently attached. Their final
morphology depends on the strain and the medium

dead because we did not see any cell produce a viable daughter
after this time. Old cells may try to bud, and the attached bud
may bud, but we do not consider these true offspring because
the cells did not fully separate. Unless you are using the MEP,
you can store plates in the cold room until the next day but it is
preferable to let the cells divide as many times as possible
during the day.
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Fig. 2 Use of the mother enrichment program (MEP) in RLS assays (from ref. 5).
After incubation on YPD (or the test medium) for at least two divisions, virgin
cells are transferred to the estradiol-containing portion of the plate for life span
analysis. Life spans are then performed, as described in Fig. 1. Image
reproduced from ref. 5

9.

When all of the cells have died (~10 days), you are now ready to
graph their replicative life spans. Each row pertaining to each
specific cell’s division number is tallied, and the numbers are
plotted as the % cells that are still alive during each round of
division. For example, at the start of the assay, 100 % of the cells
are alive after 0 divisions have occurred, whereas 0 % of the cells
are alive at the amount of divisions that the last remaining
mother cell has undergone.

. Inoculate 5 mL of 1x YPD with yeast and grow overnight at

30 °C while shaking at 200 rpm.

. Next morning, resuspend enough cells into 50 mL 1x YPD to

reach an optical density at 600 nm (O.D. 600) of approx. 1.0
(2 x 107 haploid cells/mL) later that day. This usually entails
diluting ~1 mL of overnight culture into 50 mL 1x YPD. The
starting O.D. 600 should be about ~0.15-0.20.

. When the O.D.600 reaches ~1.0, spin down cells with a clinical

centrifuge at 1,000 x g for 5 min. Wash cells once in 1 mL of
sterile 1x PBS. Resuspend the cells in 1 mL 1x PBS and
transfer into a microfuge tube.

. The cells are now ready to be biotinylated. Remove the

EZ-Link Biotin from the freezer and thaw at room tempera-
ture. It is VERY sensitive to moisture. When thawed, add 8 mg
of sterile EZ-link biotin per 1 x 10% cells. Gently shake the
cells for 15 min at room temperature.

. Wash the cells 7 times using 1 mL 1 x PBS to remove the excess

biotin label.
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6.

10.

11.

Resuspend cells in 1 mL YPD. Determine the cell density using
a hemacytometer. We use a Bright-Line hemacytometer (Haus-
ser Scientific, Horsham, PA). Add 2 x 10® cells to 4 L of
freshly made 1x YPD (autoclaved for 20 min). If using the
MEP, 17B-estradiol is added to the culture after 2 h growth at
30° at a final concentration of 1 pm. Shake at 30 °C overnight
or for up to 120 h if using the MEP. Viability can be assessed
during this time if using the MEP, which serves as an indicator
of RLS. Samples are taken and pelleted by centrifugation at
800 x g. All but 100 pL of the supernatant is removed, washed
once with 1 mL of fresh YPD, and pelleted again. Cells are then
resuspended in 500 pL YPD and plated on YPD. Colonies are
counted after 3 days incubation at 30 °C. Viability is calculated
as CFUs/mL and expressed as percentage of viability compared
to CFUs/mL at the 0 or 4 h time points [5] 1,000 x g4
and thoroughly aspirate off as much medium as possible.
Resuspend the cells in 20 mL cold 1x PBS and place on ice.

. Wash the magnetic beads twice with 1x PBS. Add 250 pL of

the washed magnetic bead slurry per 1 x 108 cells. Incubate on
ice with occasional swirling for 2 h in order for the biotinylated
cells to bind to the magnetic beads.

. The sorting procedure is performed in a 4 °C room. Add

equal volumes of the resuspended magnetic bead-coated cells
into 16 x 150 mm glass culture tubes and insert into a mag-
netic tube rack. We use a BioMag tube rack (Polysciences Inc.,
Warrington, PA) for the magnetic separation. Wait 15-20 min
for the magnetic bead-coated older cells to move towards the
side of the tube facing the magnet. Remove young cells that
are still in the solution gently with a 10 mL pipette and save the
solution. Add the same volume of cold 1x YPD into each tube
so that the meniscus reaches the top of the magnet and wait
15-20 min again for magnetic separation to occur.

. Repeat step 6, using cold 1x YPD each time and vortexing

gently to resuspend the bead-coated cells. Repeat this step eight
times. Check the yield using a hemacytometer. The recovery is
typically 50 % of the starting amount of cells.

Count bud scars by first adding 20 pL of cells into 100 pL 1x
PBS. Add a few grains of calcofluor fluorescence brightener and
incubate for 5 min at room temperature. Add 1 mL 1x PBS
and centrifuge at 1,000 x gin a microfuge for 20 s. Wash cells
once in 1 mL 1x PBS, spin down again, and resuspend in
100 pL of 1x PBS. With a single sorting most cells will have
4-9 bud scars.

Place approximately 10 pL of cells onto a glass slide and cover
with a coverslip. Observe the stained bud scars using UV
fluorescence microscopy. If your cell sorting has been
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Fig. 3 Distinguishing old yeast cells from young. (a) Old yeast cells that have been sorted using magnetic
sorting and stained with calcofluor dye. Each blue stained ring is a “bud scar,” a deposit of chitin that remains
on the surface of the cell wall at each site of division (photo credit James Claus). (b) Young and old yeast cells
stained with bromophenol blue, showing the larger size and thicker cell wall of the old mother cell

3.3 Isolation of ERCs

successful, your old population of cells should contain on
average ~5—12 more bud scars per cell than the young popula-
tion of cells (Fig. 3).

. Resuspend cells in 500 pl sorbitol solution. Add 25 pl Zymo-

lyase and 50 pl of 0.28 M 2-mercaptoethanol (20 pl
2-mercaptoethanol in 980 pl water). Depending on the activity
of the Zymolyase, incubate at 30 °C for 15—45 min. You can
monitor the efficiency of spheroplasting (i.e., digestion of the
cell wall) by adding ~2 pl of 10 % SDS into a 10 pl aliquot of
cells. If 85-95 % cells appear lysed when viewed under a micro-
scope, then they are ready for the next step (see Note 2).

. Add 80 pl of 10 % SDS, invert several times to mix and incubate

for 20 min at 65 °C. The solution should become viscous.

. Add 200 pl of 5 M potassium acetate solution. Invert several

times and leave on ice at least 30 min. A white precipitate
should form.

. Centrifuge for 3 min at 16,000-20,000 x g (or maximum

speed) in a microcentrifuge for 10 min. Remove supernatant
and add 1 mL 100 % ethanol. Mix well by inverting several
times and centrifuge at 12,000 rpm (or maximum speed) for
10-20 min.

. Resuspend the DNA pelletin 300 pl TE. Add 1 pl of 10 mg/mL

of RNase and incubate for 30 min at 37 °C.

. Precipitate the DNA by adding 1 mL of ice cold 100 % ethanol

and centrifuging at 12,000 rpm (or maximum speed) in a
microfuge for 10 min. After removing the ethanol, dry the
pellet in a speed vac and resuspend in 50 pl of TE. The resus-
pended DNA pellet can now be stored frozen at —80 °C.
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3.4 Analysis of ERCs

10.

11.

. The analysis of ERCs essentially involves performing a Southern

blot and probing for ERCs with a radio-labeled rDNA frag-
ment. Begin by casting a large 1 % agarose gel using 1x TBE.
Load samples, along with molecular weight markers and elec-
trophorese overnight at 30 V.

. Soak the gel for 30 min in 500 mL water containing 25 pl of

10 mg/mL ethidium bromide solution and photograph with a
ruler using UV light.

. Wash the gel for 30 s with water and then soak the gel for

30 min in 0.25 M HCI, with gentle rocking.

. Rinse the gel in water again and soak in 1 L. of 0.4 M NaOH for

20 min, along with gentle rocking, to denature the DNA.

. Set up a transfer apparatus, using 0.4 M NaOH as the transfer

buffer. The transfer apparatus consists of a shallow glass tray
that is filled two thirds of the way to the top with transfer
buffer. A glass plate is then used to partially cover the top of
the tray, leaving a 1-2 in. gap on either side. A rectangular piece
of 3M Whatman paper is then cut, wetted in transfer buftfer,
and placed over the top of the glass plate, with the ends being
sufficiently long enough to soak in the transfer buffer through
the 1-2 in. gaps. This will act as a wick for the transfer. The wick
should also be approximately an inch wider, on either side, than
the nylon transfer membrane.

. Drain the gel and place carefully on top of the wick, using a

glass pipette to gently roll away any air bubbles that may be
trapped under the gel.

. Cut a piece of nylon transfer membrane, corresponding to the

size of the gel. Wet the membrane in transfer buffer and lay on
top of the gel, using the pipette to smooth away any air bubbles.

. Cut three pieces of Whatman 3M paper corresponding to the

same shape as the nylon membrane, only a few millimeters smaller
at each edge. Soak the piece in transter buffer and lay each of them
on top of the membrane and gel, again using the glass pipette to
carefully smooth away any air bubbles after each piece is laid.

. Place a stack of paper towels, 3—4 in. high, on top the gel setup;

lay a piece of glass plate over the stack and add a light weight on
top to stabilize the plate. Use a bubble level to ensure the plate
is perfectly level.

Wrap the outer part of the transfer apparatus, i.e., the exposed
wick, with Saran wrap to prevent evaporation of the transfer
buffer. The transfer apparatus is now left to transfer for 12 h.

Rinse the membrane with 2x SSC to remove any agarose
residue. The wet membrane is then irradiated with UV light
(254 nM) at an intensity of 1,200 J /cm?. This corresponds to a
setting of 1,200 using a Stratagene UV crosslinker.



3.5 Recombination
Analysis

12.

13.

14.

15.
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Add 10 mL pre-hybridization buffer into a 200 mL capacity
cylindrical glass hybridization bottle (Boekel Scientific). Place
the transferred membrane into the bottle and incubate for 1 h
at 65 °C while rolling.

The radio-labeled probe is prepared as per kit instructions. After
the reaction is complete, bring the probe reaction volume up to
50 pl with 1x TE. Prepare a Sephadex G-50 column by
spinning for 1 min at 550 x g, in order to compact the bead
matrix. Pipette the 50 pl probe reaction volume into the
prepared Sephadex G-50 column and spin for 2 min at 550 x g.

Boil the radio-labeled probe DNA for 5 min and carefully add
into the bottle containing your membrane and pre-
hybridization solution. Incubate overnight at 65 °C.

The membrane is washed with the wash bufters until counts are
reduced to only severalfold over background. The exact wash-
ing times must be empirically determined by the user. The
bound probe can now be analyzed using either a Phosphori-
mager cassette or X-ray film.

. Cells are first inoculated in the appropriate media, i.e., contain-

ing 2 % glucose for controls and either 0.1 or 0.5 % glucose for
calorie-restricted cells, and preincubated overnight at 30 °C
while shaking (see Note 3). The following day, cells are reino-
culated into fresh media at an O.D. 600 of ~0.15-0.20 and
allowed to grow until log phase has been reached (O.D. 600 of
0.8-1.0).

. Prepare serial dilutions of cells in 1 x PBS until a final concen-

tration of 34 x 10 cells/mL is reached. Pipette 500 pl of this
final dilution onto large plates and spread evenly using sterile
glass beads along with a gentle shaking motion.

. After the plates are dry, incubate at 30 °C until colonies are

large enough to be easily counted by eye. This usually takes
about 2 days of growth at 30 °C. Plates are then transferred
into 4 °C for at least 2-3 days or until red pigmentation
becomes evident, following a marker loss event.

. Half-sectored colonies are counted by eye on each plate. Colo-

nies that are completely red are subtracted from the total
colony number on each plate. A half-sectored colony represents
a marker loss event that has occurred during the first cell
division. The wild-type W303AR strain, when grown in
media containing 2 % glucose, has a recombination frequency
of approximately 1 x 1073, whereas deleting SIR2 elevates the
frequency of recombination approximately tenfold, to approx-
imately 1 x 1072,
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4 Notes

1. Replicative life span analysis

(a)

Since the procedure takes approximately 10-14 days to
complete, it is imperative that the agar plates do not overly
dehydrate. Plates should always be carefully wrapped in
Saran wrap or Parafilm when in the incubator or cold
room. Plates should also be poured with more agar than
usual to take into account dehydration and shrinkage of
the agar. We usually pour the plates with the agar level
reaching two thirds to three quarters of the way to the top
of the plate.

The technique takes practice to manipulate cells and to
differentiate the old mother from daughter cells, espe-
cially in the first two days when there is little size differ-
ence. The researcher should not let the yeast divide more
than once when starting out. In this case, two researchers
may work as a team to check on the cells every hour. The
more experienced researcher can also help the novice
distinguish mother from daughter.

If the agar eventually shrinks to a point at which it is
difficult for the dissection needle to reach the surface,
part of the plate’s edge may be then carefully cut away
using a hot scalpel to allow for more freedom of motion.
However, it is best to reserve this until absolutely neces-
sary since the larger opening will now permit faster dehy-
dration to occur. Also, when cutting the plate, it should be
tilted upwards to prevent any toxic fumes from the molten
plastic from coming into contact with the cells.

Plates should be poured a day before using so that they
are given ample time to evaporate away excess moisture;
otherwise dissection becomes difficult. If you are testing
the effect of a labile compound (e.g., resveratrol), how-
ever, you should make the compound freshly and use the
plates within 24 h and complete the experiment as fast as
possible, allowing cells to grow for 10-15 h per day. We
took a microscope home so we could dissect late at night
and first thing in the morning. Plates can be air-dried
upside down in an incubator or a laminar low hood.
If the plates change color (e.g., resveratrol plates turn
brown), this is a sign that the compound has been com-
promised.
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With the plates being continually opened and closed during
this time period, it is important to avoid contamination.
If a small fungal or bacterial growth occurs far from the
plated yeast, it can be successfully removed by cutting away
the contaminated section with a sterile scalpel blade.
Another troublesome source of contamination may be
the presence of fruit flies which given the chance, will
walk all over the surface of the plate, usually ruining the
experiment.

When a cell is picked up on the needle, the plates should
be moved gently since a sudden jarring motion may cause
a cell to drop off.

Old mother cells are especially fragile and must not be
overly “bashed” with the tip of the dissection needle to
dislodge recalcitrant daughter cells. At this point they
have a higher tendency to “pop” under pressure.
A good technique is to move the needle tip close to the
daughters and allow them to move gently to the tip due to
surface tension. Never lift a cell off the agar unless abso-
lutely necessary and then only for 20 s or less, to avoid the
cells drying out.

Obviously, mother cells should not be allowed to over-
grow since it then becomes next to impossible to keep
score, but they should also not be dissected too often
since we have found that this tends to shorten their life
span, possibly due to mechanical damage. Two to three
divisions between each dissection session for W303 are
about right.

Try to dissect the cells every day. Keeping the plates in the
cold room for an entire day is acceptable, but longer
periods, i.e., over an entire weekend, should be avoided
because life span can be reduced. The rate at which the
cells are dividing will determine how many times they can
be dissected during the day.

Someone just beginning should limit themselves to no
more than two columns of cells to dissect at once, i.e.,
one experiment and one control. Later on, as skill level
and rapidity increases, 3-9 columns of cells may be
attempted. We would discourage placing more than
three columns of cells onto one plate, since this increases
nutrient depletion and allows the plate to dehydrate faster
since each individual plate is kept open longer during
dissections.
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(k) For life span dissections, we have found it best not to
autoclave the 2x YEP medium but to instead filter
though a 0.22 pm filter prior to use. We also supplement
the medium with additional amino acids, corresponding
to the auxotrophies that are unique to a strain. If a
compound is added to the medium, be aware that it
could be sensitive to light or oxygen. Such is the case for
many polyphenols, e.g., resveratrol.

(I)  Itis best that the cells be dragged across the surface of the
agar with the needle, rather than being lifted off of
the surface. This ensures that the cells are continuously
in contact with the media.

(m) The more dissections you can perform per day, especially
during the first week, the better results you will obtain,
i.e., longer overall life spans.

(n) We use Petri plates that have been removed from the
plastic wrapper and left out on the bench overnight,
with the covers closed. This allows any potentially volatile
plasticizers to evaporate from the plates.

. Isolation of ERCs

(a) When the yeast cell wall is digested, the spheroplasts will
have a “ghostly” or clear outline when viewed under a light
microscope. In contrast, yeast with intact cell walls will
appear to be much more refractive.

. Recombination analysis

(a) Large plates for the recombination analysis should contain
2 % glucose, regardless of the starting glucose concentra-
tion during liquid culture; otherwise the red coloration will
not develop.

(b) It helps to store the plates for several days at 4 °C after
colonies arise. Over time, the red coloration becomes
more intense, allowing for easier detection of half-sectored
colonies.

(c) The omission of histidine from the large plates allows for a
more intense red coloration to develop, which allows for
easier detection of sectored colonies.
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Chapter 6

Methods for Creating Mutations in C. elegans
That Extend Lifespan

Dayong Wang, Min Cao, Jessica Dinh, and Yuging Dong

Abstract

The principle of commonly used methods to create mutations in the nematode Caenorbabditis elegans
(C. elegans) is straightforward. In general, worms are exposed to a dose of mutagen resulting in DNA
damages and mutations. Screening the progeny of the mutagenized animals for a certain phenotype is the
regular forward genetic approach in C. elegans. A mutant selected from such a population is stabilized to
recover a pure homozygous strain. In this chapter, we categorize the protocol into mutagenesis, phenotype
screen, and outcross and provide time-tested procedures for their implementation to create long-lived
worm mutants.

Key words Caenorbabditis elegans, Mutagenesis, Lifespan, Screen, Forward genetics, Mutation,
Outcross

1 Introduction

Aging is an inevitable process which leads to progressive declines in
multiple physiological functions of living organisms. The ultimate
consequences of aging are degenerative diseases and death [1-3].
A thorough understanding of the underlying molecular mechan-
isms of the aging process will provide new measures to prevent age-
related diseases. To this end, several simple model organisms have
been employed in aging studies, such as budding yeast, Drosophila
melanogaster (D. melanogaster), and Caenorbabditis  elegans
(C. elegans). These organisms all have short lifespans and are genet-
ically tractable [4-6]. Of these models, C. elegans has been at the
forefront of aging research for almost three decades since the first
long-lived worm mutant was discovered [7]. In addition to the
common advantages, such as a 2—3-week short lifespan, C. elegans
also possesses the following attributes excellent for studying aging:
(a) their transparent bodies make it relatively easy to observe the
fate of cells and identify cellular abnormalities; (b) it is convenient
to temporarily inactivate specific gene through RNAi by feeding
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worms with bacteria which express corresponding double-stranded
RNA [8]; and (c¢) many C. elegans genes have human homologs,
and this feature holds promise that the principle of worm aging is
conserved in human aging.

Recent studies of C. elegans aging have revealed a number of
genes and genetic pathways important for longevity [6]. Almost all
of these longevity genes are evolutionarily conserved in various
organisms. Thus, it is concluded that the rate of aging and the
onset of age-related diseases are genetically controlled. To elucidate
the regulatory mechanisms of aging in worms, it is necessary to
create long-lived genetic mutants for further genetic analyses. DNA
mutagenesis followed by age-related screening is the most feasible
and efficient strategy to obtain long-lived mutants in C. elegans.
Several methods have been developed to generate mutations in
C. elegans [9]. Here, we describe the routinely used chemical
mutagenesis methods in combination with the approaches to ana-
lyze C. eleganslifespan to provide essential information required for
creating long-lived C. elegans strains containing mutations.

2 Materials

1. Nematode growth medium (NGM): For 1 1 of NGM, combine
3 g NaCl, 2.5 g bactopeptone, and 17 g agar. Autoclave for
45 min, then add 1 ml of cholesterol (5 mg/ml in ethanol),
1 ml of 1 M MgSQOy, and 25 ml of 1 M KPOy butffer (stock:
102.2 g KH,PO4 and 57.06 g K,HPOy, in 1 1 distilled H,O,
autoclaved, pH 6.0). When the medium cools to 55 °C, add
1 ml of 1 M CaCl,.

2. Rich nematode growth medium (RNGM): As compared to the
standard NGM, RNGM contains 3x bactopeptone (7.5 g vs.
2.5 g). In addition, RNGM uses agarose (Invitrogen cat. no.
15510-027) to replace agar.

3. M9 bufter: 3 g KH,POy, 6 g Na,HPO,4, 5 g NaCl, I mlof 1 M
MgSOy, add H,O to 1 1. Sterilize by autoclaving.

4. Alkaline hypochlorite: 0.5 M NaOH and 1 % sodium hypo-
chlorite (household bleach contains 5 % sodium hypochlorite).

3 Methods

3.1 Chemical
Mutagenesis

Chemical mutagens are broadly used to generate mutations in both
prokaryotes and eukaryotes. Ethyl methanesulfonate (EMS), ethyl-
nitrosourea (ENU), and ultraviolet-activated trimethylpsoralen
(UV-TMP) have been proven to effectively induce mutations in
C. elegans [10]. The common effect of EMS is to cause G/C-A/T
transitions [11]. ENU is an alternative of EMS but produces a
broader mutagenic spectrum including both transitions and
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Well maintained wild-type N2 worms on OP50
seeded RNGM plate (150mm plate)

Synchronization via bleaching

Healthy L4 N2 worms

Chemical Mutagenesis

L4 stage worms after mutagenesis (P0)

Growth and egg lay

F, generation worms after mutagenesis

@D~@~ -

Fig. 1 A scheme of the mutagenesis protocol

transversions [10, 12, 13]. Both EMS and ENU have also been
reported to cause small deletions and other chromosomal rearran-
gements [13, 14]. UV-TMP is now a major reagent used by the C.
elegans Gene Knockout Consortium to generate deletions in
worms [15]. Recent results from a genome-wide deep sequencing
project revealed that UV=TMP can produce all manner of transi-
tions and transversions in C. elegans [10]. A schematic
representation of the mutagenesis protocol can be found in Fig. 1.
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3.1.1  Synchronize
Worms for Mutagenesis

3.1.2 Mutagenesis
(See Note 8)

1.

10.

11.

12.

13.

14.

15.
16.
17.

Place ~30 L4 wild-type N2 hermaphrodites in each of the ten
150 mm RNGM plates seeded with E. colz OP50 (see Note 1).

. Grow for 4 days at 20 °C to generate a large population of

gravid adults (se¢ Note 2).

. Wash the gravid adults off of the plates with M9 bufter and

transfer them to a 50 ml conical tube.

. Pellet worms by centrifugation at 500 x g4 for 1 min.
. Caretully remove and discard the supernatant.

. Resuspend worms in 30 ml of M9 buffer and repeat steps 4 and

5 once (see Note 3).

. Add 10 volumes of freshly prepared alkaline hypochlorite

(see Note 4) and incubate for about 5 min with gentle rotation
at room temperature.

. Collect the released eggs by centrifugation at 500 x g4 for

1 min at 4 °C and carefully remove the supernatant.

. Add 10 volumes of ice-cold M9 buffer to wash the eggs and

collect the eggs by centrifugation at 500 x g tfor 1 min at 4 °C.
Wash three more times by repeating step 9.

Resuspend pellet in ~5 ml of M9 buffer. Leave the tube over-
night at room temperature with gentle rotation on a lab rotator
(see Note 5).

Distribute L1 worms equally to twenty 150 mm RNGM plates
seeded with E. colz OP50 (see Note 6).

Grow for ~36 h at 20 °C, until most of worms are at L4 stage
(see Note 7).

Wash the worms off of the plates with M9 buffer and collect
them into one 50 ml conical tube.

Pellet worms by centrifugation at 500 x g for 1 min.
Carefully remove and discard the supernatant.

Resuspend worms in 30 ml of M9 buffer and repeat steps 15
and 16 once (see Note 3).

EMS Mutagenesis

1.

Prepare 6 ml of 100 mM EMS in M9 buffer in a 15 ml conical
tube (see Note 9).

. Resuspend washed 1.4 worms in 6 ml of M9 bufter and transfer

the worm suspension into the 6 ml of EMS solution (final
concentration of EMS is 50 mM).

. Tighten the tube cap and seal it with parafilm.

. Place the tube on the rotator at room temperature for 4 h.
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. Collect the mutagenized worms by centrifugation at 500 x g
for 1 min and carefully remove the supernatant (see Note 10).

. Wash the worms five times with 10 volumes of M9 buffer.
Collect the nematodes by centrifugation at 500 x g for 1 min
after each wash.

. Plate the mutagenized worms equally to twenty 150 mm
RNGM plates seeded with E. cols OP50 (see Note 11).

. Grow for ~24 h at 20 °C, until most of worms become gravid
adults (PO generation) (see Note 12).

ENU Mutagenesis

. Prepare 6 ml of 1 mM ENU in M9 bufter in a 15 ml conical
tube (see Note 13).

. Resuspend washed L4 worms in 6 ml of M9 buffer and transter
the worm suspension into the 6 ml of ENU solution (final
concentration of ENU is 0.5 mM).

. Tighten the tube cap and seal it with parafilm.

4. Place the tube on the rotator at room temperature for 4 h.

. Collect the mutagenized worms by centrifugation at 500 x g
tor 1 min and carefully remove the supernatant (sec Note 14).

. Wash the worms five times with 10 volumes of M9 buffer.
Collect the nematodes by centrifugation at 500 x g for 1 min
after each wash.

. Plate the mutagenized worms equally to twenty 150 mm
RNGM plates seeded with E. coli OP50 (see Note 15).

. Grow for ~24 h at 20 °C, until most of the worms become
gravid adults (PO generation) (se¢ Note 12).

UV-TMP Mutagenesis

. Prepare 2 mg/ml TMP stock solution in a 1.5 ml eppendort
tube (see Note 16).

. Resuspend washed 1.4 worms in 12 ml M9 bufter and add 12 pl
TMP stock solution in it (final concentration of TMPis 2 pg,/ml)
(seeNote 17).

. Tighten the tube cap and seal it with parafilm.

4. Place the tube on the rotator at room temperature in the dark

for 1 h.

. After soaking in TMP solution, spin at 500 x g for 1 min to
collect worms in the dark.

. Wash the worms five times with 10 volumes of M9 bufter.
Collect the nematodes in the dark by centrifugation at
500 x g for 1 min after each wash.



70 Dayong Wang et al.

F, generation worms after mutagenesis

¢ Self-fertilization

F, generation worms after mutagenesis

Single gravid worms (F, generation) to each well
Transfer ~10 L4/young adult (F3) well to well

Egg lay and grow to P\ 2y
L4/young adult (F3 P g Sy
generation) — X J,’ 2

Recover the worm population Observe the Ilfespan of each well
Trace back to locate the “candidate”
Data analysis
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Fig. 2 A scheme of the lifespan assay protocol

7. Distribute the worms equally in the dark to each well of a sterile
12-well tissue culture plate and irradiate the suspension with
360 nm UV light for 90 s at 340 pW /cm? (see Note 18).

8. Pool the mutagenized worms and plate them equally to twenty
150 mm RNGM plates seeded with E. cols OP50.

9. Grow for ~24 h at 20 °C, until most worms are gravid adults
(PO generation).

3.2 Screen for the Most lifespan assays are performed at 20 or 25 °C (see Note 19).
Long-Lived Mutants A schematic representation of the lifespan assay protocol can be
found in Fig. 2.

1. Wash the gravid adults (PO generation) off of the plates with
M9 bufter and transfer them to a 50 ml conical tube.

2. Follow steps 4-11 in Subheading 3.1.1 to collect F; self-
progeny.
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. Plate ~300 F; L1 worms on a 150 mm NGM plate which is

seeded with E. coli OP50 (see Note 20).

4. Grow for ~3 days at 20 °C, until most worms are gravid adults.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

. Repeat step 2 to harvest F, self-progeny.
. Transfer F, L1 worms to a 150 mm NGM plate which is seeded

with E. coli OP50. Grow for ~3 days at 20 °C, until most worms
are gravid adults.

. Place ~1,000 F, gravid adults individually onto 24-well NGM

plates seeded with E. coli OP50 (stock plate), each well hosting
one worm (se¢ Note 21).

. Give worms 2—4 h to lay eggs, then pick off the F, worms (see

Note 22).

. Allow eggs to hatch and grow up for ~3 days at 20 °C until

worms become L4 /young adults (F3 progeny) (see Note 23).

Prepare fresh 24-well NGM-FUDR plates seeded with E. colz
OP50 (see Note 24).

. Transfer ~10 L4 /young adult worms from each well of the

stock plate to the freshly made 24-well NGM-FUDR plates (see
Notes 25 and 26).

Monitor lifespan of worms by scoring mortality. Worms that
fail to respond to gentle touching with a platinum wire within
5 s are scored as dead.

At the time when all of the control wild-type N2 worms were
dead, the wells that still contain live worms are scored as
“positive.”

Trace back to the stock plate and recover the “positive” worms
(see Note 27).

Transfer 3-5 gravid adults from the “positive” population onto
a 60 mm NGM plate seeded with E. colz OP50 and allow them
to lay eggs at 20 °C.

After 2—4 h, pick off the parents (see Note 22).
Allow eggs to hatch and grow up for ~3 days at 20 °C, until
worms become 14 /young adults.

14. Prepare three 35 mm NGM-FUDR plates seeded with E.
coli OP50 (see Note 28).

14. Transfer ~30 L4 /young adult worms to each freshly made
35 mm NGM-FUDR plates (total ~90 worms).

Repeat step 12 to conduct lifespan assay (see Note 29).

If the lifespan is significantly extended, the “positive” strain
is determined to be a homozygous long-lived mutant (see
Note 30).
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3.3 Outcross
(See Note 31)

10.

11.

. Prepare adequate number of wild-type N2 males (see Note 32).
. Place four of L4 mutant hermaphrodites and 5-8 N2 males in

one NGM plate which is seeded with E. colz OP50.

. After ~24 h at 20 °C, single each hermaphrodite into a new

OP50-seeded NGM plate and allow each to lay eggs until
sterile (see Note 33).

. Transter four F; hermaphrodites to a new NGM plate seeded

with E. coli OP50 and allow them to self-fertilize at 20 °C.

. At F, generation, single 12 gravid adults and transfer each onto a

35 mm NGM plate seeded with E. cols OP50 to lay eggs at 20 °C.

. After 2—4 h, pick off the parents and allow eggs to hatch and

develop for ~3 days at 20 °C (stock plate), until worms become
14 /young adults (F3 progeny) (see Note 22).

. Follow steps 10 and 11 in Subheading 3.2.

. Monitor lifespan of worms by scoring mortality and analyze the

data with SPSS software.

. If the lifespan is significantly extended, trace back to the stock

plate and recover the worms.

Follow steps 15-20 in Subheading 3.2 to further confirm the
prolongevity phenotype.

Apply the long-lived mutant for at least two more outcrosses
(the more the better) by repeating steps 1-10 (se¢ Note 34).

4 Notes

QN Ul W

. Aseptically inoculate E. coli OP50 into sterile Luria Broth (10 g

tryptone, 5 g yeast, 5 g NaCl, add H,O to 1 1, pH 7.0) and
grow the culture overnight without shaking at 37 °C. The
overnight culture should be stored at 4 °C and can remain
usable for several months [16].

. Use a stereo microscope to check that most of the worms are

gravid adults bloating with eggs.

. These washes are to remove E. coli OP50.
. The bleaching solution should be prepared fresh just before use.
. Eggs will hatch and worms will be arrested at the L1 stage.

. Determine the worm number to ensure a large number of

worms (>10,000) used.

. Worms at this stage have a white crescent at the developing

vulva with a black dot in the middle.

. EMS, ENU, and TMP are potent mutagens and carcinogens.

When working with these chemicals, wear gloves and perform
operations in a fume hood.
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16.
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18.

19.

20.
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22.

23.

24.
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. Add 64 pl EMS (Sigma M0880) into 6 ml of M9 bufter. Cap the

tube and invert several times until all oily looking spheres are
dispersed.

To inactivate the EMS-containing solution, mix with an equal
volume of “inactivation solution I” (0.1 M sodium hydroxide,
20 % w/v sodium thiosulfate) for 24 h.

Put any solid wastes that have been in contact with EMS into a

large beaker filled with “inactivation solution I” and soak for
24 h before discarded.

Check the efficiency of a chemical mutagenesis [17]. A success-
ful chemical mutagenesis is expected to yield ~1-2 % F; lethal-
ity and ~5-10 % F; sterility.

Stock solution of 50 mM ENU (Sigma N8509) is prepared in
100 % ethanol. Add 120 pl EMS stock solutions into 6 ml of
MO bulfter. Cap the tube and invert several times.

To inactivate the ENU-containing solution, mix with an equal
volume of “inactivation solution II” (0.5 M sodium hydroxide,
20 % w/v sodium thiosulfate) for at least 1 h.

Put any solid wastes that have been in contact with ENU into a
large beaker filled with “inactivation solution II” and soak for
1 h before discarded.

Stock solution of 2 mg,/ml TMP (Sigma T6137) are prepared
in DMSO. Briefly, 2 mg TMP is mixed with 1 ml DMSO in an
eppendorf tube by vigorous vortex. The tube is wrapped in foil
to screen out light.

The potency of TMP is particularly varied in different batches.
Various TMP concentrations (2-30 pg/ml) have been previ-
ously used [15].

Adjust the height of the two handheld UV lamps to generate
the appropriate UV doses as measured with a UV dose meter.

To screen for the long-lived mutants that require an alternative
temperature for survival and growth, an appropriate assay tem-
perature can be determined accordingly.

The rest of F; L1 worms will develop into dauer without food.
These worms can be stored on NGM plates at 11 or 16 °C for
several months for further screening.

For a well of a 24-well plate, usually use 1.5 ml of NGM agar.

Simultaneously, use the well-maintained N2 worms to prepare
eggs as controls.

Check the worms frequently until most worms are at 1.4 stage.
Give them ~9 h thereafter to reach young adults.

Incorporate 50 pg/ml FUDR (5-fluoro-2’-deoxyuridine) in
the NGM to inhibit progeny production of wild-type C. elegans
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25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

in lifespan assays [ 18-21]. Considering that FUDR may influence
the worms’ lifespan, some scientists used temperature-
sensitive sterile strains as an alternative way to avoid progeny
interference [22-24].

To increase the power of screen, up to ~50 synchronized 1.4/
young adults can be transferred in one well.

The ~10 synchronized 14 /young adults from one well (stock
plate) were transferred to a well (NGM-FUDR plate for life-
span screen) marked with the location # of the stock plate.

Transfer the “positive” worms (as many as you can) from the
stock plate to a 60 mm NGM plate seeded with OP50, then
maintain the worm population for 1-2 generations at 20 °C.

OP50is 10x concentrated from regular OP50 culture. Briefly,
pellet bacteria cells from a 10 ml culture by centrifugation at
1,000 x g at 4 °C, then remove 9 ml supernatant and resus-
pend the pellet in the remaining 1 ml supernatant.

The SPSS software (IBM, Version 20) is used to analyze the
significance of the difference in lifespan between the candidate
mutant and the control.

The F, animals were considered to have the genotype muta-
tion/mutation. If self-progenies since F3 generation continu-
ously displayed the constant phenotype, the corresponding F,
animal was determined to be the homozygous mutant.

Mutagen treatment will be likely to generate additional muta-
tions besides the anticipated mutations. Therefore, it is desir-
able to remove as many as possible of these background
mutations by repeated outcrossing against wild-type N2. All
crosses should be done on NGM plates seeded with E. colz
OP50.

Male animals can be induced by methanol treatment. Briefly,
~5-10 L4 hermaphrodites are transferred into 7 % methanol /
M9 solution and incubated for 30 min, then drop back to
NGM plate seeded with OP50. Grow the worms at 20 °C. A
few males will be found in the F;. Alternatively, male animals
can be generated by heat shock. Approximately 5-10 1.4 her-
maphrodites are plated on NGM and shifted to 30 °C for ~6 h.
Shift worms back to 20 °C and a few males should be found in
the F;. To maintain a male stock, put them with a few 14
hermaphrodites to ensure recovering more males in the next
generation.

Successtul outcross expects 50 % males in the progeny.

Mapping of newly isolated mutations in C. elegansreters toret. 25.
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Chapter 7

Aging Studies in Drosophila Melanogaster

Yaning Sun, Jason Yolitz, Cecilia Wang, Edward Spangler,
Ming Zhan, and Sige Zou

Abstract

Drosophiln is a genetically tractable system ideal for investigating the mechanisms of aging and developing
interventions for promoting healthy aging. Here we describe methods commonly used in Drosophila aging
research. These include basic approaches for preparation of diets and measurements of lifespan, food intake,
and reproductive output. We also describe some commonly used assays to measure changes in physiological
and behavioral functions of Drosophila in aging, such as stress resistance and locomotor activity.

Key words Aging, Drosophiln melanggaster, Litespan, Reproduction, Locomotor activity, Mitochon-
drial function, Oxidative stress, Starvation

1 Introduction

Drosophila melanogaster is a widely used model organism that has
distinct advantages in aging research, including short lifespan
(mean lifespan, 2—-3 months), low maintenance requirements, rich
genetic resource, and ease to perform genetic manipulation [1].
More importantly, the Drosophila genome is fully sequenced with
more than 50 % of fly genes having homologs in humans [2, 3].
Moreover, more than 75 % of known human disease genes, cover-
ing a broad range of disorders, have fly homologs [4]. These
features make Drosophila an ideal model organism for studying
the mechanisms of aging and for developing effective aging inter-
ventions, which are relevant to aging research in humans.

Lifespan measurement is the basic method used to determine
the effects of genetic and nongenetic factors involved in aging [5].
A number of'issues need to be carefully considered to avoid artifacts
or confounds that may cause misinterpretation of the results when
conducting lifespan studies. First, genetic background and control
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lines must be taken into consideration in order to minimize
inbreeding depression and heterosis effects on lifespan [6, 7].
A number of genetic approaches have been developed to generate
mutations and manipulate gene expression for aging research in
Drosophiln, which include insertion mutagenesis by P-element,
gene expression alterations by the Gal4—-UAS system, inducible
gene expression by the GeneSwitch Gal4 (GSG)-UAS system,
and gene knockdown by RNA interference (RNAIi) [8, 9]. These
approaches are instrumental in investigating molecular mechanisms
of aging, such as identifying single genes that are involved in
modulating lifespan. For examples, methuselah (mth) is the first
gene that has been found to increase Drosophila lifespan when
mutated by a P-element insertion [ 10]. In genetic studies, however,
genetic backgrounds may mask or exaggerate any differences in
lifespan between mutant and control animals. To reduce the unde-
sirable effects of genetic backgrounds, experimental lines should be
backcrossed for more than five generations to an appropriate wild-
type control line. Commonly used control lines include Canton S,
Oregon R, and Dahomey, y w, and w''*¥. When possible, one should
use the GSG-UAS system, which allows for conditionally altering
gene expression in a temporal- and /or tissue-specific manner by the
compound RU486 added to the food [8]. By using this approach,
control and mutant flies have the same genetic background and
differ only in the food that they are fed. More importantly, the
GSG-UAS system can be used to induce changes in gene expres-
sion in adult flies, which allows for bypassing any interference
or possible lethality effect caused by a mutation during develop-
mental stages.

Second, aging is modulated by both genetic and environmental
factors. Diet is a major environmental factor that has a huge impact
on lifespan in Drosophila and many other species [11]. Two com-
monly used diets in Drosophila lifespan studies are based on corn-
meal and sugar—autolyzed yeast (SY) diets. Diet composition is a
critical determinant of lifespan [11]. This notion has been con-
firmed by numerous dietary restriction studies. Dietary restriction
(DR) by diluting all or specific nutrients in the diet has been shown
to extend lifespan in many species, ranging from yeast, worms, flies,
rodents, to primates [ 12]. The importance of diet composition has
been further demonstrated in recent nutritional geometric studies,
which employ diets with various amounts of sugar and autolyzed
yeast to show that the carbohydrate-to-protein (C:P) ratio is more
critical than single nutrients in determining lifespan in flies [ 13, 14].
For example, Lee et al. reported that Drosophila has an optimal mean
lifespan on the SY diet with the C:P ratio at 16:1 [13]. Autolyzed
yeast is the only protein source in SY diets.

Third, measurement of food intake should be carried out along
with lifespan measurements considering the impact of nutrient
intake on lifespan. The purpose of measuring food intake is to
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determine whether any genetic manipulation or aging intervention
affects lifespan by directly influencing aging processes or indirectly
through affecting food intake. Two major methods have been
widely used to measure food intake in Drosophila. One is the
indirect method, which estimates food uptake by measuring the
uptake of a dye or radioactive tracer added in the food [15-17].
The second method is to directly measure the amount of liquid
tood consumed by flies using a capillary feeder (CAFE) [18].

Only after carefully considering the confounding factors in
lifespan measurements can one start to investigate the mechanisms
of aging and develop effective aging interventions. A number of
physiological, biochemical, and behavioral assays are routinely con-
ducted in these studies. One commonly conducted physiological
assay is to measure flies” resistance to various stressors, such as
oxidative stress, starvation, heat or cold shock, and desiccation.
Lifespan and stress response are often closely associated, and
long-lived populations tend to be more stress resistant [19, 20].
The free radical theory of aging proposes that cumulative damage
to biological macromolecules by reactive oxygen species (ROS)
leads to irreversible cell damage and an overall functional decline
with age [21]. Oxidative stress resistance is typically measured by
feeding flies paraquat (N, N-dimethyl-4,4'-bipyridinium dichlor-
ide), which produces various ROS upon ingestion and conse-
quently induces oxidative damage [22]. Starvation resistance
measurement is the evaluation of the ability of flies to deal with an
energy shortage, an event that often occurs in real-life environ-
ments. Due to the central role of energy for organisms, improving
starvation resistance could be one of the mechanisms that play a
role in lifespan extension. The starvation assay is typically per-
formed by measuring the survival of adult flies on water only
[23]. However, longevity is not necessarily tightly correlated with
resistance to oxidative stress and starvation resistance. The free
radical hypothesis of aging has been challenged by numerous stud-
ies showing that animals with higher levels of oxidative damage do
not necessarily have shorter lifespan than controls [24]. Moreover,
long-lived animals including flies show no difference and even
sometimes display a decrease in resistance to oxidative stress and
starvation [25-28].

The second lifespan-related physiological assay is to measure
lifetime reproductive output. The “cost of reproduction” concept
in aging argues for a negative correlation between reproductive
output and survival due to a “trade-off” in life history traits
[29-32]. In Drosophiln, long-lived flies tend to decrease early
reproduction [33], while selection for late-life reproduction often
identifies lines with increased lifespan [34, 35]. In addition, sterile
flies tend to live longer than their fertile controls [36, 37], and
long-lived mutants have reduced fecundity or fertility [31]. Meth-
ods to assess reproductive output include measuring lifetime
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egg production in once-mated females or progeny number from
the mating of females and males.

The third and perhaps most important lifespan-related assay is
to assess healthspan. Although the precise definition of healthspan
is still controversial, one healthspan parameter is locomotor activity,
which can be used to assess changes in an animal’s mobility, circa-
dian rhythm, sleep patterns, and even cognitive function in aging
[38]. The connection between locomotor activity and aging has
been well established. For example, aging is associated with a
gradual decline in locomotor activities in almost all species tested
so far [38—40]. Two methods for assessment of locomotor beha-
viors are commonly employed in Drosophila aging studies. One is
the rapid iterative negative geotaxis (RING) assay (Fig. 2), which
tests the climbing ability of adult flies [41, 42 ]. “Negative geotaxis”
refers to an innate escape response elicited by mechanical stimula-
tion, in which flies ascend the wall of a container after being tapped
to the bottom of the container. The climbing speed has been
demonstrated to decline with age in Drosophila. The other method
used to measure locomotor activity takes advantage of the Drosoph-
#la activity monitoring (DAM) system [43]. Typically flies are kept
individually in sealed activity tubes placed in the DAM system, and
the fly activity is measured by the frequency of an “activity event”,
which is recorded each time a fly breaks an infrared light beam
across the middle of the activity tube. The activity event data can
be used to analyze a wide range of behaviors, such as circadian
rhythm, sleep patterns, hypoactivity, and hyperactivity [44—46].
Similar to humans, Drosophila experience a decline in sleep time
with aging [47]. With appropriate modifications, the DAM system
is also suitable for monitoring stimulation responses to a variety of
stimuli, such as noise, vibration, rotation, heat, and chemicals [43,
45,46]. Besides the two relatively simple systems described above,
sophisticated video tracking systems have been developed to ana-
lyze various behaviors, such as movement pattern and courting for
Drosophila and other fly species. These assessments can be per-
tormed under various culture conditions, including individual or
groups of flies in capillary tubes, standard fly vials with food, or
other types of apparatus [48, 49]. These advanced systems have
been used to measure healthspan parameters by recording lifetime
behavioral changes, locomotor activity, and even gene expression
using green fluorescent protein-marked flies [50, 51].

In this review, we will describe some of the basic approaches for
aging studies in Drosophila (Fig. 1). We will cover methods to prepare
toods and flies for lifespan measurement and protocols to assess stress
resistance, reproductive output, and locomotor activity. Comprehen-
sive mitochondrial assays can be found in a recent review [52].
The protocols described here are fundamental to the investigation
of the mechanisms by which any genetic factor, dietary intervention,
and other nongenetic factors influence healthspan and lifespan.
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Fig. 1 Flow chart of basic assays to assess lifespan, age-related changes in physiological and behavioral

function in Drosophila

2 Materials

2.1 Diet Preparation

2.2 Strains and
Culture Conditions

2.3 Food Intake

Yellow cornmeal (see Note 1).

Agar.

Active dry yeast (Baker’s yeast).

Dextrose (D-Glucose).

Sugar (Sucrose).

Autolyzed yeast (enzymatic yeast hydrolysate).

Methyl 4-hydroxybenzoate (tegosept; to make a 10 % stock solu-
tion, add 86.4 g tegosept to 800 mL 70 % ethanol).

Acid mix (Add distilled water to 836 mL propionic acid to bring the
final volume to 1 L. Add distilled water to 83 mL phosphoric
acid to bring the final volume to 1 L. Mix the two diluted acid
solutions to make a 2 L acid mix.)

Fly strains are maintained on the cornmeal diet. For lifespan assays,
flies are maintained at 25 °C, 60-65 % humidity, and a 12-h light/
12-h dark cycle in a climate-controlled incubator.

FD&C blue #1 dye.
Spectrophotometer.

Custom-made fly chamber (Fig. 2).
Calibrated 10 pL capillary.
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Fig. 2 The setup for the capillary feeder (CAFE) assay. (7) Parts for a fly chamber, (2) the fly chamber, (3)
cut pipette tip, (4) an assembled feeding capillary, (5) an assembled fly feeding chamber with flies, and (6)
a foam rack holding feeding chambers

2.4 Stress Assays

Filter paper discs.

Paraquat (methyl viologen dichloride or 1,1’-dimethyl-4,4'-bipyr-
idinium dichloride).

Sucrose.
2.5 Locomotor RING apparatus.
Activity Digital camera.

Drosophila activity monitor system.
3 Methods

3.1 Cornmeal Food

Among the many available recipes for cornmeal food, the two most
commonly used recipes are based on those developed by the Lewis
laboratory and the Lakovaara laboratory, respectively [53, 54].
Detailed recipes can be found in the Bloomington Drosophila
Stock Center website (http://flystocks.bio.indiana.edu) (Bloo-
mington, IN; USA). The following procedure is based on the
Lewis recipe, which is more commonly used in aging studies. The
Lewis recipe contains 17 L distilled water, 93 g agar, 1,716 g
cornmeal, 310 g Baker’s yeast, 517 g sugar, 1,033 g dextrose,
and 200 mL acid mix, which results in approximately 18 L corn-
meal food (see Note 1).

1. Dissolve 93 g agar in 13 L boiling water.

2. Add 1,716 g cornmeal and 310 g active dry yeast slowly to the
boiling agar while mixing continuously to avoid clumps. Sim-
mer for an hour while mixing continuously.
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Measurement
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Dissolve 517 g sucrose and 1,033 g dextrose in 4 L hot water
and add to the agar-cornmeal—yeast slurry. Reduce heat and
mix until homogenous.

. Cool the food to 60-65 °C before adding 200 mL acid mix and

mix well.

. Pour or dispense the food into vials or bottles. Cover vials or

bottles in the tray with cheese cloth and dry overnight before
plugging.

The SY diets with desired amounts of sugar and autolyzed yeast are
made by mixing appropriate volumes of the two base solutions,
20 % (w/v) sugar and 20 % (w/v) autolyzed yeast, both containing
1.5 % (w/v) agar [55] (see Note 1).

1.

Add 200 g sugar and 15 g agar to 800 mL distilled water, and
add 200 g autolyzed yeast and 15 g agar to 800 mL distilled
water in autoclavable containers.

. Place food containers in a boiling water bath for an hour. Also

boil an extra 500 mL water to be used in step 4.

. Remove the sugar solution and autolyzed yeast solution from

the water bath and cool them down to 60-65 °C before adding
20 mL tegosept to each solution. For aging intervention stud-
ies, pharmacological and nutraceutical agents can be added to
the sugar solution at this step.

. Add ~200 mL water to each solution to bring the final volume

tol L.

. Mix proper amounts of sugar solution, autolyzed yeast solution,

and water to achieve desired sugar and autolyzed yeast contents
before pouring into vials or bottles to make SY diets. For
example, add equal amounts of sugar solution and autolyzed
yeast solution together to make an SY diet with 10 % sugar, 10 %
autolyzed yeast, and 1.5 % agar, which we refer to as the SY1:1
diet.

Fly cultures are performed at 25 °C, 60-65 % humidity, and a 12-h
light/12-h dark cycle in a climate-controlled incubator. Proper
control strains should be selected in each experiment (sec Note 2).
The following procedure is based on the protocol using once-
mated flies [55, 56].

1.

To prepare flies for lifespan experiments, put approximately 50
temales and an approximately equal number of males in each
6 oz bottle with cornmeal food (see Note 2). Allow the parental
flies to mate and lay eggs for 4-5 days before clearing them out.

. Check emerged flies after 10-14 days. Clear any flies that are

enclosed on the first day and then collect adult flies within 24-h
eclosion daily for the next 3 days.
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3.4 Food Intake

3.4.1 Food Tracer

Method

. Transfer emerged flies of mixed sexes daily to 6 oz bottles with

cornmeal food or an SY diet, such as SY1:1, and let the flies
mate for 24 h. Each bottle should have no more than 200 flies.
Record the birth date.

. After mating, males and females are separated under light anes-

thesia by humidified CO,. Place 20 males or females in each vial
with cornmeal food or the SY diet used in step 3. Set up at least
five vials as replicates for each lifespan assay (see Note 2).

. After another 24 h, flies are transferred to fresh vials with

cornmeal food or desired SY diets.

. Transfer flies into fresh vials every 2-3 days (or three times a

week) and record the number of dead flies at each transfer.

. Analyze data with suitable software to calculate mean lifespan

and standard error. Plot survival curves by the Kaplan-Meier
method and determine statistical differences between groups
for mean lifespan by the Mantel-Cox log rank test (se¢ Note 2).

. Age-dependent mortality rates can be calculated according to

the Gompertz model using the equation m(z) = a X exp
(b x t), where m(z) is the mortality rate at time #, a is the
age-independent mortality rate or the initial mortality rate,
and & is the age-dependent mortality rate.

. Maximum lifespan analysis is conducted on the longest-lived

10 % of flies in each treatment. p < 0.05 is considered statisti-
cally significant.

The method using FD&C blue #1 dye as the food tracer is
described here, and food intake is quantified as uptake of the blue
dye [17].

1. Prepare the blue diet by mixing FD&C blue #1 dye to cooled

cornmeal or SY food to a final concentration of 0.5 % and
pouring 5 mL food to each vial.

. Transfer five flies of 7-14 days old to each vial containing the

blue diet. Age-matched control flies are transferred to non-
dyed food. Allow flies to feed for 30 min. Set up 5-6 vials as
replicates for each treatment.

. While waiting, dissolve 0.5 g dyed food in 15 mL distilled

water. Prepare serial twofold dilutions of the stock solution by
8- to 128-folds. After centrifuging at 12,000 x g for 2 min,
measure the absorbance of dilutions at 625 nm to generate a
standard curve of the absorbance.

. Transfer both experimental and control flies in each vial into a

1.5 mL microcentrifuge tube and then snap freeze in liquid
nitrogen (se¢ Note 3).
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. Separate fly heads from the bodies by briefly vortexing the tube

(see Note 3).

. Collect and homogenize fly bodies in 200 pL distilled water

with a plastic pestle and then add 800 pL distilled water.
Centrifuge at 12,000 x g for 2 min.

. Transfer 0.9 mL supernatant to a new tube and bring to a final

volume of 1.5 mL with distilled water, and centrifuge again for
2 min.

. Immediately measure the sample absorbance at 625 nm using a

spectrophotometer (see Note 3). The absorbance from control
flies is used to correct for background absorbance of flies.

. Calculate food intake by using the net absorbance and the

standard curve generated in step 3.

3.4.2 CAFE Method The CAFE method described here is based on the protocol pub-
lished by Ja et al. with some modifications [18, 57] (see Note 3).

1.

To make a fly chamber (Fig. 2), cut a 15 mL plastic tube
(1.5 cm diameter) to 2 cm height from the end with cap, seal
the open end with a nylon mesh, and poke a hole of ~2 mm
diameter in the cap to hold a 200 pL pipette tip.

. Cut off 1-2 mm from the tip of a 200 pL pipette tip with a

sharp blade. Make sure the capillary can go through but not
drop through it.

. Add 1 mL water in each hole of a foam rack for 15 mL tubes,

which typically have 5 x 5 holes and are used to house fly
chambers.

. Transfer one or two flies under light CO, to each chamber and

use a 200 pL pipette tip to temporarily block the hole in the cap
to prevent flies from escaping. Allow flies to recover from CO,
anesthesia for at least 15 min.

. Draw 2—-3 mm mineral oil first to each calibrated 10 pL capillary

to minimize food evaporation; then draw 20-30 mm liquid SY
food without agar to ensure that the food does not drip out
when placed vertically in the fly chamber. Wipe off any food
outside the capillary with tissue paper. Mark the food level on
the capillary with a marker pen as the starting volume.

. Put the filled capillary through a cut 200 pL pipette tip with

2-3 mm of the capillary over the pipette tip, and replace the
empty tip on the chamber cap.

. Load the CAFE chambers containing flies and filled capillaries

onto the foam rack with water. Each rack should hold 8-12
chambers. Put the rack in an incubator at 25 °C and 70 %
humidity. Set up 8-16 chambers as replicates for each
treatment.
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8. Two capillaries with food are set up in separate chambers
without flies and placed in the foam rack to correct for
evaporation.

9. After 24-h feeding, mark the food level on both feeding capil-
lary and evaporation controls. Food intake is recorded as the
length between the two marks on the feeding capillary sub-
tracted from the average length between the two marks on
evaporation controls.

10. Convert the length to the volume of food based on calibration
of the capillary. Each 5 mm length typically equals to 1 pL of
liquid food when using the 10 pL capillary.

11. Repeat steps 5-10 with new capillaries to measure food intake
for 3 consecutive days.

12. Food intake is calculated by averaging daily food consumption
per fly over 3 days.

3.5 Stress Assays Oxidative stress resistance is based on flies’ resistance to paraquat

o feeding [10, 58].
3.5.1 Oxidative Stress

Resistance 1. Flies are prepared and aged for 7-14 days as described in
Subheading 3.3.

2. Prepare paraquat vials by adding 600 pL. 20 mM paraquat in
5 % sucrose solution into vials, each with 2-3 pieces of 22 mm
filter discs (see Note 4).

3. Transfer 20 flies into each paraquat vial. 6-10 vials are set up
as replicates for each treatment.

4. Record the number of dead flies once every 12 h.

5. Transfer flies to fresh vials with the paraquat solution
every 48 h.

3.5.2 Starvation Assay Follow steps in Subheading 3.5.1 by substituting the paraquat
solution with 600 pL autoclaved water on filter discs.

3.6 Reproductive This protocol is used to measure the lifetime egg production of
Output once-mated females [59] (see Note 5).
1. Fly preparation follows steps 1-4 in Subheading 3.3.

2. Place five once-mated females in each vial on cornmeal or a
desired SY diet. Set up 6-8 vials as replicates for each treatment.

3. Transfer flies daily to fresh food until all flies are dead.

4. Count the number of dead flies and eggs laid in old vials after
each transfer (see Note 5).

5. To calculate age-specific reproductive output, divide the total
number of eggs produced daily by the number of surviving flies.
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Fig. 3 The rapid iterative negative geotaxis (RING) assay for measuring locomotor activities of young and old
flies. Young flies generally climb faster than old flies after tapped to the bottom of the vials

3.7 Locomotor
Activity

3.7.1 Rapid Iterative
Negative Geotaxis (RING)
Assay

3.7.2 Drosophila Activity
Monitoring (DAM) System

6.

To calculate the lifetime reproductive output, divide the total
amount of eggs produced by the total number of females used
for the experiment.

The procedure is based on the RING device and protocol described
by Nicols et al. [42] (Fig. 3).

1.
2.

O 0 NN O

10.

Prepare flies following steps 1-5 in Subheading 3.3.

Transfer 20 flies without anesthesia to each new polystyrene vial
and assemble vials into the RING apparatus.

. Allow flies to acclimate to the environment for 15-20 min.

. Place a digital camera ~1 m away in front of the apparatus and

focus the camera onto the apparatus, and set a timer to 3 s.

. Sharply tap the apparatus down on the bench three times to

knock all flies down to the bottom of the vial.

. Start a 3-s countdown timer immediately after the third tap.

. Take a picture after 3 s.

. Repeat steps 5-7 after a 1-min rest for 5-6 times.

. Upload images onto a computer and calculate the height that

cach fly climbs in each vial.

Calculate the mean height that flies climb in each group and
perform statistical analysis.

The procedures are based on a previously described protocol [43].

1.

2.

3.

Before the experiments, set the incubator to desired light cycle
and temperature. A typical experiment is run at 25 °C and a
12 h light/12 h dark cycle for 3-5 days (se¢ Note 6).

Pour desired liquid SY food in a beaker to a depth of approxi-
mately 2-2.5 cm.

Position activity tubes vertically in the beaker.
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10.

11.

12.

13.

Once food solidifies, remove tubes by rotating the ends or by
moving them side to side against the food until they are free.

Wipe out any residual food outside the walls of tubes with tissue
paper. Cover the food end of each tube with a cap that has a
hole in the middle (se¢ Note 6).

Anesthetize flies under light CO, and transter one fly to each
activity tube (see Note 6).

Cap the open end of the tube with a tiny piece of cotton ball.

Place tubes into individually numbered and evenly spaced
holders in the activity monitor so that the center of each tube
is in the holder. Each holder has its own infrared red sensor for
recording the activity of the fly in each activity tube.

Wrap a rubber band around every 3—4 tubes to hold them in
place, and put the activity monitor in the environmentally
controlled incubator.

Connect the activity monitor to a computer with the DAM
system software.

Set the activity reading to any desired interval with the DAM
system software.

Start run when all conditions are set. Do not open the incuba-
tor while locomotor activity is being measured (sec Note 6).

Once the recording is stopped, export the data from the DAM
system to a computer for analyzing locomotor activity, circa-
dian rhythm, and sleep patterns [43, 45, 46].

4 Notes

. Adjust the total volume of the food to be prepared based on

whether the cooking is done with an electric stove, steamer, or
electric kettle. Adjust the amount of agar or use a mixture of
yellow and white cornmeal at an optimal ratio, such as 1:1, to
achieve desirable and consistent texture of the cornmeal food
[54]. Additional cornmeal recipes can be found on the Bloo-
mington Stock Center website (www.flystock.bio.indiana.edu).
The sugar and autolyzed yeast portions of the SY diets are cooked
separately to minimize the Maillard browning reaction between
sugar and protein, which damages protein and potentially affects
the survival of flies. Tegosept and other pharmacological and
nutraceutical reagents should be added after the food is cooled
down to 60-65 °C to minimize heat-induced loss of activities. To
minimize tegosept crystallization in the solution, the tegosept
stock solution is kept in a tightly capped bottle at —20 °C or is
prepared fresh every time one makes fly food. The SY diets used
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in aging studies are recommended to have 1.5 % agar, which
provides appropriate texture for flies, based on studies by the
Partridge lab [55]. For dietary restriction studies, 8 % cornmeal
can be added to the SY diets, which may minimize the confound-
ing effect of water consumption on lifespan [60]. It should be
noted that flies fed diluted food may compensate the low calorie
content in the food by increasing the volume of food intake [ 18].
Dispense 5-10 mL of food per vial and 50 mL per 6 oz bottle. To
minimize cross-contamination, use zippered pillowcases to cover
freshly made food. Cooked food can last up to a few weeks if
stored at4 °C. Supplements that are temperature sensitive even at
60-65 °C can be pipetted as a solution onto the food surface after
the food is dispensed to vials and cooled down to the room
temperature. A food dye can be used to show the uniformity of
supplements soaked into the food.

. Age of parental flies should be less than 1 week and the density
of eggs laid in each bottle should be kept between 100 and 200
to minimize the developmental influence on adult lifespan.
When sorting out flies for lifespan measurements, do not anes-
thetize flies for more than 15 min under CO; as this may result
in brain damage or reduced lifespan. To further reduce the
toxicity of CO,, humidify CO, by running it through a bubbler
in dH,O on its way to the fly pad. A minimum of five vials of
flies (~100 flies) per group should be used for each lifespan
experiment to minimize the impact of sample size and obtain
enough statistical power [61]. Lifespan assays can be per-
formed using once-mated or continuously mated flies in vials,
bottles, or cages, as long as fly density and environmental
conditions, such as temperature, humidity, and light/dark
cycle, are well controlled. In statistical analysis, the log rank
test may yield very low Pvalues for small and probably biologi-
cally insignificant differences when the number of animals is
large. To obtain more robust and biologically meaningful
results, use Student’s z-test or ANOVA to compare mean or
median lifespan using mean or median lifespan from each vial
rather than lifespan of individual flies.

. The feeding period in the food tracer method is limited to
approximately 30 min to ensure that the ingested dye is mostly,
itnotall, retained in the fly. The food tracer method can be used
for measuring food intake on the solid food. However, flies have
to be sacrificed in each measurement. This prevents longitudinal
monitoring of food intake, such as days or lifetime of flies, which
is valuable for aging studies. The CAFE assay is suitable for such
long-term studies, but only applies to liquid diet. Minimize the
presence of air bubbles to ensure the flow of the liquid in the
capillary. Addition of water to the holes in the rack for holding
fly chambers helps to maintain the humidity in the fly chamber
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and reduce evaporation of liquid food in the capillary. It should
be noted that it is still controversial whether feeding the liquid
tood in the CAFE setup reflects the natural feeding environ-
ment of flies [17]. Lifespan of flies fed the liquid food is gener-
ally shorter than those fed moist and solid agar food [13, 62].

4. For oxidative stress, adjust paraquat concentrations based on
the sensitivity of control lines to oxidative stress in each experi-
ment so that approximately 50 % of control flies still survive in
day 2 on paraquat treatment. Most commonly used concentra-
tions are 15-30 mM in 5 % sucrose solution. The filter discs
may fall out of the vials when the flies are transferred to fresh
vials. Use strips of filter paper cut to a proper size so that the
wet filter paper can be tightly pressed around the bottom inside
the perimeter of the vials to prevent fallout [63].

5. Reproductive output can also be measured with mixed males
and females by counting either egg production or the number
of eclosed flies. In reproductive output experiments with once-
mated females, flies can be transferred to fresh vials every 2-3
days instead of every day. However, to do so, one should be
careful not to count any emerged larvae. Count the egg shells
that the larvae leave behind on the food for egg counting.
Similar to the lifespan assay, the reproduction assay can be
performed using once-mated or continuously mated flies in
vials or bottles.

6. For measuring locomotor activity with the DAM system, make
sure the activity tubes remain moist but without any water
droplet before transferring flies [43]. The presence of the hole
in the cap minimizes the movement of the food in the activity
tube to maintain roughly similar amount of open space among
tubes. Flies should not be touching the food when they are
transferred to the activity tube to avoid getting stuck. The
center of each tube should be aligned with one another and in
the center of the holder in the activity monitor. To achieve
appropriate alignment, gently push one side of the activity
tubes against the wall or a flat surface to align their centers
after wrapping the tubes with the rubber bands. Perform the
recording for at least 3—4 consecutive days to reduce variations
in locomotor activity.
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Chapter 8

The Use of Galorie Restriction Mimetics to Study Aging

Munehiro Kitada and Daisuke Koya

Abstract

Calorie restriction (CR) has a variety of effects on extending lifespan and delaying the onset of age-related
diseases, and it is accepted as the only established experimental antiaging intervention. Several pharmaco-
logical agents that can replicate the beneficial effects of CR, called calorie restriction mimetics (CRMs), have
been identified. The nutrient-sensing pathways including those involving sirtuins (especially SIRT1) and
mammalian target of rapamycin (mTOR) may regulate the physiology of CR, and candidate CRMs that
modulate these specific pathways have been identified and investigated using animal models. In this chapter,
we focus on candidate CRMs including sirtuin-activating compounds (STACs) and mTOR inhibitors, their
slowing of aging, and methods for evaluation of lifespan and metabolic disorders.

Key words Calorie restriction, Calorie restriction mimetics (CRMs), SIRT1, Resveratrol, Sirtuin-
activating compounds (STACs), mTOR, Rapamycin

1 Introduction

Calorie vestriction and antiaging effect: Aging is a universal process
that affects all organs and age-related disruptions in cellular homeo-
stasis result in organ dysfunction. Calorie restriction (CR) promotes
longevity and slows aging. In 1935, McCay et al. first reported that
rats subjected to 40 % CR had up to 50 % longer median and
maximum lifespans than rats fed a standard diet [ 1]. After this discov-
ery, numerous studies revealed that CR retards aging or extends
lifespan in yeast, worms, flies, and rodents. Colman et al. also
reported that 30 % CR delayed the onset of numerous age-associated
pathologies, including diabetes, cancer, cardiovascular disease, and
brain atrophy, and decreased mortality in rhesus monkeys [2]. In
addition, Fontana et al. showed that CR for an average of 6 years
improved metabolism in humans, as indicated by the levels of serum
insulin, cholesterol, C-reactive protein (CRP), and tumor necrosis
factor (TNF)-a as well as by carotid intima-media thickness [3]. This
group also observed that long-term CR ameliorated the decline in left
ventricular diastolic function and decreased the levels of serum tumor
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growth factor (TGF)-pl, TNF-a, and high-sensitivity CRP [4].
Thus, CR has a variety of beneficial effects on lifespan extension and
delays the onset of age-related disorders. CR is defined as the restric-
tion of food intake without malnutrition in organisms normally fed
ad libitum and it is accepted as the only established antiaging experi-
mental paradigm [5]. Although some reports have shown that the
restriction of specific nutrients such as protein and methionine can
increase the lifespan [6, 7], the lifespan extension due to reduced food
intake is mainly due to reduced calorie intake [5].

Calorie restriction mimetics (CRMs): Pharmacological agents that
can replicate the beneficial effects of CR are called calorie restriction
mimetics (CRMs). Ingram et al. defined the characteristic activities
of CRMs as follows: A CRM (1) mimics the metabolic, hormonal,
and physiological effects of CR; (2) activates the stress response
pathways observed in CR and enhances stress protection; (3) pro-
duces CR-like effects on longevity, reduces age-related disease, and
maintains more youthful function; and (4) does not significantly
reduce food intake in the short term (although a long-term reduc-
tion in food intake is expected) [8]. The nutrient-sensing pathways
that include sirtuins, especially SIRT1, the mammalian target of
rapamycin (mTOR), and AMP-activated protein kinase (AMPK)
appear critical for cellular homeostasis and for coping with starva-
tion. These pathways also represent important regulators of cell
growth and proliferation, mitochondrial function, autophagy, and
survival. In addition, these signaling pathways are regulated by
cross talk with one another. Therefore, the nutrient-sensing path-
ways may regulate the physiological processes involved in CR.
Candidate CRMs that modulate these pathways, which include
sirtuin-activating compounds (STACs), AMPK activators, and
mTOR inhibitors, have been identified and investigated using ani-
mal models. Other candidate CRMs, such as 2-deoxyglucose which
inhibits glycolysis, have also been explored [9]. In this chapter, we
will focus on STACs and mTOR inhibitors, which have been well
studied in recent aging research, and examine how the effects of
CRMs on lifespan extension or retardation of age-related metabolic
disorders, including obesity-induced abnormalities in animal mod-
els, are typically assessed.

Sirtuin-activating compounds (STACs): One molecule through
which CR exerts beneficial effects on lifespan extension or delays
age-related diseases is silent information regulator 2 (Sir2), a
NAD"-dependent deacetylase that was initially identified in studies
ofaging in yeast [ 10]. Homologues of Sir2 in higher eukaryotes are
known as sirtuins. SIRT1, the sirtuin that is most closely related to
Sir2, is one of seven mammalian sirtuins and has been well studied
[11]. SIRTI can act as antiaging molecules in the context of CR
and environmental stress [ 12]. Numerous reports in animal models
have clearly shown that SIRT1 regulates multiple biological
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Fig. 1 The biology of SIRT1: SIRT1 regulates multiple biological processes
including gene silencing, glucose and lipid metabolism, stress resistance, mito-
chondrial biogenesis, cell survival, apoptosis, autophagy, and inflammation,
through deacetylation of its target proteins

processes, including gene silencing, glucose and lipid metabolism,
stress resistance, mitochondrial biogenesis, cell survival, apoptosis,
autophagy, and inflammation (Fig. 1). These effects are exerted
through the deacetylation of more than a dozen proteins, including
transcription factors and transcriptional coregulatory proteins [13]
(Fig. 1). The significance of SIRT1 on the effects of CR has been
demonstrated in genetically altered mice. Bordne et al. reported
that Sirzl transgenic mice exhibited a CR-like phenotype, exhibit-
ing reduced levels of blood cholesterol, adipokines, insulin, and
fasting glucose and greater glucose tolerance than control mice
[14]. However, in another study, Sizzl deficiency in mice failed to
extend lifespan under CR [12]. In addition, according to the one
controlled intervention trial that evaluated the effect of CR on age-
related variables in non-obese young adults, a 25 % reduction in
calorie intake for 6 months led to the overexpression of SIRT1 and
peroxisome proliferator-activated receptor (PPAR)-y coactivator-
la (PGC-1a) in the skeletal muscle, accompanied by an increase
in mitochondrial function and a decrease in visceral fat mass, insulin
resistance, body temperature, metabolic rate, and levels of oxidative
stress [ 15]. However, CR can extend lifespan in the absence of Sir2,
not only in yeast but also in C. elegans and Drosophiln [16-19].
Therefore, it is controversial and currently unclear whether SIRT1
itself is crucial for CR-related lifespan extension; however, SIRT1
activation can retard the progress of age-related diseases and
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prolongation of so-called healthy aging, which are known beneficial
effects of CR, by regulating multiple biological processes as
described above. Thus, sirtuins, especially SIRT1, are potential
targets of CRMs that improve metabolism rather than those that
affect longevity. The regulation of SIRT1 activity is closely related
to that of AMPK. AMPK activation by increasing NAD™ produc-
tion [20] and, conversely, SIRT1 activation leads to an increase in
AMPK activation through the deacetylation of liver kinase Bl
(LKB1), a molecule upstream of AMPK [21]. Several SIRTT acti-
vators such as resveratrol have been either identified or synthesized
and evaluated for their antiaging effects [22].

Resveratrol: Screening compounds for their abilities to activate
sirtuins led to the discovery of 18 small molecules, including res-
veratrol (3,5,4'-trihydroxystilbene) [23], a natural polyphenolic
compound found in grapes and red wine. Resveratrol enhances
the longevity of some short-lived organisms, including yeast,
worms, and flies, in a Sir2-dependent manner [24 ] and also extends
the lifespan of fish [25]. In rodent models, resveratrol has the
beneficial effects on longevity and metabolism in high-fat diet-
induced obese mice [26, 27], and these effects are associated with
AMPK/SIRT1 activation; however, resveratrol has no effect on
lifespan extension in standard diet-fed mice. In humans, Timmers
et al. reported that administering oral resveratrol (150 mg/day) to
obese male patients for 30 days had CR-like effects, improving
obesity-related metabolic abnormalities by activating the AMPK/
SIRT1 pathway in the skeletal muscle [28]. Thus, the beneficial
effects of resveratrol against metabolic abnormalities in age-related
disorders, including high-fat-induced obesity, are exerted through
AMPK and/or SIRT1 activation.

Synthetic  sirtuin  activators. Synthetic compounds (such as
SRT1720, SRT1460, and SRT2183) that are structurally distinct
from resveratrol but have potent SIRT'1-activating activities in vitro
have been synthesized by Sirtris Pharmaceuticals. Among these
compounds, SRT1720 has been well studied and exerts many ben-
eficial effects in animal models through its SIRT1-dependent effects
on lifespan extension or the amelioration of high-fat diet-induced
metabolic impairments. Although resveratrol activates AMPK either
directly or indirectly, SRT1720 may not activate AMPK.

mTOR inhibitor (rapamycin): mTOR, a serine /threonine protein
kinase, has been implicated in the regulation of cell growth, endo-
plasmic reticulum stress, metabolism, stress resistance, translation,
and autophagy through the sensing of nutrient/energy levels and
growth factors such as insulin and cytokines in cells [29]. CR leads
to a reduction in TOR signaling [ 30], and the genetic downregula-
tion of TOR is sufficient to increase lifespan in yeast, worms, and
flies [31-34]. Therefore, TOR inhibitors have been proposed as
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Fig. 2 The TOR network in aging: The TOR pathway is activated by nutrients and
growth factors such as insulin and cytokines. Rapamycin is an mTOR inhibitor
and CR activates SIRT1 and AMPK, leading to the inhibition of mTOR

candidate CRM:s for lifespan extension. Rapamycin is known as not
only an immunosuppressive or antitumor agent but also as an
inhibitor of mTOR. The beneficial effects of mTOR inhibition on
longevity and slow aging in animal models have been shown using
rapamycin. Harrison et al. demonstrate that the mTOR inhibitor
rapamycin can extend the lifespan of mice by approximately 15 % in
females and 10 % in males [35]. The mTOR protein is found in two
protein complexes. mMTOR complex 1 (TORC 1) contains TOR
and the associated proteins Raptor (regulatory-associated protein
of TOR), mLst8, PRAS40, and Deptor in mammals [36], while
mTORC2 consists of TOR and Rictor (rapamycin-insensitive com-
panion of mTOR), mLst8, and mSIN 1 (mammalian stress-
activated protein kinase interacting protein 1). Although chronic
rapamycin treatment inhibits both mTORCI1 and mTORC2, the
effects of rapamycin on longevity are thought to be mediated by its
blockade of TORCI activity. However, the inhibition of mMTORC2
by rapamycin causes insulin resistance and impairs glucose homeo-
stasis through adverse effects on hepatic gluconeogenesis [37].
Moreover, mTOR may also be negatively regulated by other
nutrient-sensing pathways such as the SIRT1 and AMPK pathways
[38] (Fig. 2).
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Measurements of aging (lifespan and metabolism): CR can extend
the lifespan and delay the onset of age-related disorders including
metabolic impairments. Therefore, the effects of CRMs on aging
study are typically evaluated by lifespan estimations and measuring
changes in metabolic disorders. Usually, long experimental periods
and large sample sizes are necessary for lifespan estimations. In this
chapter, we discuss the protocol used in the previous report as one
example [35]. Insulin resistance and high levels of insulin in the
blood are involved in aging, and CR increases insulin sensitivity.
Loss-of-function mutations in the insulin signaling system result
in lifespan extension in several species, such as C. elegans [39],
D. melanogaster [40, 411, and mice [42]. Therefore, the estimation
of insulin sensitivity is necessary. The glucose clamp technique
is known as the gold standard method for estimating insulin sensi-
tivity in vivo; however, it is difficult to perform for all animals.
Therefore, insulin sensitivity is often assessed by measuring plasma
or serum insulin concentrations, blood glucose levels, IPGTT
(intraperitoneal glucose tolerance test), and IPITT (intraperitoneal
insulin tolerance test) at the end of experiments. Because low
insulin-like growth factor-1 (IGF-1) is implicated in CR-induced
longevity, plasma or serum IGF-1 concentration is often measured
[5]. In addition, SIRT1 induces mitochondrial biogenesis, leading
to improvements in glucose and lipid metabolism. Therefore, mito-
chondrial biogenesis and function should be evaluated by measur-
ing mitochondrial DNA contents and citrate synthase activity
(representing mitochondrial function) and by morphological
observation under an electron microscope [26]. Moreover,
SIRTT1 activation can be estimated by the deacetylation levels of
target proteins such as PGC-la [26]. The inhibitory effects of
rapamycin on mTOR are evaluated by measuring the activity of
the S6 ribosome, a molecule downstream of mMTORCI1 [35].

2 Materials

2.1 CRMs

2.2 Measurement of
Blood Glucose, Insulin,
Lipids, and IGF-1

1. Trams-resveratrol (Sigma-Aldrich, St. Louis, MO).
2. Rapamycin (LC Labs, Woburn, MA) (see Note 1).

1. The ultrasensitive mouse insulin assay kit (Morinaga Institute
of Biological Science, Yokohama, Japan) [43].

2. The L-type TG H kit, Cholesterol E-test kit, and NEFA C-test
kit (Wako Chemicals, Osaka, Japan) [43].

3. Serum IGF-I levels were quantified using double-antibody EIA
and single-antibody direct ELISA kits (Diagnostic Systems
Laboratories, Webster, TX, USA) [26].



2.3 Mitochondrial
DNA Contents [27]

2.4 Citrate Synthase
Activity [26]

2.5 Immuno-
precipitation (SIRT1
Activity) [26] and
Immunoblotting
(AMPK [26] and
Activated S6
Ribosomal Protein

[35))
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1. mtDNA-specific PCR (16S rRNA), forward 5-CCGCAAG-
GAAAGTGAAAGAC-3, and reverse 5-TCGTTTGGTTTCG
GGGTTTC-3" and nuclear-specific PCR (hexokinase 2 gene,
intron 9), forward 5-GCCAGCTCTCCTGATTTTAGTGT-
3, and reverse 5'-GGGAACACAAAAGACCTCTTCTGG-3’

2. QuantiTect STBR Green PCR Kit (Qiagen, Hilden, Germany).

—

. Lysis buffer: 10 mM sodium phosphate, pH 7.2 with 1 % NP-
40, 1 % sodium deoxycholate, 0.1 % SDS, 150 mM NaCl 2 mM
EDTA, phosphatase inhibitor cocktail 1 (Sigma-Aldrich, St.
Louis, MO), 1 mM vanadate, 20 mM NaF, and one tablet of
complete protease inhibitor (Roche, Basel, Switzerland)/
15 ml.

2. Assay buffer: 0.1 mM DNTB (Sigma-Aldrich, St. Louis, MO),
0.3 mM acetyl CoA (Roche, Basel, Switzerland), and 0.5 mM
oxaloacetate (Sigma-Aldrich, St. Louis, MO) in 50 mM
Tris—-HCI, pH 8.0.

1. Lysis buffer: 10 mM sodium phosphate, pH 7.2 with 1 % NDP-
40, 1 % sodium deoxycholate, 0.1 % SDS, 150 mM NaCl 2 mM
EDTA, phosphatase inhibitor cocktail 1 (Sigma-Aldrich, St.
Louis, MO), 1 mM vanadate, 20 mM NaF, and one tablet of
complete protease inhibitor (Roche, Basel, Switzerland)/
15 ml.

2. Protein A/G Sepharose (Sigma-Aldrich, St. Louis, MO).
3. Anti-PGCla antibody (H300) (Santa Cruz Biotechnology,

Santa Cruz, CA) and anti-acetyl-lysine antibody (Cell Signaling
Technology, Beverly, MA).

4. Anti-phospho-AMPKa (Thrl72) and anti-AMPKa (23A3),
anti-S6 ribosomal protein (5G10), and anti-phospho-S6 ribo-
somal protein (Ser235,/236) antibodies (Cell Signaling Tech-
nology, Beverly, MA).

5. Horseradish peroxidase-coupled secondary antibody (Amer-
sham Biosciences).

3 Methods

3.1 Administration
of CRMs to Mice

Oral intake is the major delivery route used for resveratrol
(0.04-0.4 % resveratrol mixed in chow (22-400 mg/kg BW/
day)) [26, 27], SRT1720 (2 g/kg mixed in chow (100 mg/kg
BW /day)) [44] or administered to mice on a high-fat (60 %) [26,
27, 44] or standard [45] diet, and rapamycin (14 mg/kg in chow
(2.24 mg /kg BW /day)) administered to mice on standard diet
[35, 46]. The duration of the treatment is dependent on the
purpose of the experiment. For lifespan estimations, long-term
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3.2 Evaluation
of Lifespan [35]

3.3 Evaluation
of Metabolism

3.3.1 Measurement
of Glucose, Insulin,
and IGF-1 Levels

3.3.2 Glucose Tolerance
Tests

treatment will be necessary, while 8 weeks to 6 months is usually
sufficient to assess metabolic changes.

In detail (methods from the report written by Baur et al. [26]):

. Male C57BL/6NIA mice at 11 months of age are purchased

and are maintained on a standard purified mouse diet (AIN-
93G) for 1 month prior to the start of the experiment.

. Mice are fed the standard AIN-93G diet or AIN-93G plus

0.04 % resveratrol ad libitum for an additional 6 weeks, while
high-calorie diets are prepared.

. Mice on AIN-93G are either continued on the standard diet or

switched to high-calorie AIN-93G (modified by adding hydro-
genated coconut oil to provide 60 % of calories from fat), and
the group receiving AIN-93G plus 0.04 % resveratrol is
switched to the high-calorie diet plus 0.04 % resveratrol.

. Mice are examined at least daily for signs of ill health and are

cuthanized for humane reasons if they are so severely moribund

that they are considered unlikely to survive for more than an
additional 48 h.

. A mouse is considered severely moribund if it exhibits more

than one of the following clinical signs: (a) inability to eat or to
drink; (b) severe lethargy, as indicated by a lack of response to
external stimulation (e.g., reluctance to move when gently
prodded with a forceps); (¢) severe balance or gait disturbance;
(d) rapid weight loss over a period of 1 week or more; or (e) a
severely ulcerated or bleeding tumor.

. The age at which a moribund mouse is euthanized is taken as

the best available estimate of'its natural lifespan. The number of
dead mice is also noted at each daily inspection. Bodies are fixed
for later necropsy.

For glucose and insulin measurements, blood samples were taken
by tail venipuncture. For insulin measurements, whole blood is
spun at 14,000 rpm in a benchtop centrifuge for 7 min to pellet
the blood cells. The plasma is transferred to a fresh tube and placed
on dry ice, after which it is stored at —80 °C. Insulin levels are
measured using the appropriate assay kits. Glucose levels are
measured using a glucose meter. The IGF-1 levels in the plasma
are measured using the appropriate assay kits.

1.

The mice are fasted overnight for 14 h followed by intraperito-
neal glucose injection (1 g/kg body BW).

. Blood glucose and insulin levels are measured in tail blood

collected at 0, 15, 30, 60, and 120 min after the injection.



3.3.3 Insulin Tolerance
Tests

3.3.4 Lipid Profiles

3.4 Mitochondrial
Biogenesis (in the
Liver or Muscle)

3.4.1  Mitochondrial DNA
Contents [27]

3.4.2 Electron
Microscopic Observation
of Mitochondria [26]

1.

2.
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Mice are administered an injection of human regular insulin
(Novolin R; Novo Nordisk, Clayton, NC) at 0.75 U/kg BW
intraperitoneally after a 6-h fast.

Blood glucose is measured at 0, 15, 30, and 60 min.

The total cholesterol, triglyceride, and free fatty acid levels are
measured using the assay kits.

1.

Selected tissues are homogenized and digested with Proteinase
K overnight in a lysis buffer for DNA extraction via conven-
tional phenol-chloroform method or in a lysis buffer contain-
ing 10 % Chelex 100 resin for the direct analysis of liberated
nucleic acids.

. Quantitative PCR is performed in duplicate on 30- to 50-fold

diluted DNA or lysates, using 10 pM each primer (mtDNA-
specific PCR (16S rRNA)) and nuclear-specific PCR (hexoki-
nase 2 gene, intron 9) and QuantiTect STBR Green PCR Kit in
a LightCycler 480 (Roche Diagnostics, Mannheim, Germany)
with a program of 20 min at 95 °C, followed by 50-55 cycles of
15 sat 95 °C, 20 s at 58 °C, and 20 s at 72 °C.

. The production of a single amplification is verified by an

integrated post-run melting curve analysis.

. Exponential amplification efficiency is verified during each PCR

run using a standard dilution series made from pooled samples.

. Results are calculated from the difference in threshold cycle

(ACr) values for mtDNA and nuclear-specific amplification.

. Data are expressed as mitochondrial genomes per diploid

nuclei.

. Portions of harvested tissues, such as the liver and muscle, are

cut into small tissue blocks (1 mm?®) and fixed in 2 % glutaral-
dehyde in 0.1 M potassium phosphate sodium buffer at 4 °C.

. After postfixation with 2 % osmium tetroxide, tissues are dehy-

drated in a series of graded ethanol solutions. Ethanol is then
substituted for propylene oxide, and the samples are embedded
in epoxy resin.

. Ultrathin sections are double stained with uranyl acetate and

lead citrate.

. Sections are examined with a JEM1200EX electron microscope

(JEOL, Tokyo) at 80 keV.

. Mitochondrial area and number are estimated in several

micrographs which were taken for the cells of animals. The
mitochondrial area is measured using the Image] software,
and the number of mitochondria per cell is counted manually
by an observer who is blinded to the identity of the sample.
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3.4.3 Citrate Synthase
Activity [26]

3.5 Measurement
of SIRT1
Activation [26]

3.6 AMPK
Activation [26]

or the Effectiveness
of Rapamycin

(56 Ribosomal Protein
Activation [35])

1.

A 200-mg sample of frozen tissue is placed in 3 ml lysis buffer
and pulsed twice for 15 s each at 12,500 x g in a tissue
homogenizer.

. The homogenate is cleared by centrifugation at 12,500 x g4 for

15 min.

. A 100-pg aliquot of protein is used for each assay.

. The increase in absorbance at 412 nm is measured every 30 s

over 15 min at 23 °C in the assay buffer in the presence of the
substrate oxaloacetate. The blank contained all reagents except
for the tissue homogenate.

. The maximal enzymatic activity (V.x) is determined as the

maximal slope in the linear range.

. Each sample is assayed in triplicate and the results are expressed

as the fold change relative to the control (set at 100 %).

SIRTT activation is analyzed by assessing the deacetylation of target
proteins; this deacetylation is detected by immunoblotting using an
antibody specific for acetylated lysine after immunoprecipitation
using an antibody against the target protein, e.g., PGC-la
(see Note 2).

1.

Total protein extracts are dissected and snap frozen in liquid
nitrogen, stored at —80 °C, ground into powder under liquid
nitrogen, dissolved in 10 volumes of ice-cold bufter, and
cleared by centrifugation at 12,500 x g for 10 min at 4 °C.

. PGC-la is immunoprecipitated with a rabbit anti-PGC-la

antibody or rabbit IgG as a control and protein A /G Sepharose
beads followed by incubation at 4 °C for 4 h.

. The immunoprecipitates are washed extensively, resolved by

SDS-PAGE, and transferred to nitrocellulose membranes.

. The membranes are blocked and then incubated with anti-

acetyl-lysine antibody overnight.

. The membranes are washed and then incubated with horserad-

ish peroxidase-coupled secondary antibody.

. After washing, the blots are visualized using an enhanced

chemiluminescence detection system.

. Tissues from animals are dissected and snap frozen in liquid

nitrogen, stored at —80 °C, ground into powder under liquid
nitrogen, and dissolved in 10 volumes of ice-cold buffer.

. After sonication and centrifugation at 12,500 x gfor 10 min at

4 °C, lysates are quantified, and 3040 pg of soluble protein
from each extract are loaded on a 4-12 % gradient polyacryl-
amide gel for electrophoresis.
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. The proteins are then transferred to nitrocellulose membranes,

blocked, and incubated with the primary antibodies against
phospho-AMPK, AMPK, S6 ribosomal protein (5G10), or
phospho-S6 ribosomal protein, followed by a secondary anti-
body for detection with a chemiluminescence detection system.

. Rapamycin that was microencapsulated by Southwest Research

Institute (San Antonio, TX) using a spinning disk atomization
coating process with the enteric coating material Eudragit
$100 (R6hm Pharma, Germany) [35]. The encapsulated rapa-
mycin is released in the small intestine rather than the stomach.

. Anti-acetylated target protein antibodies such as anti-acetylated

NE-xB (p65) antibody or anti-acetylated p53 antibody can
be purchased from Cell Signaling Technology or Abcam
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Chapter 9

Using Somatic-Gell Nuclear Transfer to Study Aging

Satoshi Kishigami, Ah Reum Lee, and Teruhiko Wakayama

Abstract

In mammals, a diploid genome following fertilization of haploid cells, an egg, and a spermatozoon is
unique and irreproducible. This implies that the generated unique diploid genome is doomed with the
individual’s inevitable demise. Since it was first reported in 1997 that Dolly the sheep had been cloned,
many mammalian species have been cloned successfully using somatic-cell nuclear transfer (SCNT). The
success of SCNT in mammals enables us not only to reproduce offspring without germ cells, that is, to
“passage” a unique diploid genome, but also to address valuable biological questions on development,
nuclear reprogramming, and epigenetic memory. Successful cloning can also support epigenetic repro-
gramming where the aging clock is reset or reversed. Recent work using iPS cell technology has explored
the practicality and led to the recapitulation of premature aging with iPSCs from progeroid laminopathies.
As a result, reprogramming tools are also expected to contribute to studying biological age. However, the
efficiency of animal cloning is still low in most cases and the mechanism of reprogramming in cloned
embryos is still largely unclear. Here, based on recent advances, we describe an improved, more efficient
mouse cloning protocol using histone deacetylase inhibitors (HDACis) and latrunculin A, which increases
the success rates of producing cloned mice or establishing ES cells fivefold. This improved method of
cloning will provide a strong tool to address many issues including biological aging more easily and with
lower cost.

Key words Somatic-cell nuclear transfer, Oocyte, Nuclear reprogramming, Aging, Reproduction,
Mouse

1 Introduction

In nature, a diploid genome of an individual mammal is generated
only through fertilization between an egg and a spermatozoon
which are produced via meiosis. Therefore, each diploid genome
is unique and distinctive between individuals. The unique diploid
genome sets of individuals are normally doomed due to either
individual longevity or finite cellular lifespan, termed the “Hayflick
limit” [1]. However, it was first reported in 1997 that a sheep had
been cloned [2], which enabled us to reproduce the unique diploid
genome without passing through germ line. Following the success
of cloning mice and cow, more than ten additional mammalian

Trygve O. Tollefsbol (ed.), Biological Aging: Methods and Protocols, Methods in Molecular Biology, vol. 1048,
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species have been cloned successfully using somatic-cell nuclear
transfer (SCNT).

SCNT is a powerful and often unique tool to address valuable
biological questions that define nuclear equivalence between
zygotes and differentiated cells. The success of SCNT has demon-
strated that nuclei from highly differentiated cells can be repro-
grammed and that the genetic information of donor nuclei is not
lost during development and differentiation [3]. This finding con-
firmed the concept that nuclear totipotency should be intrinsically
retained for any cell types and that epigenetic, rather than genetic,
mechanisms are responsible for keeping cells in their state of differ-
entiation. Another important issue is whether animals cloned from
an adult would display the biological age of the founder (the donor
of' nucleus). Actually the length of Dolly’s telomere was reported to
be apparently shorter than the founder’s [4]. In contrast, in some
cloned animals telomere length was not only restored but extended
beyond that of the founder [5, 6].

An interesting question has been raised whether somatic
nuclear transter (SCNT) can restore the cellular senescence and
transcends the natural limit. If this is true, a diploid genome
could theoretically have eternal lifespan both as cells and individuals
[7]. In mouse experiments, at least several rounds of serial cloning
were possible. However, the cloning success rate decreased with
increasing generations. Finally, only one cloned mouse was pro-
duced in the sixth generation from more than 1,000 nuclear trans-
fers [8]. The telomere lengths and the possibility of premature
aging in the recloned mice were found having no abnormalities in
cither. Similar results have been reported in cattle [9], which failed
to produce a third generation. The recloning of cats [10] and pigs
[11, 12] has also been studied, but those reached only the second
and third generations, respectively. Thus, currently successive
recloning is limited without an identifiable reason. This kind of
analysis may provide a model system to approach new biological
aspect of “aging” during “passage” of the diploid without germ
cells. Further, this advantage of SCNT, which reproduce indivi-
duals without germ cells, also allows us to propagate infertile mice
such as senescent mice [13], hermaphrodite [14], or even frozen
body [15]. Interestingly, cloning success rate decreases with the
age, suggesting that “reprogrammability” of somatic cells may be
dependent on the age of donor individuals.

Regardless, SCNT appears to be able to reset the aging clock for
perpetuating a species. Again, the success of SCNT itself requires
that an adult cell still retain all the information necessary to generate
an entire organism. This success also indicates the nuclei of an adult
somatic cell can be rejuvenated and totipotency restored in the
oocyte cytoplasm. Recently, reprogramming technologies appear
to be strong tools for studying aging [16, 17]. For example, iPS
technologies demonstrated the recapitulation of premature aging
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with iPSC from Hutchinson-Gilford progeria syndrome [18, 19].
SCNT is also expected to further the study of aging as a whole
individual rather than at the cellular level.

While cloning efficiencies can range from 0 to 20 %, efficiency
rates of only 1-2 % are typical for mice [20]. These inefficiencies
have been limiting practical applications of SCN'T. Moreover, many
abnormalities in mice cloned from somatic cells have been
reported, including abnormal gene expression in embryos
[21-23], abnormal placentas [24, 25], obesity [26, 27], and early
death of clones from Sertoli cells [28]. These two issues have been
main concerns in SCNT technologies to overcome. Regardless, the
success of SCNT gives promise to numerous applications such as
species preservation, livestock propagation, and cell therapy for
medical treatment by nuclear transfer embryonic stem cells
(ntESCs) [14, 29]. Furthermore, recently, the low efficiency of
cloning mice has been significantly improved by finding a new
protocol of SCNT using histone deacetylase inhibitors [30].
This finding led to cloning even “unclonable strain” [31, 32].

SCNT has been the unique tool to address biological questions
including aging. After improvement by HDACI, it should be
expected that SCNT can contribute more to addressing these ques-
tions as well as its applications since sometimes the low efficiency itself
has made it impossible to address these questions. In this chapter,
we describe an improved, more efficient mouse cloning protocol
using histone deacetylase inhibitors (HDAC:s) and latrunculin A.

2 Materials

2.1 Stock Solution

2.1.1

Reagents

1. Pregnant mare serum gonadotropin (PMSG): PMSG (Sigma-
Aldrich, St. Louis, MO, USA; G4527) is dissolved in normal
saline at 50 IU/mL and stored in aliquots at —20 °C.

2. Human chorionic gonadotropin (hCG): hCG (Sigma-Aldrich;
C8554) is dissolved in normal saline at 50 IU/mL and stored
in aliquots at —20 °C.

3. 0.5 mg/mL CB stock solution (x100): add 2 mL dimethyl
sulfoxide (DMSO, Sigma-Aldrich; D2650) to a vial with 1 mg
cytochalasin B (Sigma-Aldrich; C6762). Divide into small
tubes (10-20 pL.) and store at —20 °C. Highly toxic.

4.100 mM SrCl, stock solution (x10): SrClL,6H,O (Sigma-
Aldrich; S0390) is dissolved in distilled water (DW) at
100 mM and stored in aliquots at room temperature.

5.40 mM EGTA stock solution (x100): ethylene glycol-bis
(p-aminoethyl ether)- N,N,N’, N'-tetraacetic acid tetrasodium
salt (EGTA, Sigma-Aldrich; E8145) is dissolved in DW at
40 mM and stored in aliquots at 4 °C.
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2.1.2 Qocyte Culture
Media

2.1.3 Fibroblast Cell
Culture Media

2.1.4  Nuclear Isolation
Media (NIM)

2.2 Equipment and
Tools

6.

10.

10 pM TSA stock solution (HDACI, x200): add 3.311 mL
DMSO to a vial with 1 mg trichostatin A (TSA, Sigma-Aldrich;
T8552) and then take 2 pL of this stock and dilute with 198 pL.
of DMSO (10 pM). Divide into small tubes (5-10 pL) and
store at —30 °C.

. 1 mM SCR stock solution (HDACi, x200): add 3.064 mL

DMSO to a vial with 1 mg scriptaid (SCR, Sigma-Aldrich;
§7817) and then take 5 pL of this stock and dilute with 95 pL
of DMSO (50 pM). Divide into small tubes (5-10 pL) and
store at —30 °C (200x SCR stock solution).

. 1 mM LATA stock solution (x200): add 237.2 pL DMSO to a

vial with 100 pg latrunculin A (LATA, Sigma-Aldrich; L5163).
Divide into small tubes (10-20 pL) and store at —30 °C.

. Anesthetic stock solution: mix 5 g of 2,2,2 -tribromoethyl

alcohol (Sigma-Aldrich; T48402) with 5 mL 2-methyl-2-butanol
(Sigma- Aldrich; 240486) in a 50 °C water bath until fully dis-
solved. Add 1.25 mL of this mixture to 50 mL normal saline
solution and store at 4 °C.

50 mM PMSEF stock solution: phenylmethanesulfonyl fluoride
(PMSF, Sigma-Aldrich; P7626) is dissolved in ethanol at
50 mM and stored in aliquots at 4 °C (100 x stock solution).

. HEPES-buffered Chatot, Ziomek, and Bavister (HEPES-

CZB) medium [33] is used for gamete handling and SCNT
under air.

. Synthetic oviductal medium enriched with potassium (KSOM,

Millipore, Temecula, CA, USA; MR-020P-5D) is used for
oocyte and cloned embryo culture.

Tail tip or embryonic fibroblast (EF) cells are cultured in EF
medium: Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-
Aldrich; D6429) supplemented with 10 % fetal bovine serum (FBS,
Gibco; 26140-079) and 1 % penicillin—streptomycin solution

(Sigma-Aldrich; P7539).

1.

2.

3.

NIM is used for frozen donor cells: 123.0 mM KCI, 2.6 mM NaCl,
7.8 mM NaH,PO,, 1.4 mM KH,PO,, 3 mM EDTA disodium salt,
and 0.5 mM PMSEF. The pH is adjusted to 7.2 by addition of a small
quantity of 1 M KOH.

Inverted microscope with Hoffman optics from Olympus
(Tokyo, Japan; model IX71).

Micromanipulator set from Narishige (Tokyo, Japan; model
MMO-202ND, http: //www.narishige.co.jp/).

Pipette puller (P-97) and glass pipette (B100-75-10) from
Sutter Instrument Co. (Novato, CA, USA; http: /www.sut-
ter.com).



2.3 Preparations of
Microtools and Media

2.3.1 Preparation of
Holding, Enucleation, and
Injection Micropipettes

2.3.2  Preparation of
Media and Dishes with
Media

Somatic-Cell Nuclear Transfer for Aging Study 113

4. Microforge from Narishige (Tokyo, Japan; model MF-900).
. Warm plate from Tokai Hit (Shizuoka, Japan, model MATS-

U55R30; http: //www.tokaihit.com/english /top /index.html).

. Piezo impact drive system from Prime Tech Ltd. (Ibaraki,

Japan; model PMM-150FU or PMM4G; http://www.prime-
tech-jp.com/en/01products/index.html).

. Humidified incubator; 37 °C, 5 % CO,.
. Tissue culture hood.

9. Centrifuge.

. Micropipettes can be made in-house or ordered from several

companies (e.g., Prime Tech Ltd., http://www.primetech-jp.
com/en/0lproducts/psk.html). First, we use a Sutter pipette
puller (P-97) to divide the glass pipette into two parts. Each part
could be used to make pipettes. For the holding pipette, the
outside diameter (OD) should be smaller than that of the oocyte
(e.g., OD 70-80 pm, inner diameter (ID) 10 pm). The ID of the
enucleation pipette is 810 pm. The ID of the injection pipette
depends on nuclear donor cell type: 67 pm for camulus cells and
7-8 um for fibroblasts or ES cells. If you are purchasing pipettes,
ask the supplying company to bend all pipettes close to the tip
(about 300 pm back) at 20-25° using a microforge.

. For optimizing the power of the piezo unit, a small amount of

mercury (about a 3-5 mm long column) needs to be inserted
into the enucleation and injection pipette using a 1 mL syringe
and a 30-gauge needle. Fill the syringe part way with mercury,
insert the needle into the back of the pipette and inject a
mercury droplet into the needle (see Note 1). Pipettes can be
stored in a 10 cm dish at room temperature.

. Enucleation media: add 2 pL of CB stock solution to 198 pL.

of HEPES-CZB medium. The final concentration of CB is
5 pg/mL. The manipulation dish includes three types of
media, HEPES-CZB, enucleation medium, and polyvinylpyr-
rolidone (PVP; 360 kDa; Irvine Scientific, Santa Ana, CA,
USA; 99311). Each droplet should be 10-15 pL in volume
on the lid of'a 10 cm dish, as shown in Fig. 1, and covered with
mineral oil. To distinguish the different media easily, draw
separation lines on the dish.

. Oocyte and embryo culture media: place 20 x 10 pLL droplets of

KSOM on a 6 cm cell culture dish and cover this with sterile
mineral oil (Sigma-Aldrich; M8410). Because this dish is used for
oocyte culture from collection to artificial activation, it must be
prepared at first and warmed in a 37 °C incubator with 5 % CO,.
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2.4 Setting Up the
Micromanipulator

2.5 Mouse and
Strains

For oocyte
enucleation

For donor
nucleus injection

00 For pi hi |
For donor 00 or pipette washing
cell diffusion | ™0 O \
I OO0

OO

OO0
M2 | M2-cB

Top of 10 cm dish

Fig. 1 Manipulation chamber: above the line is the M2-PVP medium for pipette
washing, donor cell diffusion, and picking up nucleus. Right under the line is the
M2-CB medium for oocyte enucleation. Left under the line is the M2 medium for
donor nuclei injection into enucleated oocytes

3. Oocyte activation media: Add 10 pL of SrCl, stock solution
(final 5 mM), 10 pL of EGTA stock solution (final 2 mM), 1 pL.
of LATA stock solution (final 5 pg/mL) (see Note 2), and 1 pL.
one of the HDAC: stock solution to 186 pL. of KSOM. Recon-
structed oocyte activation dish: place three rows of oocyte
activation medium droplets, two rows of reprogramming
enhancement medium, and two rows of KSOM on a 6 cm
dish. Each droplet should be 10-15 pL in volume. Then
cover this dish with mineral oil and draw separation lines on
the dish.

1. Attach the holding pipette to one side of the micromanipulator.
On the other side, attach the enucleation pipette to the pipette
holder of the piezo unit. Fix the piezo unit on the micromanip-
ulator. The top of the pipette holder must be screwed in tightly,
or you cannot cut the zona pellucida of the oocyte by piezo
pulses smoothly. Expel any air and oil and a few drops of
mercury from the enucleation pipette for washing in PVP
medium. Wash both the inside and outside of the pipette
using PVP medium until no oil remains. The piezo unit must
be applied with high power and high speed for at least 30 s
continuously to be effective.

1. Donor cells: usually hybrid mouse strains such as B6D2F1
(C57BL/6 x DBA/2), B6C3F1 (C57BL/6 x C3H/He),
or B6129F1 (C57BL/6 x 129 x 1/Sv) can be used as
donors. Inbred strains such as C57BL/6 or C3H/He can be
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used but they have a lower embryonic development rate than
hybrid strains.

2. Oocytes: B6D2F1 mice (about 2—-3 months old) are used as a
source of oocytes. B6D2F1 oocytes are very translucent and
the metaphase spindle is easy to find.

3. Recipients and vasectomized male mice: the ICR (CD-1) strain
is used for the production of pseudopregnant surrogate
mothers, for lactating foster mothers and for vasectomized
males.

3 Methods

3.1 Oocyte Collection

3.2 Donor Gell
Preparation

3.2.1 Cumulus Cells

3.2.2 Sertoli Cells

3.2.3 Tail Tip Fibroblasts

1. Hormone priming for superovulation: female mice (8-10
weeks) are superovulated by an injection of 5 IU of PMSG
into the abdominal cavity 3 days before an experiment and then
injected with hCG (5 IU) 48 h later (1 day before an experi-
ment). We usually do this from 5 to 6 p.m.

2. Collection of oocytes: collect oocyte—cumulus cell complexes
(COQGs) from the oviductal ampullae at 14-15 h after hCG
injection (usually we collect oocytes at 9 a.m.) and transfer
them into a 50 pL droplet of HEPES-CZB containing 0.1 %
hyaluronidase (Sigma-Aldrich; H4272) for 5 min. Select good
oocytes, wash them twice and then move them to an oocyte
culture dish prepared as above. The number of oocytes in a
drop depends on each person’s skill or the type of experiment.
We recommend that all oocytes in one drop must be manipu-
lated within 15 min. Therefore, place ~20 embryos per drop,
according to your skill level.

Cumulus cells are the easiest to prepare as nuclear donors because
they can be collected after oocyte selection and transferred to a PVP
droplet in the manipulation chamber without washing; also, there
is no need to remove hyaluronidase from the medium.

Sertoli cells are the best choice. Sertoli cells collected from neonatal
mouse testes (immature Sertoli cells) are suitable nuclear donors for
SCNT and usually give better results than cumulus cells [34, 35].
On the other hand, those from the adult testis are too large to be
injected. Thus, the age of donors will affect the success rate. We
recommend the use of newborn males at less than 6 days of age.

Tail tip cells must be prepared at least 2 weeks before SCNT [24]. Cut
the whole or a part of tail into sections at least 2 cm long and wash
them in 70 % ethanol carefully. Remove the skin in a sterile tissue
culture hood and cut the tail into many small pieces on a 6 cm plastic
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3.2.4 ES or niES Cells

3.2.5 Special Cells
(Frozen Brain and Blood
Cells)

3.3 CGollection of
Donor Cells

3.3.1 Cultured Cells

3.3.2  Non-cultured Fresh
Cells

3.3.3 Frozen Cells

dish. Culture the fragments in 10 mL DMEM in a 5 % CO,, 37 °C
incubator until they are used. There is no need to passage the cells.

Thawed ES cells should be cultured at least 2 days before doing NT.
Ifyou use cultured ES cells, they also need to be passaged for 2 days
in 6-well dishes before an experiment. Each individual ES cell line,
even if from the same genetic background, will lend itself to this
procedure to a different degree, yielding varying results for embry-
onic development [29, 36—-38]. The number of passages of ES cell
lines is also important and will have to be determined empirically
for each line. Note that these are pluripotent cells, not difteren-
tiated somatic cells, so they are not appropriate for genomic repro-
gramming experiments.

Frozen mouse brain tissue must be broken into small pieces
(1-2 mm®) on dry ice. Homogenize the material under 500 pL of
NIM in a 1.5 mL tube using a pestle, then filter it using a cell
strainer (BD Falcon, BD Biosciences, San Jose, CA, USA; 352235)
and collect the supernatant. This will contain many naked nuclei.
For collecting blood cells, take 1-2 pL of blood cells from the
frozen-thawed mouse tail and add this to 500 pL. of NIM.

For collecting cultured cells such as fibroblasts or ES cells, remove
the culture medium from the dish or flask and wash them in
Dulbecco’s phosphate-buffered saline (D-PBS(—), Wako Pure
Chemical Industries, Osaka, Japan; 045-29795). Remove the
PBS, add trypsin-EDTA (Gibco; 25200-056), and then incubate
5-20 in a 37 °C incubator with 5 % CO2. Add EF medium and
triturate the cells to produce a single cell suspension. Spin down the
cells in a centrifuge at 300 x g4 for 5 min and wash them with
D-PBS(—) by centrifugation at least three times. Because trypsin
is very toxic at the time of nuclear injection, the donor cells must be
washed thoroughly. Make a very concentrated cell suspension in EF
medium. The final volume should be less than 10 pL. Pick up
1-3 pL of this suspension and put the cells in a PVP medium
droplet in the micromanipulation chamber. Completely mix the
donor cells with PVP medium, or they will aggregate and be hard
to manipulate.

For non-cultured cells such as Sertoli cells, wash them at least three
times in phosphate-buffered saline (PBS) to remove any enzyme by
centrifugation (176 x g for 5 min). Cumulus cells can be used
directly without any washing.

Frozen cells suspended in NIM can be collected by centrifugation.
Introduce a few microliters of suspension into NIM in the manipu-
lation chamber instead of the PVP medium.



3.4 Enucleation

Somatic-Cell Nuclear Transfer for Aging Study 117

Fig. 2 Oocyte enucleation. (a) Rotate and find the metaphase Il spindle and place
it to 8-10 o’clock position. Then hold this oocyte on the holding pipette, and
remove the spindle by suction without breaking the plasma membrane and
gently pull away the pipette from oocytes. (b) Push out the spindle in order to
check the enucleation, which is harder than the cytoplasm

1. Place one group of oocytes in a droplet of enucleation medium
into the micromanipulation chamber. Wait for 5-10 min before
starting enucleation, because CB can make the oolemma more
flexible and reduce lysis of oocytes.

2. Finding the metaphase II (MII) spindle of the oocyte is the
key point in this step (se¢ Note 3). It can be recognized using
Nomarski differential interference or Hoffman modulation con-
trast optics. Although you can use 4',6-diamidino-2-phenylindole
or Hoechst DNA dyes to stain the nuclei, they are harmful to the
oocyte and hamper embryonic development. Rotate the oocyte to
place the spindle at between 8 and 10 o’clock and then attach the
oocyte firmly to the holding pipette (Fig. 2).

3. Cut through the zona pellucida using a few piezo pulses (see
Note 4). Add a slight negative pressure inside the pipette as this
increases the power of the pulse. To avoid damaging the
oocyte, ensure there is a large space between the zona pellucida
and the oolemmay; this should be approximately as wide as the
thickness of the zona pellucida.
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3.5 Donor Nucleus
Injection

4. Insert the enucleation pipette into the oocyte without using

1.

piezo pulses, to avoid breaking the oolemma. The MII spindle
looks like a small sphere under Nomarski or Hoftfman optics
and is harder than the cytoplasm, so you can feel its consistency
through the micromanipulator. Remove the MII spindle by
aspiration with a minimal volume of cytoplasm. Aspirating
too much cytoplasm might hamper embryonic development.
The oocyte membrane and spindle must be pinched off slowly,
drawing the needle out carefully until the oolemma seals
(Fig. 2).

. When you have finished with one group of oocytes, wash them

twice in KSOM to remove the CB completely and return them
to the incubator in KSOM for at least 30 min before starting
donor cell injection. If the CB is not completely washed out,
many oocytes will lyse after injection. Your intense concentra-
tion is required in the next step (injection of somatic or ES
cells), so once all the enucleation of oocytes has been finished,
you should take a short rest before starting injection.

Transfer a group of enucleated oocytes [10-20] into HEPES-
CZB medium. The number of oocytes per droplet depends on
each individual’s skill level. The important point is that each
group should be finished within 15 min (se¢ Note 5). Add a few
microliters of donor cell suspension to a PVP droplet (see Note 6).
Remove the donor nuclei from the cells by gently aspirating
them in and out of the injection pipette (Fig. 3a) until each
nucleus is clearly separate from any visible cytoplasmic material
(Fig. 3b). We usually take up 5-10 nuclei at the same time into
the injection pipette.

. Move the injection pipette to the HEPES-CZB droplet con-

taining the enucleated oocytes. Stabilize an enucleated oocyte
using a holding pipette. Cut the zona pellucida with a few piezo
pulses (power level 2-3 and speed 5-6). Reduce the power level
of the piezo unit (power level 1-2 and speed 1) because the
oolemma is weaker than the zona pellucida and the survival rate
of oocytes after injection will be better with this reduced power.

. Push one nucleus near the tip of the pipette and advance the

pipette at the same time until it almost reaches the opposite side
of the oocyte’s cortex. Apply only one reduced piezo pulse to
puncture the oolemma at the pipette tip. This is indicated by a
rapid relaxation of the oocyte membrane. You must not apply
any piezo pulses until the pipette reaches the opposite side. If
the piezo power is applied with the tip of the pipette in the
middle of the oocyte, the oocyte will die after injection. Release
the donor nucleus into the ooplasm immediately with a mini-
mal amount of PVP medium (se¢ Note 7). Gently withdraw the
injection pipette from the oocyte.
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Fig. 3 Donor nucleus collection and injection. (a, b) Donor nuclei are gently aspirated in and out of the injection
pipette until their nuclei are largely devoid of visible cytoplasmic material. (b) Push out the spindle in order to
check the enucleation, which is harder than the cytoplasm. (¢) Hold the enucleated oocyte and cut the zona
pellucida using piezo pulses. (d) Insert the injection pipette into the enucleated oocyte. (e) Apply the single
piezo pulse to break the membrane, and immediately inject the donor nucleus

4. When all the nuclei have been injected into oocytes, you should
wash the injection pipette in a PVDP dish by expelling some
mercury and applying power from the piezo unit. This washing
step is essential to prevent the pipette from getting sticky.

5. When one group of oocytes has been used for NT, keep them in
this drop for 10-15 min then transfer them into KSOM. Cul-
ture these oocytes for at least 30 min in the 5 % CO, incubator
before activation (see Note 8).

3.6 Oocyte Activation 1. Activation medium should be prepared at least 30 min before use.
and Embryo Culture This dish must be placed in a CO, incubator for equilibration.
Transfer oocytes into the activation medium including HDACi
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3.7 Production of
Cloned Mice

3.7.1  Embryo Transfer
and Caesarian Section

Success rate of cloned mice (%)

0

Cont  TSA SAHA APHA
Scriptid Oxamflatin

Fig. 4 Effects of histone deacetylase inhibitor (HDACI) treatment on mouse
cloning. Full term development of cloned mice using different HDACi. The
success rate was significantly increased when cloned embryos were cultured
with TSA, Scriptaid, Oxamflatin, and SAHA

such as TSA, SCR or others (se¢ Note 9) and wash them twice,
then culture them for 10 hin a 5 % CO, incubator at 37 °C.

2. After 10 h activation, all embryos must be washed twice in
KSOM droplets (see Note 10). Examine the rate of oocyte
activation (see Note 11). If NT and activation are done prop-
erly, those oocytes should each possess two or three pseudo-
pronuclei. Move the cloned embryos to a new KSOM dish for
long-term culture to blastocyst stage. In some cases, some
batches of mineral oil are toxic. Therefore, it is advisable to
test all new batches of oil by culturing embryos in drops of
KSOM, overlaid with the new oil. Always set up a control
group of embryos cultured under oil of known quality. Cloned
embryos can be used either for production of cloned mice or
establishment of ntES cells (Figs. 4 and 5).

1. Prepare foster mothers by mating estrous ICR female mice with
normal males on the same day or 1-2 days before the experi-
ment: these will be used for receipt of NT pups derived by
Caesarian section at E19.5. Foster mothers are needed for NT
pups because NT litters are too small to stimulate lactation in
the surrogate mothers.

2. Prepare pseudopregnant mothers by mating estrous ICR female
mice with vasectomized males on the same day as the experiment.

3. Cloned embryos can be transferred at different stages.
Embryos at the two-cell (24 h after NT) or four- to eight-cell
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Istday 2
Oh 6h 10h nd day 20h
v v v v
Enucleated Nuclear Activated by Sr + LATA Culture in KSOM
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Fig. 5 An experimental scheme of somatic-cell nuclear transfer with HDACi and LATA. According to the
standard procedure of mouse cloning, donor nuclei from somatic cells are injected into enucleated oocytes.
These reconstructed oocytes are activated in activation media. After 10 h activation, the activation medium is
changed to KSOM medium. These cloned embryos are cultured in KSOM until subjected to embryo transfer
into the surrogate mother (second day), examination of blastocyst formation (third or fourth day), or
establishment for ntES cells (third or fourth day)

(48 h after NT) can be transferred into the oviducts of the
recipients at 0.5 days post copulation (dpc). On the other hand,
morulae/blastocysts (72 h after NT) or blastocysts (96 h after
NT) can be transferred into the uterus of pseudopregnant mice
at 2.5 dpc.

4. Cloned mouse fetus frequently shows abnormality such as
placentomegaly, so a Caesarian section is required to recover
the cloned mouse fetuses securely (see Note 12). Euthanize the
surrogate mother at 18.5 or 19.5 dpc (usually at 19.5 dpc).
Remove the uterus from the abdomen and dissect out the
cloned pups with their placentas. Wipe away the amniotic
fluid from the skin, mouth, and nostrils carefully and stimulate
the pups to breathe by rubbing their backs or pinching them
gently with blunt forceps. Warm the pups on a 37 °C hotplate
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and then transfer the cloned pups to the cage of a naturally
delivered foster mother. The foster mother should be moved
from the cage first. Take some soiled bedding from the cage
and nestle the cloned pups in the bedding material so that they
take on the odor of the bedding. Remove some pups from the
foster mother’s litter and then mix in the cloned pups. Finally,
return the mother to the cage and leave the animal room
quietly.

4 Notes

. Mercury needs to be introduced when preparing the enucle-

ation and injection pipette (see Subheading 3.1). This operation
must be done in a working fume hood and you need to wear
appropriate protective gloves because mercury volatilizes and is
toxic if inhaled or absorbed through the skin.

. EGTA is added for chelating Ca®* in media for efficient Sr**

incorporation into the oocytes [39]. You can use other media
for oocyte activation but have to adjust EGTA concentration
depending on the Ca?* concentration in that media. Also, you
can use CB instead of LATA. In that case, the reconstructed
oocytes are activated by activation media with CB. For 10 h of
TSA treatment, after 6 h activation, activated oocytes are
cultured in KSOM medium including TSA for another 4 h
and transferred into KSOM without TSA.

. Sometimes you cannot detect the MII spindle at the enucle-

ation step. We always maintain the oocytes at 25 °C to do this.
However, this temperature can allow the spindle microtubules
to disperse and become unclear, so you will need to warm the
manipulation chamber to 37 °C and the spindle will become
visible again. Oocyte transparency also depends on the mouse
strain: we find that B6D2F1 mice are better oocyte donors than
some others.

. When you first use the piezo unit, you should examine whether

you can cut the zona pellucida smoothly. If you cannot do so,
check the connection between the pipette and the pipette
holder. The top of the pipette holder must be screwed in tightly.
Expel all oil inside the pipette, as this might have reduced the
piezo unit’s power transmission. There should be a slight nega-
tive pressure inside the pipette to enhance piezo power.

. During micromanipulation, you might find that the pipette

gets sticky. The condition of the pipette is very important: it
will affect not only the oocyte survival rate but also embryo
development after NT. Wash the pipette in PVP medium
completely. PVP will cover both the inside and outside of the
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pipette to keep the surface slick. Without this step, the pipette
soils rapidly and needs to be changed.

. When donor cells are transferred to the PVP droplet, mix them

with the PVP medium using sharp tweezers for at least 30 s. If
the donor cells are not mixed thoroughly with the PVP
medium, they will aggregate and it will be difficult to isolate
single cells. ES cells are especially sensitive and fragile and it is
better to make a new ES cell suspension every 30 min.

. Sometimes it is difficult to release the donor nucleus from the

pipette. If so, the pipette is probably too dirty. It must be
washed frequently using PVP medium by expelling some mer-
cury and applying power from the piezo unit. Otherwise, the
pipette should be changed.

. There are many factors that can induce oocyte lysis after injec-

tion, such as the pipette having too large an ID, excessively high
room temperature, or the pipette insertion being too shallow. A
large pipette causes the piezo power to be too strong and this
can increase the rate of oocyte lysis. The process of NT should
be performed at room temperature (25-26 °C). Do not use a
warm plate for the microinjection process. The injection
pipette must be inserted very deep into the oocyte before
applying the piezo pulse. In addition, you need practice. If
you are a novice, all the oocytes will lyse immediately after
injection. One month after starting practice, about half of
your oocytes might survive. One year later, about 80 % of
oocytes will survive, if you continue to practice diligently.
Reconstructed oocytes should be placed in HEPES-CZB
medium for at least 10 min. If they are transterred to KSOM
immediately after injection, nearly 15 % of them will undergo
lysis from the damage of injection.

. You can use SAHA and oxamflatin as other HDACi [40]. Also,

when ES cells are used as the source of donor nuclei, HDACi
supplementation does not work well. It G2 /M cell cycle phase
ES cells are used as a source of donor nuclei, CB must be
omitted from the medium.

We cannot avoid the death of cloned embryos during activa-
tion. During strontium treatment, up to 10 % of the oocytes
will die and the medium will become contaminated. Do not
worry, because this is normal and the surviving oocytes are
usually undamaged. Therefore, check the activation medium
with fresh intact oocytes as necessary.

When the activation has finished, you should check the rate of
pseudo-pronuclear formation in the cloned embryos. If you
cannot confirm this formation, it means you have failed this
time. There are several reasons why oocytes do not form
pseudo-pronuclei. Usually it is because of a failure to break
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the donor cell membrane or failure of oocyte activation.
The injection pipette must be smaller than the donor cell. If the
donor cell has a tough cell membrane (e.g., tail tip fibroblasts),
apply piezo power to break the donor cell membrane at the

time of cell pickup.

12. All cloned mice to date have been born with abnormal and
hypertrophic placentas and they often die just after birth from
respiratory failure. At present there is no way to avoid this lethal

phenotype.
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Chapter 10

Induction of Cellular Senescence by Oncogenic RAS

Romi Gupta and Narendra Wajapeyee

Abstract

Cellular senescence is a state of permanent cell cycle arrest, which has been shown to prevent neoplastic
transformation. Oncogenes are pro-proliferative genes that promote survival and proliferation of cancer
cells. Paradoxically, introduction of an activated oncogene leads to activation of a state similar to cellular
senescence, which is referred to as oncogene-induced senescence. Studies have shown that oncogene-
induced senescence function as a barrier to neoplastic transformation. Here, we describe a protocol for
inducing cellular senescence by oncogenic RAS in primary human fibroblast. The approach that we describe
here is of general utility and can be applied to study senescence induction by other defined genetic elements,
for example, other activated oncogenes.

Key words Cellular senescence, Oncogene-induced senescence, RAS, p16, SA p-gal assay, p53

1 Introduction

Human cells can undergo only defined number of cell division after
which they cease to grow in culture. This phenomenon was first
observed by Hayflick and Moorhead and was described as replica-
tive senescence [ 1]. Further studies have indicated that human cells
undergo replicative cellular senescence due to progressive
shortening of telomeres [2]. Telomere shortening induces DNA
damage response (DDR) pathway, which induces irreversible cell
cycle arrest leading to a state of replicative senescence [3].

Oncogenes are known to promote cell survival, cellular prolif-
eration, and survival of cancer cells. However, paradoxically, intro-
duction of an activated oncogene into a primary human or mouse
cell leads to a state similar to replicative senescence [4].

Several studies have used oncogenic RAS as a prototype to
study the phenomenon of oncogene-induced senescence and have
identified the regulators and mechanisms of oncogene-induced
senescence [5-7]. RAS is probably most commonly found onco-
genic activation in human cancers and at least 30 % of the cancers
harbor mutations in one of the three RAS proto-oncogenesis.
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For a detailed overview of RAS oncogenes and cellular

senescence, we refer the reader to two excellent reviews by Karnoub
and Weinberg [8] and Nardella et al. [9].

Here in this chapter, we provide a detailed protocol for induc-

ing senescence using activated oncogenic RAS in primary human
fibroblast. The protocol provided here can be used to study senes-
cence inducing ability of other oncogenes or genes that are sus-
pected to function by inducing cellular senescence.

2 Materials

2.1 Generation

of Retroviral Particles,
Determination of MOI,

and Transduction with
Retrovirus Particles

2.2 Monitoring
Oncogene-Induced
Senescence

QN UL W N

. 293T cells.

. Gag-pol plasmid (Addgene).

. pCI-VSVG plasmid (Addgene).

. Transfection reagent, such as Effectene (Qiagen).

. 0.45 pm syringe filters (Millipore).

. DMEM high glucose (1x), liquid, with rL-glutamine and

sodium pyruvate (Sigma-Aldrich).

7. 10 % FBS/Pen-Strep (Lite Technologies).

O ©Co

11.
12.
13.
14.

O N O\ Ul W W N

10
11
12

. Polybrene (Sigma-Aldrich).
. Puromycin (Clontech).
10.

Crystal violet staining solution: 40 % methanol, 10 % acetic
acid, 50 % ddH,0, and 0.01 % crystal violet.

IMR-90 fibroblasts (ATCC).
pBABE puro retroviral vector (Addgene).
pBABE puro/HRAS v12 retroviral vector (Addgene).

Centricon columns (Millipore).

. PKH26 red fluorescent cell linker kit (Sigma-Aldrich).
. Sodium citrate (Sigma-Aldrich).

. Na,HPO4 (Sigma-Aldrich).

. NaCl (Sigma-Aldrich).

. MgCl, (Sigma-Aldrich).

. Potassium ferricyanide (Sigma-Aldrich).

. X-gal (Sigma-Aldrich).

. 37 % formaldehyde solution (Sigma-Aldrich).

9.

pl6 antibody (Cell Signaling).

. p53 antibody (Santa Cruz Biotech).
. p21 antibody (Santa Cruz Biotech).
. PVDF membrane (PerkinElmer).



13.
14.
15.

16.
17.
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Immunoblot apparatus (Biorad).
Transfer apparatus (Biorad).

Anti-mouse IgG HRP-linked for ECL (GE Healthcare Bios-
ciences).

ECL kit (Pierce).
DAPI (Sigma).

3 Methods

3.1 Generation
of HRAS v12 and
Empty Vector
Retroviral Particles

3.2 Determining the
Multiplicity of Infection
(MOI) for Retroviruses

Carry out all procedures at room temperature unless otherwise
specified.

1

. Plate 3 x 10°293T cells in 100 mm tissue culture dishes. Plate

one additional dish, which will be transfected with an empty
retroviral vector alone.

. After 36 h, transfect cells with 10 pg oncogenic RAS plasmid or

empty vector plasmid along with 1 pg Gag-pol plasmid DNA
and 1 pg pCI-VSVG plasmid DNA using Effectene transfection
reagent as per the supplier’s instructions.

. After 48 h post-transtection, collect the culture supernatants,

which contain retroviral particles.

4. Filter the culture supernatants using 0.45 pm syringe filters.

. Concentrate the virus tenfold using Centricon columns (cutoft

4 kDa) (see Note 1).

. Plate 1 x 10° 293T cells in each well of a 6-well plate, using

one plate for each pool.

. Let the 293T cells grow for 36 h. After which, perform serial

dilutions of each retrovirus. First, label six microfuge tubes as
«10717 «1072,? «1073,” «107*,” “107°,” and “107°.” Add
1 ml of the DMEM media with 10 % FBS/1XPen-Strep into
each tube. Add 110 pl of retroviral supernatant in the first tube,
resulting in a 1/10 dilution (107'). Mix it well and then
remove 100 pl of the 10" dilution and add it to the second
tube to create a 1072 dilution. Repeat the same to generate
1073,107*,10°°, and 10~ ° dilutions.

. Label the wells of the 6-well plates as “10~',” “1072,” «1073,”

“107%,” “107°,” and “107°.” Aspirate the media from all the
wells and add 1 ml of serially diluted retroviral supernatant with
Polybrene (10 pg/ml) to the appropriate well.

. After 24 h, remove the media and add 2 ml of fresh DMEM

media with 10 % FBS/Pen-Strep.

. After 24 h of changing the media, add puromycin (1.0 pg/ml)

to select for cells carrying the retroviral HRAS v12.
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3.3 Transduction
of IMR-90 Cells with
Activated HRAS v12
or Empty Vector
Retrovirus

3.4 Monitoring the
Induction of Cellular
Senescence

3.4.1 Measurement of
Proliferation Using PKH26-
Based Cell Membrane
Labeling

6. Change the media with puromycin every 3 days.

7. After 2 weeks, stain the colonies that survive puromycin selec-
tion using crystal violet staining solution.

8. Calculate the MOI of the retroviral supernatants as follows:
MOI [particle-forming units (pfu)/ml] = number of colonies
x dilution factor x 10.

For example, if you observe five colonies in the 10~* dilution
plate, the calculation will be: 5 x 10* x 10 = 5 x 10° pfu/ml
(see Note 2).

1. Plate 1.2 x 10° IMR-90 fibroblasts in two individual 100 mm
tissue culture dishes (see Note 3).

2. After 24 h, transduce the IMR-90 fibroblasts with HRAS v12
or empty vector retrovirus in a total volume of 5 ml of DMEM
media with 10 % FBS /Pen-Strep and Polybrene (10 pg/ml) to
achieve infection at an MOI of 20 (see Note 4).

3. After 24 h, change the media and add 10 ml of DMEM media
with 10 % FBS/Pen-Strep.

4. After 24 h of changing the media, add puromycin (1.0 pg/ml)
to enrich the cells that carry integrated HRAS v12 or empty
vector retrovirus. Change the media after 3 days with fresh
puromycin. It usually takes 6 days to completely select cells
carrying retrovirus by puromycin.

Oncogene-induced senescence can be measured using different
assays. Here, we present three such assays. Together these assays
allow for the identification of cells that have undergone senescence.
Additional assays can also be used to supplement these results, for
example, BrdU incorporation assay and DAPI staining to identity
the senescence-associated heterochromatin foci (SAHF).

Induction of oncogene-induced senescence leads to reduced pro-
liferation. Therefore, measuring proliferation may indicate induc-
tion of cellular senescence. However, it is important to note that
reduced proliferation alone cannot be used to confirm senescence
induction. Proliferation should be monitored along with other two
assays (SA p-gal assay and p16 immunoblot). Below we describe the
protocol for measuring proliferation using PKH26-based cell
membrane labeling.

1. Label the empty vector or HRAS v12-transduced IMR-90 cells
using PKH26 red fluorescent cell linker kit for general cell
membrane labeling (Sigma-Aldrich) as per the manufacturers
instruction. It is recommended that equal number of cells
should be counted before labeling so that the observed differ-
ences are not due to different cells to PKH26 ratio.



34.2 Senescence-
Associated
p-Galactosidase

(SA p-gal) Assay

3.4.3 Monitoring the
Increase in p16, p53, and
p21 Expression by
Immunoblot Analysis

3.4.4  Monitoring the
Cells for Senescence-
Induced Heterochromatin
Foci (SAHF)
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2. Monitoring the labeled cells at days 3, 5, and 7 by flow
cytometry analysis (see Note 5).

The methodology to detect SA p-gal has been extensively described
carlier [10] as well as in this edition. We provide a short protocol
here, which will allow readers to perform SA p-gal assay. Addition-
ally, a chapter elsewhere in this volume will provide a detailed
description of SA B-gal assay for monitoring senescence induction.

1. Wash cells twice with 1x PBS (pH 7.3) for 5 min with gentle
rocking.

2. Add fixing solution (3.7 % paraformaldehyde) to cover cells and
fix them for 5 min.

3. Wash cells three times with 1 x PBS, 5 min per wash with gentle
rocking.

4. Add staining solution to cover the cells and stain the cells from
12 to 18 h at 37 °C and protect the cells from light during the
staining process.

5. Wash the cells three times with 1x PBS for 5 min with gentle
rocking.

1. Lyse the IMR-90 cells after 7 days of transduction with either
empty vector or oncogenic HRAS v12.

2. Run the lysates on a 12 % SDS-PAGE.

3. Perform immunoblot analysis using anti-pl6 antibody (Cell
Signaling), anti-p53 antibody (Santa Cruz Biotech), or anti-
p21 (Santa Cruz Biotech) antibody and monitor the expression
of pl6,p53,and p21 in empty vector or oncogenic HRAS v12-
infected cells using ECL-based detection method (see Note 6).

Previous studies have shown that cells that undergo oncogene-
induced senescence also show a remarkably high increase in hetero-
chromatization. This phenomenon can be easily visualized by sim-
ple cell biology techniques and referred to as senescence-induced
heterochromatin foci (SAHF). Below we provide a protocol to
monitor the SAHF.

1. Plate 5 x 10* cells in a 6-well plate.

2. Transduce the cells at 20 MOI with either HRAS v12 retrovirus
or an empty vector.

3. Fix the cells with 4 % paraformaldehyde for 10 min at room
temperature after 7 days post-transduction.

4. Stain the cells with DAPI (0.1 mg/ml) for 5 min.
5. Wash three times with 1x PBS.

6. Visualize using fluorescent microscope for SAHF.
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4 Notes

1. It is important to note that freeze thawing will be lead to

reduced titer. Therefore, we recommend to avoid multiple
freeze thawing. One way to do this is to make small 1 ml
aliquots for virus supernatant.

2. Aim for an MOI of at least ~2 x 10° pfu/ml.
3. Although we recommend to use IMR-90 cells, other primary

cells or other fibroblast can also be used. For example, BJ fibro-
blast, WI-38 fibroblast, primary human lung epithelial cells, and
primary human melanocytes can also be used depending upon
the research question. Based on the level of p16 expression, it is
observed that both IMR-90 and WI-38 fibroblasts undergo
robust senescence upon introduction of activated RAS such as
HRAS v12. Furthermore, in addition to HRAS v12, other onco-
genic RAS such as NRAS and KRAS can also be used. However,
in our experience, these other RAS genes are less efficient in
inducing senescence due to their weaker ability to activate MAP
kinase pathway compared to HRAS v12.

. The purpose of transducing the cells at 20 MOI is to ensure

that all the cells are transduced with HRAS v12 retrovirus.

. It is important to analyze both empty vector-infected IMR-90

cells and HRAS v12-infected cells to ensure that the reduction
in growth is due to activation of cellular senescence and not due
to cells reaching confluency.

. Detection of pl6 levels might require use of high sensitivity

ECL kit like Femto kit from Pierce.
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Chapter 11

Methods of Gellular Senescence Induction
Using Oxidative Stress

Zhe Wang, Dandan Wei, and Hengyi Xiao

Abstract

Normal somatic cells do not divide indefinitely and have their finite replicative lifespan. This property leads
to an eventual arrest of cell division termed cell senescence. Human diploid fibroblasts offer a typical model
for studying cell senescence in vitro. Various approaches to evoke oxidative stresses, such as the exposures of
cells to ultraviolet light, ethanol, tert-butyl hydroperoxide (t-BHP), and peroxide hydrogen (H,O,), have
been used to study the onset of cellular senescence. The early onset of cellular senescence induced by these
stresses is termed stress-induced premature senescence (SIPS). In this manuscript, we will mainly summa-
rize the basic knowledge and experimental approaches important for the induction of SIPS by H,O,, since
H,0, is the most commonly used inducer of SIPS in vitro and an endogenous source of cellular oxidative
stress. Several assays methods generally used for testifying cell senescence are introduced.

Key words Senescence, Oxidative stress, H,O,, Fibroblasts, SA-p-gal, Cell cycle arrest, SAHF, Comet
assay, DNA damage, Telomere length analysis

1 Introduction

Cellular senescence is defined as a permanent cell cycle arrest that is
resistant to growth factors and other signals that induce cell prolif-
eration [1]. This phenomenon was firstly reported by Hayflick
et al., who observed that human diploid fibroblasts (HDFs) exhibit
finite proliferative potential in vitro [2]. Now, it is accepted that
many types of somatic proliferative cells preserve the ability to
undergo cellular senescence, while senescence contributes to
aging process and age-related disease in vivo via the mechanisms
not yet fully understood [3]. The cells that can become senescent
in vitro include human keratinocyte, melanocyte, and endothelial
cells. [4-6].

Based on the ways of induction and the mechanisms involved,
cellular senescence is mainly classified into three types. The first,
also the most thoroughly investigated type of cell senescence, is
replicative senescence (RS), which features as telomere attrition and
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the activation of p53/p21 pathway at least in early stage [7, 8].
The second type of cell senescence is termed as stress-induced
premature senescence (SIPS), which is induced by various stressors,
such as oxidative stress and ultraviolet rays [4, 9, 10]. The third type
of cell senescence is oncogene-induced senescence (OIS), which is
trigged by overactivation of certain oncogenes, in particular the
ras gene [11-13]. Generally, SIPS and OIS have no significant
telomere attrition but prominently in the activation of p16,/p38
pathway [14, 15]. In some literatures, the term oxidant-induced
premature senescence is also used in reference to premature senes-
cence induced by oxidative stress [ 10].

Several essential phenotypes have been utilized to identity
senescent cells. They include (1) cell cycle arrest at G1 phase, usually
detected as the lack of DNA replication; (2) flat and enlarged cell
morphology; (3) exceptional activation of lysosome, indicating by
positive staining for senescence-associated P-galactosidase activity
(SA-B-gal) [16-19]; (4) protruded heterogenization of chromatin
(senescence-associated heterochromatin focz, SAHF) [20, 217; (5)
telomere shorting, but as mentioned above, it is not a reliable sign
for SIPS and OIS [9, 22 ]; and (6) elevated expressions of several cell
cycle inhibitory genes, such as pl16, p53, and p21 [6-8, 23].

Senescence of HDFs is the most classical experimental model
for cellular aging. The studies based on RS have contributed a lot
for understanding of telomere-related aging mechanism, while
SIPS is often used for the study of oxidative stress. Up to now,
various inducers which can cause intense oxidative stresses in cells
have been utilized for the induction of SIPS in cell culture system.
They include H,O, [9, 24 ], ultraviolet light [25], tert-butyl hydro-
peroxide [26], and ethanol [26]. H,O, has been the most com-
monly used inducer of SIPS, partially because it is classically
thought of as a natural inducer of oxidative stress [27-30]. There-
fore, we focus on summarizing the detailed protocols for induction
and detection of cellular senescence using H,O, in this chapter.
Some alternative methods used for SIPS induction are briefly men-
tioned in Note 5 also.

2 Materials

2.1 CGell Culture

1. Cell incubator setting up at 37 °C, with 5 % CO, and 100 %
humidity.

2. Human diploid fibroblasts WI-38 (ATCC, USA).

3. Dulbecco’s modified Eagle’s medium (DMEM) (GIBCO) sup-

plemented with 10 % heat-inactivated fetal bovine serum,
100 pg/ml penicillin, and 100 pg/ml streptomycin (GIBCO).



2.2 SA-p-Gal Assay

2.3 Cell Morphology,
Proliferation Assay,
and Cell Gycle Analysis

2.4 Single-Cell Gel
Electrophoresis Assay
(Comet Assay)
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4.

O 0 N

10.
11.
12.

H,0, (30 % (W/W) solution from Sigma). Freshly diluted
before the experiments.

. Dulbecco’s phosphate-buffered saline (PBS) (without Ca**

and Mg?*, Sigma).

. Trypsin—EDTA in PBS (10x Trypsin—-EDTA solution from

Invitrogen).

. Light microscope.

. PBS.

. 0.1 mol/I citric acid solution.

. 0.2 mol /I sodium phosphate solution.

. Citric acid /sodium phosphate buffer, pH 5.0 or 6.0.

. 200 mg/ml X-gal solution (5-bromo-4-chloro-3-indolyl-beta-
D-galactopyranoside, Sigma).

. 5 mol/1 sodium chloride (NaCl).

. 100 mmol /1 potassium ferrocyanide solution.

. 100 mmol /1 potassium ferricyanide solution.

1 mol/l magnesium chloride solution (MgCl,).
4 % paraformaldehyde fixative solution.

Fresh prepared SA-f-gal staining solution: 1 mg/ml X-gal,
40 mmol /1 citric acid /sodium phosphate, pH 6.0, 5 mmol /1
potassium ferrocyanide, 5 mmol/l potassium ferricyanide,
150 mmol /1 NaCl, and 2 mmol/1 MgCl,.

. Inverted phase contrast microscope with digital image
detector.

. Hemocytometer.

. 70 % ice-cold ethanol.

. 100 pg/ml RNase A (Sigma).

. 1 pg/ml propidium iodide (Sigma).
. 0.1 % Triton-X100.

. FACScan (fluorescence-activated cell sorting, Becton—Dickinson,
San Jose, CA).

. 0.5 % normal melting agarose (Sigma).
. 0.7 % low melting agarose (Sigma).

. Dimethyl sulfoxide (DMSO, Sigma).

. 5 mol/I sodium chloride (NaCl).

. 0.4 mol /I Tris—-HCI, pH 7.5.

. 10 % Triton-X100 in distilled water.

. 1 mol /I sodium hydroxide (NaOH).
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2.5 Telomere Length
Analysis

2.6 The Formation
of Senescence-
Associated
Heterochromatin Foci

2.7 RT-qPCR

10.

11.
12.
13.

N QN Uk N

[ I S R

. 0.5 mol/1 disodium ethylenediaminetetraacetate dihydrate

(Na,EDTA, Sigma).

. Alkaline lysis butfer: 10 % DMSO, 1 % Triton-X100, 2.5 mol/1

NaCl, 10 mmol /1 Tris—-HCI, 100 mmol /1 Na,EDTA, and pH 10.

Alkaline buffer solution with NaOH (10 mmol/l) and
Na,EDTA (200 mmol /1) at pH 13.2.

2 pg/ml ethidium bromide.
Fluorescence microscope.

Horizontal gel electrophoresis chamber

. Genomic DNA extracted from cells, using EasyPure genomic

DNA kit (Trans Inc, Beijing).

. Restriction endonuclease Hinfl and Rsal (Roche).

. 0.8 % agarose gel.

. Nylon membrane (Hybond N, Amersham).

. 32P-labeled telomeric oligonucleotide probe (TTAGGG),.

. Denaturing solution: 1.5 mol /1 NaCl and 0.5 mol /1 NaOH.

. Neutralization solution: 0.5 mol/1 Tris-HCI (pH 7.0) and

1.5 mol /1 NaCl.

. Solution containing 0.75 mol/1 NaCl, 30 mmol/] sodium

citrate, and 1 % SDS.

. 20x SSC: 3 mol/I NaCl, 0.3 mol/1 sodium citrate.
10.

X-ray film.

. 100 pg/ml 4',6-diamidino-2-phenylindole (DAPI).
. PBS.
. Methanol.

. Fluorescence microscope.

1. Trizol (Gibco, USA).

9]

. Chloroform, isopropyl alcohol, 75 % ethanol (in DEPC-treated

water), and RNase-free water.

. Centrifuge and rotor capable of reaching up to 12,000 x g

(e.g., Eppendorf 5415R).

4. First-Strand cDNA Synthesis SuperMix (Invitrogen, USA).

. Primers: p16, ATCATCAGTCACCGAAGGTC (sense) and CT

CAAGAGA AGCCAGTAACC (antisense); p21, CCGAAGTCA
GTTCCTTGTGGAG (sense) and TTAGGGCTTCCTCTTGG
AGAAG (antisense); p53, GGACAG CCACGT CTGTGA
CTTG (sense) and CCAGTGGTTTCTTCTTTGGCTG (anti-
sense); and GAPDH, AACCATGAGAAGTATGACAACAGC
(sense) and CATGTGGGG CCATGAGGTCCACCAC (anti-
sense).



Methods of Cellular Senescence Induction Using Oxidative Stress 139

6.

7.

Real-time fluorescence quantitative PCR reagent (e.g., TransStart
Top Green qPCR SuperMix, TransGen Biotech, Beijing).

Bio-Rad iCycler iQ5 PCR Thermal Cycler (Bio-Rad, USA).

3 Method

3.1 H,0, Treatment

3.2 SA-p-Gal Assay

Protocols described in this chapter are optimized for human diploid
fibroblasts. If different cells are to be used, dose-response experi-
ments should be carried out to obtain the sublethal amounts of
H,0,. As a guide titrations in the range of 50-800 pmol /1 should
be carried out [28]. The protocols mentioned below are summar-
ized from our experience and some published reports.

Cells are seeded and treated with H,O, and incubated at 37 °C

until the collection time points as described in Subheading 3.1. At
the end of incubation, cells are collected and used for the assays as
described in Subheadings 3.2-3.6 [9].

1.

10°cells are inoculated into each of 35 mm cell culture dish or
cach well in 6-well plate (see Note 1).

. In the next day, sublethal amounts of H,O, (100-200 pmol /1)

are added for 2 h at 37 °C. Prolonged H,O, treatment is
performed by adding 10 pmol/l H,O, with medium change
every 3 days. Parallel cultured control cells grow in the media
without H,O, (see Note 2).

. H,0O, is washed with PBS for terminating the treatment. Cells are

kept on the incubation in normal medium for more than 3 days.

. Cells are microscopic observed, photographed, or used for

assays. The treated and untreated cells are always compared.

. See Notes 3 and 4.

. Wash cells adhering in well twice in PBS.

. Fix with 4 % paraformaldehyde for 5 min at room temperature.

Prolonged fixation will inactivate the enzyme.

. Wash three times in PBS, each for 3 min.

. Add freshly prepared staining solution (pH 6.0, 2 ml/well of

6-well plate).

. Incubate at 37 °C in a humidified chamber overnight. Do not

use CO, incubator.

. Examine the blue staining using a light microscope. Positive

staining could be evaluated next day. The blue-stained cells are
counted in several randomly selected fields under microscope,
and the result is expressed as a percentage of positive cells. To
avoid false positive resulted from cell confluence, this assay
should be performed in sub-confluent cultures displaying com-
parable cell density [31].
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3.3 Cell Morphology,
Proliferation Assay,
and Gell Cycle Analysis

3.4 Single-GCell Gel
Electrophoresis Assay
(Comet Assay)

7.

1.

Despite of above routinely conducted detection method for
SA-B-gal activity, a flow cytometric SA-p-gal activity assay
method appears in recent years. In this new assay system,
C12FDG (5-dodecanoylaminofluorescein di-p-p-galactopyra-
noside) acts as a SA-Bgal substrate, and it becomes fluorescent
and membrane impermeable. Briefly, C;,FDG is added to the
medium and incubated with cells for 1 h at 37 °C, 5 % CO,.
After incubation, the cells are trypsinized, washed with PBS,
resuspended in 200 pl PBS, and analyzed immediately using a
FACS Calibur flow cytometer [32, 33].

For morphology observation, cells are examined by microscope
at 10x, 40x, and 100x magnification every day. Flat and
enlarged cells will be observed from the third day after treat-
ment. The cells should be plated at a low density to enable
them fully enlarge.

. For proliferation assay, 1 x 10* of cells are inoculated in six-

well plates in three replicates for each time point. At 24 h
intervals for maximal 16 days, cells are harvested after trypsini-
zation, and the numbers of cells were counted under micro-
scope, using a hemocytometer. Data are presented as the
mean + standard deviation from three replicates, and the sta-
tistical significance is calculated by Student’s #-test.

. For cell cycle analysis, cultured cells are harvested after trypsi-

nization, washed twice with PBS, and fixed with 70 % ice-cold
ethanol at 4 °C overnight. Following the treatment with
100 pg/ml RNaseA at 37 °C for 30 min, cellular DNA is
stained with 1 pg/ml propidium iodide/0.1 % Triton-X100
for 30 min, and DNA contents are measured by FACScan.
Cell cycle distribution is analyzed with Cell Fit software
(Becton—Dickinson, San Jose, CA).

This method is also called comet assay. It is used to detect DNA
strand breaks which usually happen during the process of SIPS [34].
As senescent cells have lowered DNA repair capacity and accumu-
lated DNA breaks, in this assay, they generally show a nucleus with a
long tail, which is not present in healthy nonsenescent cells.

1.

Glass slides are prepared by loading with 85 pl of 0.5 % normal
melting agarose.

. Freshly harvested cells are mixed with 75 pl of 0.7 % low

melting agarose at room temperature and applied to the
prepared slides.

. Treat slides with alkaline lysis buffer for 1 h.

. Place slides in a horizontal gel electrophoresis chamber con-

taining alkaline bufter solution (pH 13.2).

. After a 20-min DNA “unwinding” period, perform electropho-

resis at 25 Vand 300 mA for 20 min.



3.5 Telomere Length
Analysis

3.6 Assay for SAHF
Formation
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6. Following neutralization in 0.4 mol/l Tris—-HCI (pH 7.5) for
20 min, stain cellular DNAs inside the slides with ethidium
bromide.

7. Examine slides with a fluorescence microscope. Take images
and measure the tail length of each nucleus (diameter of the
nucleus plus migrated DNA). Dozens of randomly selected
cells need be examined for each sample. H,O,-treated cells
generally have low DNA repair capacity comparing to
untreated control cells, indicating an accumulation of DNA
breaks.

Telomeres act as cumulative sensors for oxidative stress since the
accumulation of single-strand DNA breaks can accelerate the
shortening of telomeres. Besides, the induction of premature senes-
cence by hyperoxia is thought to result from accelerated telomere
shortening [35]. Although other methods can be used for measur-
ing telomere length, we introduce a classic protocol here based on
Southern blot analysis.

1. Digest genomic DNA (15 pg) with Hinfl (10 U) and Rsal
(10 U).
2. Digested DNA fragments are subjected to electrophoresis in a

0.8 % agarose gel, transferred on Hybond N membrane, and
UV cross-linked.

3. Conduct the protocol for Southern blot hybridization. Hybri-
dization is carried out for 12-15 h at 42 °C in a solution
containing y-32P-labeled telomeric oligonucleotide probe
(TTAGGG),.

4. After washing out free probe, autoradiograph images are
obtained from the blots by exposing to X-ray film for
12-24 h at room temperature.

5. To calculate the TRF (terminal restriction fragment), the
images are scanned with a densitometer, and the data are
analyzed as described [7].

6. The mean TRF length is defined as ¥ (ODi)/Y (Odi/Li),
where ODi is the densitometer output and Li the length of
the DNA at position i.

7. The amount of telomeric DNA is calculated by integrating the
volume of each smear in Image Quant software (Molecular
Dynamics, Sunnyvale, CA).

8. See Note 5.

In nucleus of senescent cells, chromatin undergoes dramatic remo-
deling through the formation of domains of facultative heterochro-
matin called SAHF, showing as compacted punctate DAPI-stained
foci of DNA in senescent cell nuclei. SAHF is now gradually
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3.7 RT-qPCR

accepted as contributor for irreversible cell cycle exit in many
senescent cells [21]. A representative protocol is as follows:

1.

Wash the cells once with PBS and fixed with methanol for
5 min.

2. Incubate with DAPI (1 pg/ml) for 5 min in dark.

. DAPI-treated cells are gently washed three times with PBS.

Each for 5 min.

4. Refeed with medium containing no DAPI.

—

. DAPI-treated cells are examined by fluorescence microscopy.

Compacted punctate DAPI-stained focz of DNA can be found
in many senescent cell nuclei.

. Total RNA is extracted with Trizol reagent.

2. Use total RNA as the template for the reverse transcription.

. It is important to include no RT control to reveal the presence

of contaminating gDNA.

. Primers are described in Subheading 2.7 [23]. Glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) is used as reference
gene in this assay.

. Perform reactions in duplicate (triplicate if Cs are >35). If the

data from these differ by >0.5 C,, the reactions should be
repeated. If the reproducibility is consistently low, the assay
should be re-optimized. It is more important to run biological
duplicates, as these will identify the true variability within the
data [36].

. Data analysis via iQ™5 Optical System Software, monitoring

by GAPDH as internal reference. The expressions of p16, p53,
and p21 genes are shown as relative fold change.

4 Notes

. It is important that nonconfluent cultures to be used because

nonsenescent cells maintained at confluent can cause false-
positive staining in SA-f-gal assay.

. As reported in ret. 37, it is difficult to achieve a 100 % cell cycle

arrest and the induction of senescence by a single H,O, treat-
ment, because a fraction of treated cells can recover from
oxidative stress and reenter cell cycle. Therefore, it may be
necessary to treat the cells with H,O, for a second time.

. It is necessary to include positive and negative controls for any

assay.
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5. With prolonged H,O,

143

4. There are alternative methods used for SIPS induction. For

instance, HDFs treated with repeated sub-cytotoxic dose of
ultraviolet light at 250 mJ/cm? [25], repeated 30 pM t-BHP
[26], and repeated 4 % ethanol (v/v) [26], all go to SIPS,
respectively. The melanocytes exposed to sublethal doses of
UV [4] fate the same.

treatment, significant telomere
shortening will occur in human fibroblasts cells. However, in
the case of acute treatment by sublethal doses of H,O, telo-
mere shortening does not usually occur.
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Chapter 12

Methods of Testing Pharmacological Drugs Effects on Aging
and Life Span in Mice

Vladimir N. Anisimov, Irina G. Popovich, and Mark A. Zabezhinski

Abstract

The methodology of testing antiaging drugs in laboratory mice is presented. It is based on more than
40-year-long authors’ experience in the field and includes the selection of mouse strain, sex, age at start of’
treatment, housing conditions, design of the long-term study, some noninvasive methods of assessment of
biomarkers of aging, life-span parameters, pathology examination, and statistical treatment of the results.

Key words Antiaging drugs, Testing, Biomarkers of aging, Mice

1 Introduction

There is the growing scientific and public interest to the development
of new antiaging drugs. Accordingly, there is the need to create
standard guidelines for testing such drugs and for evaluation of life
extension potential as well as other late effects (like carcinogenic
and cancer preventive effects of chemicals) [1-3]. One of the
approaches was used by International Programme for Chemical
Safety [4]. Some principles of a program for testing biological
interventions to promote healthy aging were discussed at U.S.
National Institute on Aging [5, 6]. In present work, we described
the methodology of testing of compounds with potential geropro-
tective activity based on more than 40-year-long experience in the
field at the Laboratory of Carcinogenesis and Aging, N.N. Petrov
Research Institute of Oncology (St. Petersburg, Russia). We used
the complex approach to the testing including a study on carcino-
genic risk, carcinogenic safety, and antiaging potential with evalua-
tion of biomarkers of aging, life-span parameters, as well as
characteristics of tumor and nontumor pathology [3].

Guidelines for testing should include such significant points as
animal models, regime of testing, and biomarkers/endpoints.
Mammals are most appropriate animal models, because their
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biology is sufficiently homologous to that in humans. Mice are the
most appropriate models in terms of husbandry, costs, and length
of life. One of the most significant problems is the choice of mouse
strain. To have a strain with genetic diversities and spectre of
pathologies close to human population, application of four-way
crossed mice is proposed by some authors [5, 6]. Another way to
solve this problem is to use different strains in one study. This
approach was used in our studies where we combined outbreed
(SHR or NMRI) mice, inbreed CBA or 129 /Sv mice, as well as
senescent accelerated SAMP-1 mice and transgenic HER-2 /neu
mice |3, 7-14].

Testing regimen should be nontoxic, simple, not stressful, and
appropriate for human application. During the study, a number of
biomarkers of aging could be included into the battery of tests.
Some of them could be monitored during life of mice (Table 1).
Another biomarkers could be practically studied by sacrificing of
groups mice at various age (6-15 per group )—cross-sections pro-
tocol (Table 2). However, some methods are very costly and
require higher number of animals in groups [8]. At last, some
characteristics of aging could be estimated only postmortem after
death of each and/or all animals involved into the study (Table 3).
It is worthy to note that there are age-associated changes in factors
responsible for the rate of penetration of drugs into the body, their
distribution, and the rate of their elimination from the organism,
including xenobiotic metabolism and inactivation enzymes activity,
and they might have an essential effect on the pharmacokinetics and
the pharmacodynamics of drugs [4, 8].

For most of our studies, besides of survival parameters, we
registered body weight, body temperature, food and water con-
sumption, physical activity and muscular strength, learning capacity,
and estimated estrous function. To evaluate late effects of drugs, we
have also conducted pathomorphological examination, including
tumor diagnostics. For general evaluation of the effect of drugs on
aging, life span, carcinogenesis, and nontumor pathology, adequate
mathematical and statistical models were used. Due to widely
recognized gender peculiarities in some age-related phenotypes
and age-associated diseases, using animals of both sexes is most
appreciated [11, 15].

2 Material

2.1 Animals

1. Strain choice. For strain selection, we recommend using two or
more strains in one study, combining outbreed and inbreed
strains. Additionally, for special mechanistic studies, genetically
modified mice could be used [16-18].
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2.2 Housing
Requirements

Table 1

Parameters which could be monitored during life span in mice

Function, parameters

Changing with age

Phenotypic characteristics
Body weight

Increases until the age
of 16-20 months,
decline afterwards

Body temperature Decreases
Hair graying Increases
Boldness Increases
Vibrisses lost Increases
Behavior

Locomotor activity Decreases
Muscular strength Decreases
Physical fatigability Decreases
Cognitive capacity Decreases
Learning capacity Decreases
Gait abnormality Increases
Reproductive function

Estrus function: length of the estrus cycle (days) Increases
Fraction of mice with regular estrus cycles (%) Decreases
Fraction of mice with irregular estrus cycles (%) Increases
Fertility: pregnancy and delivery rate Decreases
Number of offspring per litter Decreases
Pathology

Osteoporosis Increases
Cataract Increases
Skin ulceration Increases
Lordosis/kyphosis Increases

. The strain(s) must be well characterized in terms of their

genetics, survival, and pathologies. The most important aspect
is a long-term experience in the use of selected strain in a
laboratory where a study will be done.

. Mice of both sexes could be used.

. The animals should be kept in standard conditions of temperature

and humidity. Animal facility systems and general requirements
are well described [19, 20].

. Female mice should be kept as possible in equal number per cage

(5, 7, or 10) for both in the control and experimental groups.
Males should be kept single at a cage due to territorial fights.

. Illumination should be standard as 12 h light/12 h darkness.
. Animals should receive tap water and food (standard pellet) ad

libitum.
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Table 2
Characteristics of aging which could be evaluated in cross-section studies in serum or tissues
of mice
Changing with
Function Parameter, test aging
Oxidative stress Reactive oxygen species (ROS) generation: Increases
® Luminol-dependent chemiluminescence
® Electron paramagnetic signal
Lipid peroxidation (LPO):
® Diene conjugates
e Schiff bases
® Malonic dialdehyde (MDA)
DNA damage:
® Carbonyl residues
® 8-hydroxy-2’-deoxyguanosine (8-OH-dG)
® NO synthase
Antioxidative defense Total antioxidative activity (TAA): Decreases
system activity e Riboflavin chemiluminescence
® Cu,Zn superoxide dismutase
® Catalase
® Glutathione peroxidase
e Vitamin E
Protein glycosylation Advanced glycosylation end products (AGEs) Increases
DNA damage DNA adducts formation Increases
DNA hypomethylation: 5-methycytosine (5mC)
Genomic instability Mutations Increases
Chromosome aberrations Increases
Gene expression with microarray technology
Tissue proliferation Mitotic index Tissue
Ki67 dependent
Apoptosis: p53
Focal hyperplasia Increases
Cell-to-cell communication Decreases
Cellular senescence Number of senescent cells in tissues Increases

DNA repair efficacy

Tolerance to glucose

Susceptibility to insulin

Senescence-associated heterochromatic foci (SAHF)
senescence-associated-f-galactosidase (SA-p-gal)
activity, y-H2AX histone

OS-alkyltransferase activity
Excision repair efficacy

The level of glucose in the blood after glucose loading®

The level of glucose in the blood after insulin injection®

Depends on a
tissue

Decreases

Decreases

(continued)



Methods of Testing Pharmacological Drugs Effects on Aging and Life Span in Mice 149

Table 2
(continued)
Changing with
Function Parameter, test aging
Hormonal status® Melatonin level and circadian rhythm Decreases
Growth hormone, IGF-1, leptin, Decreases
Corticosterone, DHEA, estradiol-17p, testosterone Decreases
Prolactin Increases
Triiodthyronine (T3); thyroxine (T4) Decreases
Fat metabolism® Serum level of cholesterol, a-cholesterol, p-lipoproteins, Increases
triglycerides, FFA
Immune function T cell subsets; cytokines Decreases
Reaction of blast transformation with ConA or PHA Decreases

*Tests performed in mice after the overnight starvation

Table 3
Characteristics of aging which could be estimated postmortem

Characteristics Parameters
Life span Mean (M £+ m), median, maximum
Mean life span of last 10 % survivors, days
Population aging rate Aging rate (a), days >
Mortality rate MRDT (mortality rate doubling time), days

Initial mortality rate (), days >

Tumorigenesis Incidence of benign and malignant tumors
Latent period of tumors
Tumor localization and pathomorphology

Nontumor pathology Sarcopenia
Hepeatitis
Nephropathy
Arteriosclerosis
Cardiopathy
Pneumonia
Colitis
Infection

2.3 Equipment 1. Electronic balance (for estimation of body weight and food
and Reagents consumption).

2. Bottles with marked volume (for water consumption).
3. Plastic chamber 30 cm x 21 cm x 9 cm (for physical activity).

4. Electronic thermometer (for body temperature) is used.
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3 Methods

3.1 Age at Start
of Treatment

3.2 Randomization
in Groups

3.3 Route, Dosage,
and Regimen of
Treatment

Long-term studies should be started at the age of 2-3 months, just
after maturity of the females. For additional mechanistic studies,
experiments could be also started later. In the NIA, I'TP treatments
were started at the age of 4, 9, 10, 12, or 20 months [6, 21].

Just before the start of an experiment, animals should be randomly
divided into control and experimental groups.

1.

The number of animals should be sufficient for further statisti-
cal analysis. Fifty animals in each test group are generally
accepted as a minimum adequate number and as a reasonable
compromise between cost and avoidance of false-negative or
false-positive results [ 1]. A moderate increase in group size will
produce only small decrease in the likelihood of obtaining false
results [22], whereas the increase in workload is considerable.
Control group could be twice the size of any experimental
groups.

2. All mice should be individually marked.

. Control mice could be left intact and/or could be treated by

the solvent using the same doses and regimen as in experimen-
tal groups.

. Supplementary number of mice should be included in both

control and each experimental groups in a case of additional
study on age-related dynamics of biochemical, metabolic, and
hormonal parameters. Groups of 10-15 animals each could be
sacrificed at the age of 3, 12, and 18-21 months after overnight
starvation.

. The best route of administration of a compound is with drink-

ing water or supplementation to food. Some compounds, low
soluble or nonsoluble in water, might be dissolved in a small
amount of ethanol and then dissolved in water for proper
concentrations.

For exact dosage of low-soluble compounds gastric intu-
bation could be used.

. It is acceptable for parenteral route, if tested compounds are

administered by subcutaneous injections (0.1 mL) of buftered
solution in flank of the body. Intraperitoneal or intravenous
injections are more stressful and risky for infection.

. Testing two or more drug doses is recommended, including

the dose proposed for usage in humans. Doses should be not
higher than a maximum tolerated dose (MTD) [3].

. In a case of administration of a drug with drinking water or

food, a treatment 5 or 7 day a week could be recommended.
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3.4 General
Observation

3.5 Food
Consumption

Gastric intubations are performed 3-5 times a week; parenteral
injections are usually performed once a week.

5. The best regimen is long-term continuous exposure until nat-
ural death of the animals. However, in some cases, intermittent
exposure could be used [7].

During the study, the animals should be under daily observation,
with regular registration of the amount of drinking water and
consumed food, body weight and temperature, estimation of phys-
ical strength and activity, and estrous function, and such signs of
aging as boldness, loss of vibrisses, hair color changes, graying, skin
ulceration or tumor appearance, kyphosis, and reduced locomotor
activity should be registered at individual charts.

Once a week, all mice should be palpated to detect mammary
or soft tissues tumors. They could be measured with calipers in the
two perpendicular diameters. Progressively growing masses of
>3 mm in mean diameter should be regarded as tumors. The
time of appearance of these tumors detected by palpation, localiza-
tion, and size needs to be registered on special charts (Fig. 1).

The animals should be observed until their natural deaths and
sacrificed only when moribund. The date of each death should be
registered, and survival time should be estimated.

This parameter should be monitored once a month during the all
period of observation until a natural death of last animals in a

group.

Study # Year

Species

Strain

Sex: male __ female__
Number

Date of birth

Date of death

Life span ___ days

Histological number:
Pathomorphological description:

Macroscopic description:

Fig. 1 A chart for registration of pathology in rodents
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3.6 Water
Consumption

3.7 Body Weight

3.8 Body
Temperature

3.9 Estrous Function

Ten grams of a standard lab chow per mouse should be placed
to cleaned food container in a cage, and the amount of noncon-
sumed food (in a food container and on the bottom of cage) should
be weighted 24 h later; calculations of gram per mouse per day
values should be performed. Caloric restriction (CR) is the known
intervention that has been shown considerably to increase the life
span to reduce the incidence and retard the onset of age-related
diseases, including cancer, to increase resistance to stress and toxic-
ity, and to maintain function and vitality in laboratory animals at
more youngful levels [23, 24]. In laboratory rodents, CR com-
monly involves a lifetime reduction in dietary caloric intake of the
order of 30-50 % from ad libitum levels. The alternative feeding
(food supply into a cage each other day) could be used for the CR.
The same amount of food as the group with the least food intake
during the previous time period (pair-fed controls) could be useful
in testing of CR mimetics [25].

Water consumption should be also monitored monthly. A bottle
with a drinking tap water should contain 10 mL water per mouse
and a volume of water drinked consumed in 24 h should be
expressed in milliliters per mouse per day.

Individual body weight of mice should be measured monthly.
Weekly weighting is more time and work consuming and in reality
gives no additional information. We recommend measuring body
weight at the same time of a day.

Once every 3 months, simultaneously with weighing, rectal body
temperature should be measured with electronic thermometer.

The mice will be fixed in usual position sitting on grill with a tail
turned up. The electrode of thermometer should be immersed in
glycerol and introduced into rectum in a distance about 1.0 cm.
Initially, rectal body temperature could decrease due to stress and
angiospasm. Thus, it is necessary to wait until the mouse will be
quiet and body temperature stabilized.

1. Once every 3 months, vaginal smears, taken daily for 3 weeks
from the animals, should be cytologically examined to estimate
the phases of their estrous functions.

2. The thin cotton-ended sticks should be moistened with sterile
water, and smears should be taken and displayed at the prelimi-
nary marked glass for histological slides.

3. Cytological evaluation of the estrous phases should be per-
formed in 1-2 h after collection. It is possible to investigate
nonstained vaginal smears using a drop of a condenser of a
microscope under 80-100x magnification. The record of
daily vaginal smears examination for each individually marked
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3.10 Method

of Estimating Physical
Activity of Mice in the
“Open-Field” Test

3.11 Method of
Studying Muscular
Strength and Physical
Fatigability

animal should be correctly performed, and proestrus, estrus,
metaestrus, and diestrus phases should be registered [26].

. The following parameters of estrous function should be eval-

uated:

(a) A length of each estrous cycle from the first estrous phase
registered to each next first estrus day and then a mean
length of the cycle in a group.

(b) A ratio of phases of estrous cycle.

(c) A rate of estrous cycles of various length (%). Usually we
subdivide it as <5, 5-7, and >7 days.

(d) Fraction of mice with regular cycles (%).

(e) Fraction of mice with irregular cycles (%).

There are a number of modifications of “open-field” test [27, 28].
At present, both horizontal (locomotion) and vertical activities
(rearing) could be monitored by infrared beams, and this informa-
tion is relayed to a computer with software that automatically
records the location and activity of the animal. Behavioral output
includes the numbers of horizontal beam-breaks or the distance
traveled and the number of vertical beam-breaks or rears. In addi-
tion, activities in the center and peripheral zones of the open field as
well as activity maps can be generated. The test could be performed
in a simple modification:

1.

2.

The mice should be tested each 3 months, e.g., at the age of 6,
9, 12, and 18 months in the daytime from 10 a.m. to 5 p.m.,
thus alleviating the circadian rhythm eftects on physical activity.

. Animals of each group should be placed one by one in a plastic

chamber measuring 30 cm x 21 cm x 9 cm, at the bottom of
which squares (5 cm x 5 ¢cm) were drawn: five squares in
length and four squares in breadth.

. Each mouse should be observed moving in the cage, and its

locomotion parameters were estimated: (a) the number of
crossed squares in the field (a square was considered crossed if
the animal stepped over its border at least with two paws), (b)
the number of vertical sets (when the animal rose to its hind
paws), and (c) the duration of grooming reaction of muzzle,
body, and genitalia. As a way to exclude the possibility of smell-
associated orientation reaction, the chamber floor should be
wiped with a wet cloth after each animal.

. The mice should be tested at the age of'6,9, 12, and 18 months

in the daytime from 10 a.m. to 5 p.m.

After weighing, the mice are suspended on a string stretched to
an altitude of 80 c¢m, so that they would hang by the string,
clutching at it with their front paws.
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3.12 Methods of
Studying Learning
Capacity (Maze Tests)

3.13 Patho-
morphological
Examination

. The time until the moment of their fatigue and fall is registered

in seconds.

. In 20 min, the mice are suspended again and the time for which

they managed to hold on is measured.

. A discrepancy between these two indices is regarded as a param-

eter of physical restoration. It could be additionally estimated
in relation to body weight.

. The mice should be tested at the age ot'6,9, 12, and 18 months

in the daytime from 10 a.m. to 5 p.m.

. Animals of each group should be placed one by one in a plastic

or wooden chamber consisted one round platform 20 c¢cm in
diameter and eight radial roads (50 cm length and 8 cm wide)
with food box at the end of each.

. Each mouse should be placed at the center of round platform

for 10 min and estimate (a) the total time of visiting of all eight
food boxes and (b) number of mistakes (repetitive visited of
each road). As a way to exclude the possibility of smell-
associated orientation reaction, the chamber floor should be
wiped with a wet cloth after each animal.

There are several modifications of a maze test, aimed to study

various aspects of learning and memory in rodents [29].

1.

All the animals that died or were sacrificed when moribund
should be autopsied. At autopsy, their skin and all internal
organs should be examined.

. Revealed neoplasia should be classified according to the recom-

mendations of the International Agency of Research on Cancer
(IARC) as “fatal” (i.e., those that directly caused the death of
the animal) or “incidental” (for the cases in which the animal

died of a different cause) [30].

. Main internal organs, all tumors, as well as other lesions should

be excised and fixed in 10 % neutral formalin. After routine
histological processing, the tissues should be embedded in
paratfin.

. Thin, 5-7 pm histological sections should be stained with

hematoxylin—eosin (and, if necessary, with additional methods,
including histochemical and immunohistochemical) and
microscopically examined; regarding the experimental group
which the mice belonged, this should be a blind process.

. Tumors should be classified in accordance with IARC recom-

mendations [31]. Nontumor pathology should be classified
according to the standard classifications [32].
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3.14 Statistics

3.15 Mathematical
Models and
Estimations

1.

1.

Experimental results should be statistically processed by the
methods of variation statistics [30, 33]. The significance of
the discrepancies should be defined according to Student’s
t-criterion, Fischer’s exact method, a chi-square analysis, and
a nonparametric criterion of Wilcoxon-Mann-Whitney.

. For discrepancies in neoplasm incidence to be estimated, an

TARC method of combined contingency tables calculated indi-
vidually for the fatal and incidental tumors [30] as well as a
prevalence analysis [34] should be applied. Because mice did
not display carcinomas in all mammary glands, the mean num-
ber of palpable mammary carcinomas per mouse could be
calculated as the cumulative number of incident tumors,/num-
ber of tumor-bearing mice.

. For survival and risk analysis, Cox’s method [35] is the most

useful. To test two groups survival equality, Taron’s life table
test [36] could be used. All reported values for survival tests
should be two-sided.

The mathematical model could be used to describe survival
under the treatment [37]. The model is the traditional Gom-
pertz model with survival function,

S(x) = exp{—§ [exp(ax) — 1]}

where parameters a and f are associated with the aging rate and
the initial mortality rate, respectively. Parameter a is often
characterized by the value of mortality rate doubling time
(MRDT), calculated as In(2)/a.

. Parameters for the model should be estimated from empirical

data by use of the maximum likelihood method implemented
in the Gauss statistical system [38].

. Confidence intervals for the aging rate parameter estimates

should be calculated by profiling the log-likelihood function
[35].

4 Notes

. Critical review of available data on the effect of life extension

drugs [3, 8, 21] has shown that from the point of view of the
current guidelines, a lot of studies are invalid. Tested drugs were
often given to a small number of animals (10-20); the treat-
ments started at the old age of'animals, where a lot of more weak
animals would die and more robust would survive; the observa-
tion stopped at the age of 50 % mortality or at some other
voluntary time, but not at the natural death of last survivor;
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the autopsy and correct pathomorphological examination
sometimes were not performed or were incomplete; the body
weight gain and food consumption were not monitored, etc.

. The special problem is the selection of mouse strain. For testing

pharmacological drugs, genetic and other characteristics should
be analyzed. For example, C57BL/6j mice are most common
animal model in life-span extension studies [39 ]. However, due
to genetically dependent deficiency in melatonin production by
pineal gland in C57BL/6j mice [40], this strain could not be an
adequate model. Some serious arguments support the use of
hybrid or outbreed mice [16, 41].

. Spontaneous and induced genetic modifications, homozygous

null mutations, and knockout and transgenic mammalian ani-
mals were also introduced into experimental gerontology
[16-18]. It is worth of note that although the effects of some
genetic manipulations are not expressed except at specific times
in the animal’s life, because these genetic manipulations are in
effect during embryonic development as well as throughout
adult life, there are significant limitations in the interpretations
of the data obtained. Some of them were discussed elsewhere
[8,42,43]. On the one hand, the elimination of an activity or a
pathway can lead to erroneous conclusion about the function of
a gene because resulting compensation can markedly alter the
physiology of the animal. On the other hand, overexpression of
a transgene may readily yield no effect on life span or on any
other aging parameter of the animal for that matter. Jazwinski
[42] has noted that overexpression of a transgene will likely
create interactions with other genes and with the environment,
both external and internal. Nevertheless, we have used mutant
and transgenic mice for study of effect of some drugs on
longevity [3, 7-14].

. There are a number of examples of gender differences in the

response to antiaging drugs [3, 11, 15, 21]. However, when
resources are limited, a choice of sex of mice is very important.
We prefer to use female mice, which are not so aggressive as
males. Another advantage of females is a possibility of a moni-
toring of estrous function and wider spectrum of tumors
including than that in males.

. In general, a fairly wide range of husbandry conditions yields

similar life-span results. Different frequency of cage changes
(1, 2, or 3 weeks), and different cage ventilation rates have
not shown any differences in health status [44]. Fairly dirty,
unsanitary conditions had no significant effect on the life span
[45]. It seems also that animals raised in specific pathogen-free
(SPF) conditions do not show a significant improvement in
survival curves. While some reports did show an improved life
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10.

11.

12.

span from germ-free husbandry [46, 47], it was, however,
shown that germ-free animals had a lower caloric intake with
that being the likely cause of life-span extension [48].

. The food quality and control are important issue [20, 49]. To

know the content in lipids, kind of animal proteins, fibers, and
relevant oligoelements may be important, because of the great
relevance of food quality used in animal facility, particularly
when substances which may interfere with the nutritional status
have to be studied. In our experiments, we routinely used the
granular diet produced by agricultural company “Volosovo”
(Leningrad Region, Russia) and, since 2005, of “Laborator-
korm” (Moscow, Russia). Both these diets contain natural
ingredients—wheat, corn, powdered milk, soya, and fish
meal—and were balanced in a relative amount of proteins, fat,
vitamins, and microelements [3]. In general, these diets are
similar to NIH-31 rat and mouse ration [6].

. An experiment must be initiated at the age after which growth

has ceased (2—4 months), so that any life extension due to
growth retardation is not a potential artifact. In some reports,
a treatment has been started at 9, 10, 12, 18, or 20 months
[3,6,8,21]. We believe that use of such design as basic is not a
correct for evaluation of premature aging preventive potential
of the compound tested.

. For correct choice of the route of drug administration, the data

on solubility and stability of a compound in the water or in food
are very important. If compound given with drinking water is
sensible to illumination, bottles of dark glass should be used.

. Concerning regimen of treatment, intermittent exposure could

be only recommended, if in previous mechanistic studies it was
shown that intermittent exposure is the most safe and effective
[3,7,8,50].

Estimation of water and food consumption, as well as of body
weight and temperature should be performed at the same time
of the day. During analysis of estrous function, it is necessary to
continue to take vaginal smears until the end of the last estrous
cycle.

For final analysis, it is significant to compare the effects of
different doses of drug tested, to extrapolate experimental
data to humans [8, 50-52].

The ultimate goal of research in this field is the choice of
geroprotectors for studies in humans. To achieve these goals,
the international standards for preclinical and clinical studies of
antiaging drugs, as well as for evaluation of results of such
studies, should be developed [3, 8, 52]. In the coming years,
the perspective direction could be the development of new
biomarkers, based mostly on biochemical and genetic methods,
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for short-term screening of such drugs [53, 54]. At present,
cooperative studies on antiaging drugs conducted in various
laboratories, using different approaches in a single long-term
experiment (“economic experiment”), could be promising [3].
It should be mentioned that for the best extrapolation to
humans, besides of mice, other animals’ species should be used.
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Chapter 13

Mitochondria-Targeted Antiaging Gene Therapy
with Adeno-associated Viral Vectors

Dejia Li and Dongsheng Duan

Abstract

Transgenic expression of catalase in mitochondria using a transgenic strategy extends life span and prevents
aging-related pathology in mice. However, transgenic overexpression is not suitable for a clinical applica-
tion. Adeno-associated virus (AAV) is the most promising gene delivery vehicle. Here we outline strategies
on the generation of an AAV vector expressing the mitochondria-targeted catalase gene (AV.RSV.MCAT).
We also describe methods for evaluating physiological impact of AV.RSV.MCAT on muscle contractility and
running performance in mice.

Key words AAV, Adeno-associated virus, Free radical, Mitochondria, Targeted expression, Antioxi-
dant gene therapy, Muscle, Aging, Catalase, Treadmill

1 Introduction

Reactive oxygen species (ROS) has long been implicated in aging
and various neuromuscular diseases [1, 2]. The mitochondria are
the primary source and major target of cellular ROS [3, 4]. Mito-
chondrial oxidative stress contributes significantly to human aging
and disease [5]. For this reason, strategies that target ROS scaven-
gers to mitochondria may hold tremendous potential for extending
life expectancy and life quality.

Catalase is a highly conserved housekeeping antioxidant
enzyme. It dehydrates two molecules of H,O, to two molecules
of H,O and one molecular of O,. In most mammalian cells, catalase
is located in the matrix of peroxisomes. Interestingly, forced expres-
sion of catalase in the mitochondria results in much more potent
protection against oxidative stress in cultured cells [6-8 ]. The effect
of mitochondria-targeted catalase (MCAT) on aging was uncov-
ered recently by Rabinovitch and colleagues [9-12]. While trans-
genic overexpression of peroxisomal catalase did not prolong
mouse life expectance, transgenic mice carrying the MCAT gene
showed significantly increased median and maximal life span.
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Furthermore, aging-related pathologies were greatly mitigated.
These exciting results reveal a possibility of treating aging-related
diseases and potentially extending life span in human patients.

Gene therapy is originally developed to cure inherited genetic
diseases by introducing a normal gene [13]. Gene delivery strate-
gies that are initially designed for treating disease may also be
utilized to improve cellular function in healthy subjects [14]. Of
available gene transfer vehicles, adeno-associated virus (AAV)
stands out as an extremely safe and effective vector for local or
whole-body gene transfer [15]. Wild-type AAV is not associated
with any known human diseases, while recombinant AAV may
persist in human body for at least 10 years without causing signifi-
cant safety concern [16]. We have recently demonstrated that
intravascular injection of AAV-9 not only resulted in robust body-
wide transduction in rodents, saturated gene transfer can also be
achieved in large mammals such as dogs [17, 18]. AAV vectors thus
provide an excellent platform for the translation of exciting trans-
genic study results to humans in the future.

Investigators have generated several catalase overexpressing
viral vectors including AAV catalase virus [ 19, 20]. Preclinical stud-
ies of AAV catalase virus suggest that this vector is safe in muscle and
also ameliorates optic neuritis in the eye [19, 21, 22]. However,
based on transgenic study [9], we predict that the existing AAV
catalase vector cannot prolong life span because catalase is expressed
in the cytosol and peroxisomes but not mitochondria. To develop a
therapeutic antiaging viral vector, we engineered a novel AAV-9
virus harboring the mitochondria-targeted catalase gene (AV.RSV.
MCAT). Preliminary studies suggest that AV.RSV.MCAT is well
tolerated in normal mice and systemic AV.RSV.MCAT injection
does not elicit noticeable toxicity. These studies also confirmed
ectopic catalase expression in the mitochondria. Most importantly,
treadmill running performance is significantly enhanced in mice that
received AV.RSV.MCAT treatment at the neonatal period [23].

In this protocol, we outline the procedures used in the genera-
tion and characterization of the AV.RSV.MCAT vector.

2 Materials

2.1 Generation of the
AV.RSV.MCAT Vector

2.1.1 Generation of the
cis-MCAT Plasmid

1. Vent DNA polymerase (New England Biolabs). This is a high-
fidelity thermophilic DNA polymerase. It has a low polymerase
chain reaction (PCR)-related mutation rate. Store at =20 °C.

2. T4 DNA ligase (New England Biolabs). This enzyme catalyzes
the formation of a phosphodiester bond between juxtaposed 5’
phosphate and 3’ hydroxyl termini in duplex DNA. This
enzyme will join blunt-end and cohesive-end DNA fragments.
Store at —20 °C (see Note 1).



2.1.2  Recombinant
AAV-9 AV.RSV.MCAT
Production

10.
11.
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. SCS110 Competent Cells (Stratagene, LA Jolla, CA, USA).

The expression cassette (including AAV-inverted repeats and
the MCAT gene) can be methylated when propagated in bac-
terial cells. SCS110 is an end A~ derivative of the JM110 strain.
The SCS110 strain is ideal for preparing plasmid or phagemid
DNA free of Dam or Dem methylation so that the DNA can be
restriction  digested by methylation-sensitive  restriction
enzymes. Store at =80 °C (see Note 2).

. The cis plasmid carrying the vector genome (ITR-promoter-

target gene-pA-ITR) (ITR stands for inverted terminal repeat).

. The mitochondrial-tagged human catalase cDNA (MCAT)

plasmid (poCAT) can be obtained from Dr. Rabinovitch at
University of Washington, Seattle, WA.

. Reagents and equipment for standard agarose gel electropho-

resis.

. 14 ml polypropylene round-bottomed tubes (Becton Dickin-

son Labware, Franklin Lakes, NJ, USA).

. §.0.C. medium (Gibco-BRL). Store at room temperature.
. Amp selection LB agar plates (100 pg/mL, ampicillin). Store

at 4 °C.
Plasmid Miniprep Kit.

Standard materials for large-scale plasmid preparation with
CsCl,/ethidium bromide equilibrium centrifugation.

. Adenoviral helper plasmid (pHelper provides adenoviral

helper function (Stratagene, La Jolla, CA)).

. pRep2 /Cap9 helper plasmid. This plasmid encodes AAV

replication proteins and AAV-9 capsid. It can be obtained
from Dr. James Wilson at the University of Pennsylvania,
Philadelphia, PA.

. 2.5 M CaCl,. Sterilize by filtration and store at =20 °C.
. 2x HBS buffer: 0.3 M NaCl, 1.5 mM Na,HPO,, and 40 mM

HEPES, pH 7.05 4+ 0.05. Sterilize by filtration and store at
—20 °C. As pH affects transduction efficiency, it is highly sug-
gested to double check pH before each usage.

. DNase I (Sigma, 11 mg protein /vial, total 33 K[kunitz] units).
. pcis-MCAT plasmid. This plasmid contains the ubiquitous

Rous sarcoma virus (RSV) promoter, the mitochondrial-tagged
human catalase cDNA, and the simian virus 40 (SV40) poly-
adenylation sequence.

. 0.25 % Trypsin (Gibco-BRL). Store at 4 °C.

. 10 % Sodium deoxycholate. Store at room temperature.
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2.2 InVivo
Evaluation of MCAT
Expression

2.2.1 Local Muscle
Injection

12.

13.

14.

15.
16.

17.

[©) NS 2 " SNV I \S)

. Misonic Cell Disruptor S3000 (Misonix, NY).
10.
11.

Cell lifter (Corning Incorporated, Corning, NY, USA).

HEPES AAV dialysis buffer: 20 mM HEPES, and 150 mM
NaCl, pH 7.8. Sterilize by filtration and store at 4 °C.

Dialysis tubing: 12,000 MW cutoffs (Gibco-BRL). Store at
4 °C.

AAV digestion buffer: 0.4 M NaOH and 20 mM EDTA.
Freshly made before use.

Slot blot hybridization solution (5x SSC, 5x Denhardt’s solu-
tion, 1 % sodium dodecyl sulfate (SDS), and 50 % formamide,
add 100 pg/mL denatured salmon sperm DNA just before
use).

Dry ice bath, dry ice, and 95 % ethanol.

HEK293 cells: (ATCC #CRL-1573). This is a hypotriploid
human fetal kidney cell line transformed by sheared human
adenovirus type 5 DNA. These cells are split 1:6 every 3 days
and should not be allowed to overgrow. We recommend rou-
tinely testing the cell culture for mycoplasma contamination.
Cells infected with mycoplasma generally grow much slower
and do not attach to tissue culture plates well.

Culture medium for HEK293 cells: DMEM /10 %FBS /1 %PS.
DMEM (Dulbecco’s modified Eagle’s medium), high glucose
with L-glutamine (Gibco-BRL, Grand Island, NY, #11965-
092). Store at 4 °C; Fetal bovine serum (FBS) with a high
plating efficiency (Gibco-BRL, #26140079). Store at —20 °C;
100 x penicillin G (10,000 Unit/mL) and streptomycin
(10 mg/mL) (PS) (Gibco-BRL, #15140-122). Store at —20 °C.

. 2-3-day-old BL6 mice (C57BL/6ScSn-Dmdmdx/J; The

Jackson Laboratory).

. Masks and gloves.

. Biohazardous containers.

. Cotton swabs.

. Individual ventilation cages.

. Needle holders (Accurate Surgical & Scientific Instruments

Corp., Westbury, NY, USA).

. 33G gas-tight Hamilton syringe and needle (Hamilton

Company Reno, NV, USA).

. Light source at an oblique angle such as a fiber optic lamp with

movable arms.

. AAV-9 in HEPES solution at 3 x 10! viral particles per

animal. 1 x 10'° viral particles /pL.



2.2.2 Systemic Facial
Vein Injection

2.2.3 Analysis of MCAT
Activity

2.2.4  Quantifying MCAT
Expression by Western Blot

Preparation of Whole
Muscle Lysate for Western
Blot

Muscle Mitochondria
Isolation

ol W N
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. 1-2-day-old BL6 mice (C57BL/6ScSn-Dmdmdx/J; The

Jackson Laboratory).

. Tattoo dye.
. 33-Gauge gas-tight Hamilton syringe (Hamilton, Reno, NV).
. Dissecting microscope.

. Light source at an oblique angle such as a fiber optic lamp with

movable arms.

. AAV-9 in HEPES solution at 1 x 10'? viral particles per animal.

1 x 10'° viral particles /L.

. 0.05 M phosphate bufter (PB), pH 7.8. Store at 4 °C.
. 30 mM H,0O, in 0.05 M phosphate buffer, pH 7.8. Make the

30 mM H,O, freshly for each activity assay and the 30 mM
H,0;, can be kept at 4 °C or room temperature during
experiment.

. UV-Vis Spectrometer.
. Bio-Rad protein assay kit (Bio-Rad laboratories, Hercules, CA).
. Catalase (Sigma, St Louis, MO). This serves as a positive control

for catalase activity assay. Aliquots of different concentration can
be stored at —20 °C.

. Homogenization buffer: pH 7.8, 0.05 M PB containing 1 %

protease inhibitor cocktail (Roche, Indianapolis, IN). Use
10 mL homogenization buffer per 1 mg wet muscle weight.
Store at 4 °C. During experiment the PB can be stored at 4 °C
or room temperature.

2. Desktop centrifuge (Eppendort centrifuge, model 5417C).

. Bio-Rad protein assay kit (Bio-Rad laboratories, Hercules,

CA).

4. Motor for muscle tissue grinding.

. Liquid nitrogen.

. Homogenization buffer:

IBml - 67 mM sucrose; 50 mM Tris—-HCI, pH 7.4; 50 mM
KCIL; 10 mM EDTA; and 5 % BSA. Adjust pH with 10 N HCL
IBm2 - 250 mM sucrose; 3 mM EGTA /Tris; and 10 mM
Tris—-HCL, pH 7.4. Adjust pH with 10 N HCI.

2. PBS buffer (containing 10 mM EDTA and 0.2 % trypsin).

. Teflon tissue tearor (model 985370-395, BioSpec

Products, Inc.).

4. 10 % BSA in PBS bufter.

. Bio-Rad protein assay kit (Bio-Rad laboratories, Hercules, CA).
. Eppendorf centrifuge, model 5417C; Eppendorf-Netheler-Hinz

GmbH, Hamburg, Germany.
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Muscle Western Blot

7.
8.

10.

11.
12.
13.

14.

15.

16.

17.

18.

Centrifuge, Sorvall Evolution RC. Rotor, §534.

Tissue tearor (model 985370-395, BioSpec Products, Inc.
Bartlesville, OK).

. ECL Western blotting detection reagents (Amersham

Biosciences, Pittsburgh, PA).

. PVDF immobilon-P transter membrane (EMD Millipore

Corporation, Billerica, MA).

. TBST: 1x TBS (10 mM Tris-HCI, pH 8.0; 150 mM NaCl)

with 0.1 % (v/v) Tween.

. Coomassie staining solution: 0.25 % (w/v) Coomassie blue

R250, 45 % methanol, and 10 % (v/v) glacial acetic acid in
water.

. Destaining solution: 45 % (v/v) methanol and 10 % (v/v)

glacial acetic acid.

. Stripping butftfer: 75 mM Tris-HCl at pH 6.8, 100 mM DTT,

and 2 % SDS (w/v).

. Blocking buffer: 5 % dry milk powder and 0.1 % Tween-20

in TBST.

. Equipment and buffer solutions for protein SDS-PAGE

electrophoresis.

. Anti-catalase antibody (Cat# 219010 Calbiochem, San Diego,

CA, USA).

Rabbit polyclonal to prohibitin antibody (ab28172-100
Abcam, Cambridge, MA, USA).

Running gel (12.5 %).

Stacking gel (4.5 %).

Tris—SDS running buffer: 1.5 M Tris, pH 8.8; 8 mM disodium
EDTA; and 0.4 % SDS.

Tris-SDS stacking buffer: 0.5 M Tris-HCI, pH 6.8; 8§ mM
disodium EDTA; and 0.4 % SDS.

10 % APS (ammonium persulfate, Bio-Rad Cat # 161-0700).
100 mg APS in 1 mL of distilled water (remains stable for
24 h at room temperature and 1 week at 4 °C).

SDS running buffer (4 | of 5x concentrations): 200 mM Tris,
pH 8.8; 9 mM disodium EDTA; and 1.9 M glycine, 0.5 % SDS.
SDS sample dissociation buffer: 2 % SDS; 62.5 mM Tris, pH
6.8; 10 % glycerol; 3 % p-mercaptoethanol, and a few drops of
a 5 % bromophenol blue.

Goat anti-rabbit IgG (H&L) horseradish peroxidase-

conjugated affinity-purified antibody (Chemicon Interna-
tional, Cat # AP132D).



2.2.5 Checking Catalase
Localization by Double
Immunostaining

2.3 Evaluation of the
Effect of Mitochondrial
Catalase Expression

2.3.1 InVitro EDL Muscle
Function Assay
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14.

15.
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. DakoCytomation pen (DakoCytomation, Glostrup, Denmark).
. KPBS: 356 pM KH,POy, 1.64 mM K, HPO,, 160 mM NaCl.
. Gelatin (Sigma).

. Blocking solution for immunofluorescence (IF) staining:

KPBS + 1 % goat serum.

. DPX mounting media (BDH, VWR International Ltd, Leices-

tershire, UK).

. KPBSG (KPBS + 0.2 % gelatin).
. 2-Methylbutane (Sigma).
. Tissue-Tek OCT (Sakura Finetek Inc., USA).

. Iodoacetic acid (Sigma, final concentration 10 mM).
10.

Alexa 488-labeled goat anti-rabbit antibody (Molecular
Probes, Eugene, OR; diluted 1:200).

Alexa 594-conjugated goat anti-mouse antibody (Molecular
Probes, Eugene, OR; diluted 1:200).

M.O.M kit (Vector Laboratories, Inc.).

Rabbit antihuman catalase antibody, IgG (Cat# 219010 Cal-

biochem, San Diego, CA, USA) (http://www.calbiochem.
com).

Cytochrome C (CytC) antibody, purified mouse anti-
cytochrome monoclonal antibody, Clone: 6H2.B4, and
IgGl. BD Pharmingen, San Jose, CA, USA (http:/www.
bdbiosciences.com).

Confocal microscope with automatic image analysis system.

. Anesthetic cocktail: 25 mg/ml ketamine, 2.5 mg/mL

xylazine, and 0.5 mg/ml acepromazine dissolved in 0.9 %
NaCl. Keep the cocktail away from light and store at 4 °C.

2. Heating lamp (Tensor Lighting Company, Boston, MA, USA).

. Regular dissecting forceps and scissors (World Precision Instru-

ments, Sarasota, FL, USA).

. Microdissecting scissors and forceps (straight and 45° angled)

(Fine Science Tools, Foster City, CA, USA).

. Bread silk suture #4-0 (SofSilk USSC Sutures, Norwalk,

CT, USA).

. Stereo dissecting microscope (Nikon, Melville, NY, USA).
. Ringer’s buffer: 1.2 mM NaH,PO,, 1 mM MgSOy, 4.83 mM

KCI, 137 mM NaCl, 24 mM NaHCOj3, 2 mM CaCl,, and
10 mM glucose, pH 7.4. Store at 4 °C.

. Circulating water bath (Fisher Scientific, Waltham, MA, USA).
. Oxygen tank containing 95 % O, and 5 % CO, (Airgas

National, Charlotte, NC, USA).
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2.3.2 In Vivo Evaluation
of Running Distance by
Treadmill

10.
11.
12.

13.

14.

15.

Digital caliper (Fisher Scientific).
Microbalance (Fisher Scientific).

In vitro muscle function assay system (Aurora Scientific,
Aurora, ON, Canada). The system consists of a 300B or
305B dual mode transducer that measures /controls the muscle
force and length, a 701A stimulator, a 604B signal interface,
and an 805A in vitro test apparatus equipped with a vertically
mounted tissue organ bath.

A custom-made 2 in. long stainless steel hook and a custom-
made 2.5 in. long stainless steel hook.

Dynamic muscle control (DMC) software (Aurora Scientific).
The software controls the force-length transducer and the stim-
ulator. It allows real-time acquisition of the force and length data.

Dynamic muscle control data analysis (DMA) software (Aurora
Scientific). The software analyzes the contractile data acquired
by the DMC software.

. Exer 3/6 treadmill system (Columbus Instruments). The sys-

tem includes a treadmill with an electrical stimulus and a control
unit. The control unit regulates the treadmill speed and the
intensity of the electrical shock. The system allows simultaneous
analysis up to six animals in separate compartments.

. Fan.

3 Methods

3.1 Generating AV.
RSV.MCAT Vectors

3.1.1 Generating
Catalase cis Plasmids with
the OTC Leading Sequence

3.1.2  Recombinant
AAV-9 AV.RSV.MCAT
Production

. Cut out the catalase gene and OTC leading sequence from the

original plasmid and insert it into the backbone of AAV cis
plasmid; catalase expression is regulated by the RSV promoter
and the SV40 polyA. Use standard molecular cloning methods
to generate this construct.

. Transformation of competent cells, transform 2 pl. of the

ligation mixture into the competent cells. Plate transformation
reactions on ampicillin LB agar plates.

. Diagnostic digestion of the plasmid with restriction enzymes

that recognize unique sites in the plasmid (see Note 3).

. Large-scale preparation of the pcis. RSV.MCAT construct

(see Note 4).

. Split 293 cells at 1:3 to 150 mm culture plates. Seed a total of

15 plates for one production. Change to fresh culture medium
about 1-2 h before transfection (see Note 5).

. When cells are ~70-80 % confluent, prepare to do the plasmid

transfections (see Note 6).



3.

4.

10.
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Warm up 2x HBS and 2.5 M CaCl, at 37 °C water bath for at
least 30 min (see Note 7).

Change medium on plates with fresh DMEM /10 %EBS /1 %PS
about 1-2 h before transfection (se¢ Note 8).

. Preparing DNA—calcium phosphate precipitate. Co-transfect

three plasmids to make AAV-9 vector. These include the cis
plasmid, pRep2/ Cap9, and pHelper. For each vector prepara-
tion (15 x 150 mm plates), use 187.5 pg of the cis plasmid,
187.5 pg pRep2/ Cap9, and 562.5 pg pHelper (at a ratio of
1:1:3). Mix all plasmids thoroughly in 15.2 mL H,O. Add
1.68 mL of 2.5 M CaCl, to a final concentration of 250 mM.
Generate  DNA-—calcium phosphate precipitate by slowly
dropping the DNA/CaCl, mixture to 16.8 mL of 2x HBS.
In general, it takes 15-30 min room temperature incubation to
form a high-quality precipitate (see Note 9).

. Gently add the DNA-calcium phosphate precipitate to 293

cells drop by drop to the culture plates. Then mix the solution
in the medium by gentle shaking and put back in the incubator
(see Note 10).

. 62-65 h after transfection, collect cells with a cell lifter. Spin

down the cells in a benchtop centrifuge (2,000 x g, 20 min at
4 °C);add 9 mL 10 mM Tris—HCI (pH 8.0). Freeze /thaw cell
lysate 8—10 times using dry ice /ethanol and a 38 °C water bath.
Add 10 mM Tris—HCI (pH 8.0) to increase volume to ~18 mL,
and sonicate cell lysate at the power output of 5.5 for 10 min on
ice (see Note 11).

. Digest cell lysate with DNase I at 37 °C for 45 min (we normally

use half vial of Sigma DNase I for each 15 plates viral prepara-
tion). Sonicate cell lysate again at the power output of 5.5 for
7 min (on ice). Digest lysate with one-tenth volume of 0.05 %
trypsin and 10 % sodium deoxycholate for 30 minin 37 °C water
bath. Clear cell lysate by spinning at 3,200 x g for 30 min at
4 °C. Carefully transfer supernatant to a new tube.

. Adjust the volume to 29 mL with 10 mM Tris—-HCI (pH 8.0)

and add 18.2 g CsCl, (this is equal to 0.613 g/mL). The final
volume should be about 32.5 mL. Incubate for 30 min at
37 °C. Shake well (invert tube several times) to dissolve all
CsCl,. Then keep at room temperature for 1-1.5 h. Spin at
3,200 x g for 30 min at 4 °C. Carefully load the supernatant
into six 5 mL Beckman ultracentrifugation tubes in an SW55Ti
rotor. Spin at 200,000 x g4 for 40 h at 4 °C (see Note 12).

Collect fractions from the bottom of the tube with a 20-G
needle. Identify the viral containing fractions by slot blot (see
below) (see Note 13).
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3.2 Evaluating
Catalase Expression

3.2.1 Local Muscle
Injection

3.2.2 Systemic Facial
Vein Injection

11.

12.

13.
14.
15.

Combine fractions with the highest viral titer and centrifuge
again at 200,000 x g for 40 h at 4 °C. Collect fractions as
described in step 6 and identify highest viral fraction by slot
blot (see below). The expected yield from fifteen 150 mm
plates preparation is ~1 x 10'3 vg particles (sec Note 14).

The viral stock may be stored at 4 °C for 1 month before
dialysis.

Dialyze the viral stock in HEPES bufter (4 °C for 2 x 24 h).
Store the dialyzed viral at 4 °C and use it in 1 week.

Slot blot viral titer determination. Use duplicated sets of viral
stock aliquots (1, 5, and 10 pL) and plasmid copy number
controls (107, 10%, 10, 10'°, 10" molecules/pL) in slot
blot. Denature samples in 50 pL AAV digestion buffer at
100 °C for 10 min. Then immediately chill samples on ice and
bring up volume to 400 pL with digestion buffer. Load samples
onto Hybond-N plus membrane with a Bio-Dot SF manitold
microfiltration apparatus. After blotting, cross-link DNA to the
membrane with UV irradiation. Pre-hybridize the membrane,
then hybridize the membrane with a 32P-labeled transgene-
specific probe in the slot blot hybridization solution. Deter-
mine the viral particle titer by comparing the intensity of the
viral stock band to that of the plasmid standards.

. For all animal experiments, get approval from the Institute

Animal Care and Use Committee and follow NIH guidelines.
Two muscles have been used to evaluate AAV transduction
efficiency including the tibialis anterior (TA) muscle and the
extensor digitorum longus (EDL) muscle.

2. Fix the 2-3-day-old neonatal mice with tap.

. Extend the limb with the TA muscle facing forward.

4. Insert a 33-G Hamilton needle into the middle belly of the TA

muscle. Slowly inject 30 pLL AAV vectors into the muscle while
slowly backing out the injection needle.

. Place mice on heating pad during recovery and monitor hourly

for 5 h.

. Turn on the electronic heat pad 10 min before the experiment.

. Adjust the light source position so that it illuminates your

microscope field. A moderate light intensity is best to visualize
the vein.

. Mix tattoo dye with virus solution (6 pl/mL virus), and fil-

| your syringe with virus. The volume should not exceed
100 pL.



3.2.3 Determining
Catalase Activity

3.2.4 Quantifying
Catalase Expression by
Western Blot

Preparation Whole Muscle
Lysate for Western Blot
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. Position the animal in view of the microscope with your

non-injecting hand, and place your index finger on the side of
the mouse muzzle and your middle finger just caudal to the ear

bud.

. Identify the temporal vein. It should be visible through the skin

just anterior to the ear bud and inferior to small peripheral
vasculature.

. Insert the needle into the facial vein, slowly inject 100 pL

virus into the vein, and slowly back out the injection needle
(see Note 15).

. Place mice on heating pad during recovery and monitor hourly

for 5 h.

. Turn on spectrophotometer and open catalase assay program.
2. Turn on UV light 30 min before the experiment.

. Calculate the sample volume for 200 pg protein according to

the protein concentration.

. Add 200 pg of sample to 2 mL of PB and mix well (first take

the same volume of PB out). Split sample to two 1 mL aliquot.

. Prepare 30 mM H,;0,; freshly (add 34 pL of 30 % H,O,

to 10 mL PB).

. Put 1.5 mL of PB in quartz cuvette, and click “Blank.”

. Read sample.

(a) Add 0.5 mL of PB to 1 mL of the sample aliquot; the
readings (at 0 and 30 s) will be Ai PB and Af PB (see
Note 16).

(b) Dump reaction solution and put the remaining 1 mL of
sample to quartz cuvette. Then add 0.5 mL of freshly
prepared 30 mM H,O, to this sample in quartz cuvette
(mix immediately using pipette, count 3, then “Read” the
sample). The reading (at 0 and 30 s) will be Ai H,O, and Af
HZOZ-

. Calculate the catalase activity (K/g) with formula K/g = [3 In

(Ai/Af)]/VPt.

. Kill the mouse by cervical dislocation.

. Harvest TA muscle and rinse it briefly in PB to remove the

blood (it no blood there, ignore this step).

. Put the muscle into mortar; add little liquid nitrogen to freeze

the muscle. Grind it into very fine powder quickly, then add
0.3 mL PB, and grind again. Transfer the homogenate to a
1.5 mL EP tube on ice (0.2 mL PB is used for completely
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Muscle Mitochondria
Isolation

Catalase Western Blot

transfer) (total 0.3 mL PB for EDL muscle), followed by a
sonication at power of 6.0 for 5 min.

4. Centrifuge at 6,149 x g for 5 min at cold room.

10.

gl o W

. Collect supernatant (see Note 17).

. Isolate the gastrocnemius muscle.

. Weigh 300 mg gastrocnemius muscle and rinse the muscle in

5 mL ice-cold PBS containing 10 mM EDTA (see Note 18).

. Mince the muscle into small pieces using scissors. The minced

muscles were suspended in 5 mL of'ice-cold PBS supplemented
with 10 mM EDTA and 0.2 % trypsin for 30 min, and then the
minced muscle were put into a 15 mL tube (see Note 19).

. Centrifuge the muscle at 200 x g (1,372 rpm) for 5 min.
. The pellet was suspended in IBml. The ratio between tissue

and isolation butffer is 1:10 (w:v, mg/pL).

. Homogenize the muscle pellet using a tissue tearor (model

985370-395, BioSpec Products, INC. Bartlesville, OK)
operated at 1,600 rpm in an Oak Ridge tube onice, 2 x 15s
with a 30 s interval (se¢ Note 20).

. Centrifuge at 700 x g for 10 min at 4 °C.

. Transfer the supernatant to another centrifuge tube and cen-

trifuged at 8,000 x g for 10 min at 4 °C (see Note 21).

. Resuspend pellet in 5 mL of ice-cold IBm2 and centrifuge at

8,000 x g for 10 min at 4 °C (see Note 22).

Resuspend the pellet in 0.5 mL, 50 mM, pH 7.4 PB for
Western blot [19]. Determine the protein concentration by a
protein assay kit (Bio-Rad). The protein concentration would
be 6-10 pg/pL; store aliquot sample at —80 °C.

. Thaw the protein samples on ice, and add sample dissociation

(loading) bufter into protein samples at ratio of 1:1.

. Seal the sample tubes and heat at 95 °C for 5 min.
. Load samples and run the gel at 100 V for 1-1.5 h.
. Rinse gel by water, then set up transterring “sandwich.”

. Transfer the proteins to the PVDF membrane with Bio-Rad

model: 100 V for 1 h at 4 °C.

. Rinse the membrane by water and put it into 20 mL blocking

solution (5 % milk) for 1 h.

. Wash the membrane by 20 mL of 0.1 % TBST, and shake

10 min for three times.

. Add primary antibody (usually at 1:1,000), and shake at room

temperature for 2 h or 4 °C overnight.



3.2.5 Checking Catalase
Localization by Double
Immunostaining

3.3 Evaluation of
Effect of Mitochondrial
Catalase Expression

3.3.1 In Vitro EDL Muscle
Function Assay

11

13.
14.

1.
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. Wash the membrane by TBST three times, 5 min each wash.
10.

Add secondary antibody (usually at 1:2,000), and shake at
room temperature for 1 h.

. Wash the membrane by TBST three times, 5 min each wash.
12.

Incubate the membrane in equal volumes of detection reagent
1 and 2 for 1 min.

Drain oft detection reagent and wrap blots with Saran wrap.

Expose and develop film as required (see Note 23).

Snap freeze freshly isolated muscle sample in liquid nitrogen-
cooled 2-methylbutane in Tissue-Tek OCT. Cut 8 pm muscle
cryosections.

2. Air-dry the slide.

10.

11.

. Fix with 4 % paraformaldehyde for 10 min at room tempera-

ture.

. Wash slides with KPBS 5 min for three times.

. Block slides with KPBS + 1 % goat serum for 30 min at room

temperature.

. Incubate with KPBSG (KPBS + 0.2 % gelatin) for 5 min.
. Incubate with primary antibody (1:500 rabbit anti-catalase

antibody and 1:400, mouse monoclonal antibody against cyto-
chrome C) in KPBSG + 1 % goat serum for 2 h at room
temperature or 4 °C overnight.

. Pour off the primary antibody and wash the slides with

KPBSG + 1 % goat serum 5 min for three times.

. Incubate with the secondary antibody (Alexa 594-conjugated

goat anti-mouse antibody, 1:200; Alexa 488-conjugated goat
anti-rabbit antibodies, 1:200) with a dilution 1:200 in
KPBSG + 1 % goat serum for 1 h at RT.

Pour off the secondary antibody and rinse with KPBSG + 1 %
goat serum 5 min for three times.

Coverslip with prolong gold antifading reagent (Invitrogen).

. Anesthetize the mouse with intraperitoneal injection of 3 pL/g

body weight of the anesthetic cocktail.

. Fill the organ bath with the Ringer’s buffer. Turn on the circu-

lating water bath to 30 °C and start to equilibrate the Ringer’s
buffer with 95 % O, and 5 % CO, (see Notes 24 and 25).

. Adjust the hook to the suitable position.

. Turn on the dual mode level system and the simulator. Load

the DMC program, and set the parameters at the dynamic
muscle control and data acquisition panel as following: test
duration, 3 s; update frequency, 500 Hz; sampling frequency,
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10.

11

1,000 Hz; input style, rise/fall; first stimulation, 1 s; last
stimulation, 2 s; stimulation delay, 6 ms; and pulse width,
200 ms. Set the stimulator parameters as following: trigger
mode, follow; pulse phase, biphase; current multiplier, 100x;
and current adjust, 8.5.

. Record mouse and experimental information (body weight,

date of birth, gender, strain, ear tag number, project title).

. Prepare the dissection tools such as clips and scissors. Prepare

the cotton rinsed in the Ringer’s buffer.

. Position the mouse face up on the dissection board and care-

fully peel off the skin to expose the hind limb muscles. Con-
stantly superfuse the exposed muscles with the Ringer’s bufter.

. Dissect the remaining skin towards the metatarsal bones to

expose the distal tendon of the TA muscle. Gently peel oft the
fascia on the surface of the TA muscle. Cut oft the extensor
ligament that covers the distal TA tendon. Lift up the distal TA
tendon with a pair of 45° microdissection forces and separate it
from the distal EDL tendon. Cut oft the TA tendon and slowly
peel off the TA muscle towards the knee to expose the EDL
muscle. Cut out the TA muscle from its proximal attachment
near the knee (see Note 26).

. Identity the EDL tendon and clear it from the surrounding

connective tissue and fat. Tie a double square knot with a bread
silk suture around the distal EDL tendon. Cut the distal tendon
inferior to the suture knot. Gently pull off the EDL muscle
from the distal end. Separate the EDL muscle from connective
tissue and vessels beneath the muscle with a pair of microdis-
section scissors. Tie a double square knot around the proximal
EDL tendon, and tie another double square knot using the
same suture to secure the proximal EDL tendon to the distal
end of the steel hook. Cut the proximal EDL tendon superior
to the suture knot, and remove the intact EDL muscle. Attach
the proximal end of the steel hook to the level arm of the
transducer. Vertically position the EDL muscle between two
platinum electrodes before securing the distal EDL tendon to a
fixed clamp (see Note 27).

Submerge the EDL muscle in the Ringer’s buffer and adjust
the muscle length to generate a 1 g resting tension. Allow the
muscle to equilibrate for 10 min.

. Adjust the muscle length to generate a resting tension of 1 g.

Stimulate the muscle at 4 Hz (twitch stimulation). Record
muscle force. Rest for ~1 min. Repeat twitch stimulation at
resting tension of 1 g for two times (se¢ Note 28).



3.3.2 In Vivo Evaluation
of Running Distance by
Treadmill

12.

13.

14.

15.

16.

17.

18.

1.
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Rest muscle for 1 min. Adjust the muscle length to generate a
resting tension of 1 g, and stimulate muscle at 150 Hz for three
times with 1 min interval.

Rest muscle for 5 min. Adjust the muscle length to generate
a resting tension of 1 g, and stimulate muscle with a single
pulse at 4 Hz. Record the force as the absolute twitch force
(see Note 29).

Rest muscle for 5 min. Adjust the muscle length to generate a
resting tension of 1 g, and stimulate muscle at 50, 80, 120, and
150 Hz. Rest 1 min between stimulations. Record the forces as
the absolute tetanic forces under each stimulation frequency.

Rest muscle for 10 min. Adjust the muscle length to generate a
resting tension of 1 g, and apply 10 cycles of eccentric contrac-
tion. For each cycle, stimulate muscle at 150 Hz for 700 ms.
During the last 200 ms of stimulation, stretch the muscle for
10 % Lo (0.5 Lo/s). After each stimulus, restore the muscle
length to Lo ata speed of 0.5 Lo/s. Allow a 2 min rest between
each cycle of eccentric contraction. Record the tetanic force of
the first 500 ms stimulation for each cycle. The tetanic force of
the first cycle is arbitrarily designated as 100 % (see Note 30).

Detach the EDL muscle from the steel hook and force trans-
ducer. Cut the proximal and distal EDL tendons at the muscle
tendon junction. Blot the muscle with Kimwipes twice and
record the muscle weight (see Note 31).

Calculate the EDL muscle cross-sectional area using the equa-
tion of cross-sectional area = (muscle mass, in gram)/[1.06 g/
cm® x (optimal fiber length, in cm)]. 1.06 g/cm? is the muscle
density. The optimal fiber length is calculated as 0.44 x Lo.
0.44 represents the ratio of the fiber length to the Lo of the

EDL muscle.

Load the DMA program and open the file containing the force
data. Analyze the data using the software. Export the data to an
Excel file. The force value obtained from the DMA program
represents the absolute force. Calculate the specific muscle
force by dividing the absolute force with the cross-sectional
area. Calculate the force drop after eccentric contraction with
the formula of Force drop % = (F; — F,)/F). F) is the tetanic
force obtained during the first cycle. F, is the tetanic force
obtained during the nth cycle.

Record mouse/experimental information (body weight, date
of birth, gender, strain, ear tag number, project title).

. Check to make sure there is no visible injury in the limbs and

toes. Record room temperature. Set up the electric shocker
at the intensity of 7 and the repetition rate of 9. Adjust
the inclination of the treadmill platform with the Jiffy-Jack.
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Turn on the fan to the low setting and have the air blow in the
same direction as the mouse is running.

. Acclimate the mouse to the treadmill for 3 days. On day 1,

place the mouse on an unmoving flat treadmill for 2 min, an
unmoving 15° downhill treadmill for 5 min, a 15° downhill
treadmill at the speed of 5 m/min for 15 min, and a 15°
downbhill treadmill at the speed of 10 m/min for 5 min (see
Note 32).

. On day 2, place the mouse on an unmoving 15° downhill

treadmill for 2 min, a 15° downhill treadmill at the speed of
5 m/min for 5 min, and a 15° downhill treadmill at the speed
of 10 m/min for 10 min.

. On day 3, perform the same type of training as on day 2 except

extend the last step from 10 to 15 min.

. On day 4, subject the mouse to a single bout of 15° downbhill

running starting at the speed of 10 m/min. Twenty minutes
later, increase the treadmill speed 1 m/min every 2 min until
the mouse is exhausted. Continuously nudge the mouse to
keep it stay on the track. Exhaustion is defined as the point at
which the mouse spends more than 10 s on the shocker with-
out attempting to resume running when nudged (see Note 33).

. Record the running time at each speed and calculate the run-

ning distance.

4 Notes

. To shorten the reaction time, ligations may be done at room

temperature (20-25 °C). For cohesive (sticky) ends, use 1 pL of
T4 DNA ligase in a 20 pL reaction for 30 min. For blunt ends,
use 1 pL. of T4 DNA ligase in a 20 pL reaction for 2 h.

. Cells may be concentrated by centrifuging at 800 x g4 for

10 min. Pipette 200 pL. SOC medium from the bottom of the
tube, and then spread the mixture with a sterile spreader. Tilt
and tap the spreader to remove the last drop of cells.

. We usually used two enzymes, one enzyme recognizes the

unique site in the backbone and the other enzyme recognizes
the unique site in the MCAT gene.

. Prior to the large-scale preparation of the pcis. RSV.MCAT

plasmid, we suggest to transfect the plasmid into 293 cells
and confirm catalase expression by immunocytochemistry or
Western blot.

. To maintain cells propagated, it is important to establish a

liquid nitrogen stock at <50 % confluence. 293 cells grown at
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high confluence may lose the cell propagation ability and thus
reduce the yield of AAV production.

. To achieve high titers, it is important that 293 cells are healthy

and plated at optimal density. Cells should be passaged at
70-80 % confluence. 293 cells grown at high confluence often
yield low viral titer.

. This step is required; DNA—phosphate precipitate will form

under specific temperature.

. Care should be taken to avoid blowing up the cells. When

exchanging solutions, gently pipette down the side of the dish
and not directly onto the cells to prevent disruption of the cell
monolayer.

. A high-quality precipitate is essential to high viral yield. We

recommend routinely monitoring calcium phosphate precipi-
tate on a coverslip using a phase contrast microscope. If there is
no apparently precipitate, prepare the mixture again.

Do not allow the transfection mixture to sit too long before it is
added to the cells. Prolonged incubation may reduce transfec-
tion efficiency.

48 h after transfection, check the cells every 12 h. If there are a
lot of dead cells suspended in the medium, harvest the cells
immediately. Do not let cells grow more than 72 h after trans-
fection.

In this protocol, we described a CsCl, ultracentrifugation-
based protocol for AAV-9 purification. However, column puri-
fication (HPLC or FPLC) methods have been developed for
many different AAV serotypes. It is expected that a column
purification method will become available in the near future
for AAV-9 [24].

We usually collect 12 tubes of virus and 11 drops of virus in
every tube. According to our experiences, tubes 5, 6, 7, and
8 usually contain higher concentration of virus.

To accelerate this process, one may use higher spin speed.
However, centrifugation time should be adjusted accordingly.

. The tattoo dye can show us if the needle is inserted in the vein.

If the virus solution is leaking around the vein, stop injection
immediately and try the facial vein on the contralateral side.

Since there is no H,O,, the reading should be the same for Ai
PB and Af PB. Occasionally, difference is detected due to
instability of the machine/background noise. The line should
be very stable at the horizontal line during the assay.

We usually measure the catalase activity immediately after har-
vest. Alternatively, protein pellet can be stored at —80 °C and
the catalase activity measured later.
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18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28

29.

It is better to use EDTA instead of EGTA. EGTA also chelates
Mg®*. Mg®* can influence mitochondrial function as well as the
kinetics of CytC release.

Precool the glassware on ice for 10 min before starting the
procedure. Each step must be performed at 4 °C to minimize
activation of phospholipases and proteases.

Wear protective gloves while you are using the homogenizer to
avoid injury if the potter breaks down.

The white foamy material near the top of the tube consists of
lipids. Remove the foamy material by wiping the inside of the
tube with a sheet of Kimwipes.

When the supernatant is poured off, the loose upper part of the
mitochondrial pellet may be detached as well. Pipette out
the supernatant carefully when the mitochondrial pellet tends
to pour off.

There are usually two bands for catalase Western blot: one band
is endogenous catalase, and the other band stands for trans-
genic catalase.

We strongly suggest using the freshly prepared Ringer’s bufter.
Discard the buffer if it is more than 2 weeks old. Some inves-
tigators have included 6-25 mM tubocurarine chloride in their
Ringer’s butfer. However, we found this is not necessary.

The contractility and fatigability of isolated mouse muscles are
affected by temperature. We found that 30 °C yielded consis-
tent force output without inducing apparent fatigue. The Ring-
er’s buffer should be equilibrated with 95 % O, and 5 % CO,
for at least 20 min before each use. During force measurement,
one should adjust oxygen valve to allow for a steady flow of gas
without generating large bubbles.

Take extreme care to avoid cutting the blood vessels during
dissection. The rupture of the vessels at the proximal end of the
TA muscle may cause bleeding, which will cover the muscle
tissue. When it is bleeding, remove the blood with a thin piece
of Ringer’s buffer-soaked cotton.

To clearly expose the proximal EDL tendon, one may need to
cut open the distal biceps femoral muscle. While taking the
EDL muscle out, there will be bleeding from the vessels
beneath the muscle. This can be stopped with a thin piece of
Ringer’s buffer-soaked cotton. When mounting the EDL mus-
cle, make sure it is positioned right in the middle of two
electrodes.

. We usually obtain the optimal muscle length at a resting

tension of 1 g.

Prior to the twitch and tetanic force measurement, we usually
stimulate the muscle for 0.5 s at 150 Hz three times to warm up
the muscle. Rest the muscle for 1 min and adjust the muscle
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length to the optimal muscle length between each warm-up
stimulus. This treatment stabilizes muscle and allows consistent
muscle force output during subsequence measurements.

After two rounds of stimulation, the resting tension will be
around 0.7 g. If the resting force reduces to less than 0.2 g, adjust
the muscle length again to obtain a resting tension of 0.5 g.

When measuring the muscle weight, make sure to remove the
tendons and sutures. We recommend cut right at the position
of the muscle tendon junction.

26. To test skeletal muscle function, we recommend using 15°
downhill treadmill running. Downhill treadmill running
induces damaging eccentric contraction. Hence, it can more
accurately reflect skeletal muscle-specific effect.

Caution should be taken when using the time spent on the
electric shocker as an indicator for exhaustion. Individual ani-
mal may display different running styles. Mice that do not run
willingly or do not show a consistent running style should be

excluded from the study.

Acknowledgments

The studies are supported by grants from the National Institutes
of Health AR-49419 and the Muscular Dystrophy Association. We
thank Dr. James Wilson (University of Pennsylvania, Philadelphia,
PA) for providing the AAV-9 packaging plasmid.

References

1.

2.

Jackson MJ, O’Farrell S (1993) Free radicals
and muscle damage. Br Med Bull 49:630-641
Tidball JG, Wehling-Henricks M (2007)
The role of free radicals in the pathophysiology

of muscular dystrophy. ] Appl Physiol
102:1677-1686

.Wei YH, Lee HC (2002) Oxidative stress,

mitochondrial DNA mutation, and
impairment of antioxidant enzymes in aging.
Exp Biol Med (Maywood) 227:671-682

. Barja G, Herrero A (2000) Oxidative damage

to mitochondrial DNA is inversely related to
maximum life span in the heart and brain of
mammals. FASEB J 14:312-318

. Lee HC, Wei YH (2012) Mitochondria and

aging. Adv Exp Med Biol 942:311-327

. Bai ], Rodriguez AM, Melendez JA, Ceder-

baum AT (1999) Overexpression of catalase in
cytosolic or mitochondrial compartment
protects HepG2 cells against oxidative injury.
J Biol Chem 274:26217-26224

7. Arita Y, Harkness SH, Kazzaz JA, Koo HC,

Joseph A, Melendez JA, Davis JM, Chander
A, Li Y (2006) Mitochondrial localization of
catalase provides optimal protection from
H,0,-induced cell death in lung epithelial
cells. Am ] Physiol Lung Cell Mol Physiol
290:1.978-1.986

. Kohler JJ, Cucoranu I, Fields E, Green E, He

S, Hoying A, Russ R, Abuin A, Johnson D,
Hosseini SH, Raper CM, Lewis W (2009)
Transgenic mitochondrial superoxide dismu-
tase and mitochondrially targeted catalase pre-
vent antiretroviral-induced oxidative stress and
cardiomyopathy. Lab Invest 89:782-790

. Schriner SE, Linford NJ, Martin GM, Treuting

P, Ogburn CE, Emond M, Coskun PE,
Ladiges W, Wolf N, Van Remmen H, Wallace
DC, Rabinovitch PS (2005) Extension of
murine life span by overexpression of catalase
targeted to mitochondria. Science
308:1909-1911



180

10.

11.

12.

13.

14.

15.

16.

Dejia Li and Dongsheng Duan

Treuting PM, Linford NJ, Knoblaugh SE,
Emond M]J, Morton JF, Martin GM, Rabino-
vitch PS, Ladiges WC (2008) Reduction of
age-associated pathology in old mice by over-
expression of catalase in mitochondria. J Ger-
ontol A Biol Sci Med Sci 63:813-822

Dai DF, Santana LF, Vermulst M, Tomazela
DM, Emond M]J, MacCoss MJ, Gollahon K,
Martin GM, Loeb LA, Ladiges WC, Rabi-
novitch PS (2009) Overexpression of cata-
lase targeted to mitochondria attenuates
murine cardiac aging. Circulation
119:2789-2797

Mao P, Manczak M, Calkins MJ, Truong Q,
Reddy TP, Reddy AP, Shirendeb U, Lo HH,
Rabinovitch PS, Reddy PH (2012)
Mitochondria-targeted catalase reduces abnor-
mal APP processing, amyloid beta production
and BACELI in a mouse model of Alzheimer’s
disease: implications for neuroprotection and
lifespan  extension. Hum Mol Genet
21:2973-2990

Kay MA (2011) State-of-the-art gene-based
therapies: the road ahead. Nat Rev Genet
12:316-328

Baoutina A, Alexander IE, Rasko JE, Emslie
KR (2007) Potential use of gene transfer in
athletic performance enhancement. Mol Ther
15:1751-1766

Mingozzi F, High KA (2011) Therapeutic
in vivo gene transfer for genetic disease using
AAV: progress and challenges. Nat Rev Genet
12:341-355

Buchlis G, Podsakoff GM, Radu A, Hawk SM,
Flake AW, Mingozzi F, High KA (2012) Factor
IX expression in skeletal muscle of a severe
hemophilia B patient 10 years after AAV-
mediated gene transfer. Blood 119:3038-3041

17.

18.

19.

20.

21.

22.

23.

24

Yue Y, Ghosh A, Long C, Bostick B, Smith BF,
Kornegay JN, Duan D (2008) A single intrave-
nous injection of adenoassociated virus sero-

type-9 leads to whole body skeletal muscle
transduction in dogs. Mol Ther 16:1944-1952

Bostick B, Ghosh A, Yue Y, Long C, Duan D
(2007) Systemic AAV-9 transduction in mice is
influenced by animal age but not by the route
of administration. Gene Ther 14:1605-1609

Liu M, Yue Y, Li D, Duan D (2007) Catalase
overexpression does not impair extensor digi-
torum longus muscle function in normal mice.
Muscle Nerve 36:833-841

Rex TS, Tsui I, Hahn P, Maguire AM, Duan D,
Bennett J, Dunaief JL (2004) Adenovirus-
mediated delivery of catalase to retinal pigment
epithelial cells protects neighboring photore-

ceptors from photo-oxidative stress. Hum
Gene Ther 15:960-967

Qi X, Hauswirth WW, Guy J (2007) Dual gene
therapy with extracellular superoxide dismutase
and catalase attenuates experimental optic neu-
ritis. Mol Vis 13:1-11

Guy J, Qi X, Hauswirth WW (1998) Adeno-
associated viral-mediated catalase expression
suppresses optic neuritis in experimental aller-
gic encephalomyelitis. Proc Natl Acad Sci U §
A 95:13847-13852

Li D, Lai Y, Yue Y, Rabinovitch PS, Hakim C,
Duan D (2009) Ectopic catalase expression in
mitochondria by adeno-associated  virus
enhances exercise performance in mice. PLoS
One 4:¢6673

. McClure C, Cole KL, Wulff P, Klugmann M,

Murray AJ (2011) Production and titering of
recombinant adeno-associated viral vectors.
J Vis Exp 27:¢3348



Chapter 14

Real-Time Bioluminescence Functional Imaging
for Monitoring Tissue Formation and Regeneration

Nadav Bleich Kimelman, llan Kallai, Dmitriy Sheyn, Wafa Tawackoli,
Zulma Gazit, Gadi Pelled, and Dan Gazit

Abstract

Real-time bioluminescence functional imaging holds great promise for regenerative medicine because it
improves the researcher’s ability to analyze and understand the healing process. Using transgenic mice
coupled with gene-modified cells, one can employ this method to monitor host and graft activity in various
models of tissue regeneration. We implemented real-time bioluminescence functional imaging to analyze
bone formation by following a unique protocol in which the luciferase reporter gene, driven by an
osteocalcin promoter, is used to visualize host and graft activity during bone formation. Real-time biolumi-
nescence functional imaging can be used to assess the “host reaction” in transgenic mice models; it can also
be used to assess “graft activity” in other animals in which genetically labeled stem cells have been implanted
or direct gene delivery has been applied. The suggested imaging protocol requires 25 min per sample.
However, special attention must be given to the layout of the experimental design, which determines the
specific activity that will be analyzed.

Key words Imaging analysis, Bioluminescence imaging, Tissue engineering, Bone regeneration,
Osteocalcin

1 Introduction

Regenerative medicine involves the development of biological
replacements for use in restoring function in damaged tissues or
organs, which occur due to aging, among other causes [1]. Previ-
ously, we demonstrated success in the use of both direct gene
delivery [2] and genetically engineered mesenchymal stem cells
(MSCs, multipotent adult stem cells) for regeneration of skeletal
tissue including bone [ 3, 4]. Other investigators have used unmod-
ified cells or protein therapy to achieve the same goal of bone
regeneration [5, 6]. In the past, to evaluate new therapies for tissue
regeneration, invasive methods, such as histological, immunohisto-
chemical, and biochemical analyses, among others, were the only
tools available for the researcher. Since novel molecular imaging

Trygve O. Tollefsbol (ed.), Biological Aging: Methods and Protocols, Methods in Molecular Biology, vol. 1048,
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Table 1
Advantages of BLI

Advantage Compared with
Cost of operation and required Low MRI, PET, SPECT,CT
reagents
Tissue penetration High in rodents Fluorescence imaging
Potential cell /tissue damage Low PET, SPECT (require radiotracers),
CT (radiation)
Background signal None PET, SPECT, CT
Signal quantification and analysis Straightforward MRI, PET, SPECT, CT

MRI magnetic resonance imaging, PET positron emission tomography, SPECT single-photon emission computed
tomography, CT computed tomography

systems have been developed, new, noninvasive methods can be
used to monitor tissue repair in real time, over prolonged periods of
time, and in the same subjects. Others and we have used
bioluminescence-imaging (BLI) systems to monitor implanted
cell survival for prolonged periods of time. Table 1 presents the
main advantages of BLI compared with other noninvasive imaging
systems.

This procedure required the /uciferase gene to be activated by a
constitutive promoter such as ubiquitin [7, 8]. However, to moni-
tor tissue regeneration or formation in a noninvasive manner—an
ability that holds great promise for regenerative medicine because it
affords the researcher the opportunity to explore the function of
implanted cells or inserted genes as well as the host reaction—one
must use tissue-specific promoters that conditionally activate the
luciferase gene. Those promoters allow for in vivo differentiation of
implanted cells or host cells that is reported by the luciferase gene
expression. Moreover, the ability to perform quantitative analysis,
and thus to compare different treatments, improves our ability to
analyze and understand the healing process and to gain novel
insights into the bone formation process [2, 3, 8—12].

This protocol requires the use of transgenic mice and either gene-
modified cells or a gene-delivery vector that harbors the same trans-
gene as the transgenic mice. Special attention should be given to the
choice of gene and animal model. One should choose a promoter for
amajor gene that is characteristic of the desired healing process (such
as vascular endothelial growth factor for vascular regeneration or
collagen type 2 for cartilage formation). The promoter should drive
a reporter gene that permits noninvasive real-time monitoring (such
as luciferase). In this protocol osteocalcin-driven luciferase reporter
system was used to monitor bone formation. This system is based on
the use of the luciferase reporter gene, driven by an osteocalcin
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promoter (Oc-Luc), to monitor osteogenic activity in vivo. Other
types of luciferase, such as Renilla or Metridia, may also be suitable
for this protocol. Osteocalcin (Oc) is a bone tissue-specific protein
expressed by osteoblasts, odontoblasts, and hypertrophic chondro-
cytes at the onset of tissue mineralization, and it accumulates in the
bone extracellular matrix [12]. It has a predicted expression pattern
thatis coupled with bone formation [ 2, 3, 8 ]; thus, it can be a valuable
tool for monitoring bone formation. This system is a specific applica-
tion of our protocol—the technical aspects can apply to any
functional promoter-driven luciferase system with appropriate mod-
ifications according to the specific system used. When the target of the
analysis is the host reaction to ecither the introduction of bone-
forming cells or delivery of a bone-inducing gene, Oc-Luc transgenic
mice are used as recipients of either cells [3] or genes [2]. When the
focus is the activity of implanted cells (a graft), labeled cells are used in
various recipients. Throughout this protocol, the term “host activity”
relates to host-mediated bone formation or osteogenic activity. The
term “graft activity” relates to graft-mediated bone formation. After
the selection of an appropriate experimental system, the BLI system is
used to monitor Oc¢-Luc activity noninvasively and longitudinally
[12]. With adequate modifications one can apply a similar approach
to many other models of tissue regeneration. This method was previ-
ously used to monitor host and graft osteogenic activity both in vivo
and in vitro [2, 3, 8-12]. Real-time bioluminescence functional
imaging can serve as a unique powerful tool for analyzing and moni-
toring tissue formation and manipulation. We have developed unique
protocols that enable the user to analyze both host and graft activity.
Using those generic protocols, analysis of data generated from addi-
tional functional imaging systems will be possible.

2 Materials

2.1 Experimental
Design

To perform proper quantitative analysis of the reported activity,
whether it is bone formation or other, one must first choose a
robust experimental design that focuses on the desired phenomena.
We suggest two experimental setups for analyzing the following:

1. Host activity following osteogenic induction: In this model bone-
inducing cells—usually genetically modified MSCs that express
an osteogenic gene—are implanted in either an ectopic or ortho-
topic location in an Oc-Luc transgenic mouse. Luciferase activity
is then recorded during bone formation [3, 10, 11]. Alterna-
tively, a bone-inducing gene is delivered in vivo to an Oc-Luc
transgenic mouse. Again, [uciferase activity is recorded during
bone formation, and it represents the osteogenic reaction of the
host to the delivered gene [2 ]. This model can also be performed
using other bone inducers such as recombinant proteins.
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2.2 Animal Models
and Gells

» Osteogenic cell implantation
H OSt in Oc-Luc mice (model 1)

e * Osteogenic gene delivered
d Ctl Vi ty into Oc-Luc mice (model 2)

G raft e Cells expressing the Oc-Luc
transgene are implanted into

act V|ty animal of choice (model 3)

Fig. 1 Summarizes the main models used with this protocol

2. Graft activity: Here the implanted cells are transduced with the
Oc-Luc transgene, which is used to report osteogenic differen-
tiation by luciferase expression. The cells are osteogenically
induced, and their differentiation is monitored in vitro and
in vivo, thus providing a representation of graft activity [8].

1. pGL.3 luciferase (Promega, Madison, WI, USA) was used to
generate Oc-Luc transgenic mice and to analyze host activity
following direct gene delivery [3, 12]. pGL.4 luciferase-2 (Pro-
mega, Madison, WI, USA), which is codon optimized, was
used to generate the osteocalcin-luciferase vector for transduc-
tion of implanted cells.

2. For analyzing host activity:

(a) Oc-Luc transgenic mice are needed for an analysis of host
activity using real-time bioluminescence functional imag-
ing (Fig. 1). If a different model is used, one should have
the appropriate transgenic mice. The details regarding the
development of the Oc-Luc mice strain are detailed else-
where [12].

(b) After the transgenic mice have been obtained, one should
use either cell implantation or gene delivery to induce bone
formation. When bone formation is the final target of the
analysis, bone morphogenetic protein (BMP)—expressing
cells or plasmids—can be used, as well as any other strategy.
One can use fracture models or no intervention at all to
evaluate the natural osteogenic activity of the host, as
previously demonstrated [9, 12].

3. For analyzing graft activity:

(a) For an analysis of graft activity, one should obtain cells that
stably express the Oc-Luc transgene.

(b) Ifanother model is used, one should obtain cells that stably
express the same transgene as the aforementioned mice.
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Such cells (Oc-Luc-expressing MSCs) were obtained by
using a lentiviral vector, which provides stable
transduction. The cells were further induced osteogenically
and then implanted in a rat bone defect [8].

4. To obtain statistically meaningful results, one should perform
power analysis to determine the number of samples for each
experimental group. In our model, power calculations indi-
cated that an “#” of six animals is required in order to archive
80 % power at a 0.05 significance level when BLI is used to
monitor osteocalcin expression over time [8].

5. In each experiment, do not forget to include a negative control.
For each area of focus, the experiment should contain the
following models (specific to bone formation. Alterations in
this design may be required for other applications):

(a) Host activity following cell implantation: cells or animals
that have not been stimulated for osteogenic induction.

(b) Host activity following gene delivery: an empty plasmid or a
nonosteogenic plasmid.

(¢) Graft activity: cells that express the Oc-Luc transgene but
are not osteogenically induced.

Cautions: Research protocols involving the use of animal subjects
should be reviewed by the investigator’s institutional animal care and
use committee (IACUC) to avoid any unnecessary discomfort or
pain to the animal subject and to determine whether alternatives exist
to animal research. All animal experiments should be performed in
accordance with relevant guidelines and regulations of protocols
approved by the investigator’s institutional animal research review
commiittee. Personnel should be trained in animal handling.

1. Hair removal cream (Veet® Hair Removal Gel Cream for
Sensitive Skin, Reckitt Benckiser Group plc, Slough, UK).
If furless mice are used, no hair removal cream is needed.
Shaving is not optimal but can also serve as an option. Care
should be taken because of the effect of fur residue on signal
intensity. Whenever possible, using a hair removal cream is
recommended.

2. Dry and wet gauze. For wet gauze use PBS.

3. p-Luciferin, potassium salt (Cat# E1605, Promega Corpora-
tion, Madison, WI, USA). The use of endotoxin-free p-lucif-
erin can be considered if any immunological reaction is
identified. We have not encountered any such reaction in our
experiments. The use of luciferin as a substrate for the luciferase
enzyme depends on your animal model and experimental
design. Luciferin can be administrated systemically or locally.

(a) For systemic administration, dilute luciferin to 15.75 mg/ml
in PBS. Luciferin can be systemically applied in an intravenous
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2.4 Equipment

[i.v.], s.c., or intraperitoneal [i.p.] manner, with little differ-
ence in the data generated [13], although the biodistribution
of luciferin significantly varies depending on its administration
route [14]. In general, the i.p. method is preferred because of
its ease of use compared with the i.v. method. However, if the
model used target locations in the i.p. area, s.c. administration
may be preferred [13].

(b) For local administration, dilute luciferin to 50 mg/ml in
PBS. Because biodistribution of luciferin changes accord-
ing to its method of administration, it is very important to
adhere to one administration method throughout the
entire experiment

(c) Diluted stock solutions should be sterilized through a
0.2-pm filter.

(d) Protect the luciferin solution from light, and store luciferin
aliquots in —80 °C according to the manufacturer’s
instructions.

. Becton Dickinson polypropylene tuberculin syringes (Cat#

7192082-100EA, Sigma-Aldrich, St. Louis, MO, USA).
Other brands of syringes can be used.

. Anesthesia: ketamine-xylazine mixture (75 mg/kg ketamine

and 10 mg/kg xylazine injected intraperitoneally). Other
types of anesthesia, such as isoflurane gas, which is now avail-
able in some of the BLI systems, can be used. Please note that
different anesthesia types can influence the imaging data (see
Subheading 4).

. This protocol was designed for use with preclinical IVIS molec-

ular imaging systems (Caliper Life Sciences, Hopkinton, MA,
USA), based on a cooled (=90 °C) camera with a large CCD
chip area for high-sensitivity light detection (Fig. 2).

. Image acquisition and analysis is handled by Living Image® 3.2

software (Caliper Life Sciences). The procedure steps are
described in general terms; other similar equipment and soft-
ware can be used instead of the ones listed.

3 Methods

3.1 Preparation of
the Animal for Imaging

. To avoid light scattering and masking, animal fur overlying

the region of interest (ROI) should be completely removed
before image acquisition (unless you are using furless mice such
as the NOD /SCID strain).

. According to the experimental design, fur overlying an addi-

tional reference region should be removed as well.
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Fig. 2 Layout of the imaging system. (a) The IVIS molecular imaging systems (Caliper Life Sciences,
Hopkinton, MA, USA). (b) A representative image of a mouse implanted with luciferase-expressing MSCs
subcutaneously. Note the anesthesia mask in which the mouse nose is located, the area from which hair was
removed, and the overlaid pseudocolor image

3. Cut the fur using a hair clipper and apply a thick layer of hair
removal cream.

4. Wait ~1 min before you remove the cream with dry gauze.
5. Use wet gauze to remove any leftover cream.

6. Make sure all fur is removed from the ROI before proceeding.

3.2 Injection of This step depends on the experimental design and animal model
Luciferin used.

1. Systemic administration—Inject the luciferin  solution
(15.75 mg/ml) intraperitoneally. Inject 8 pl solution/g body
weight (e.g., 3.15 mg luciferin in 200 pl PBS for a 25-g
mouse).

2. Local administration—Inject the luciferin solution (50 mg/
ml) subcutaneously or intramuscularly, close to the region of
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3.

bone formation. A 50-pl injection (2.5 mg luciferin) should be
sufficient.

Wait 2-3 min and anesthetize the animal according to your
approved IACUC protocol.

Note: When administering luciferin locally (step 2), the animal
should be anesthetized prior to the luciferin injection. (Switch the
order of steps 2 and 3.)

3.3 Image 1.

Acquisition

3.4 Image Analysis 1.

Place the anesthetized animal in the imaging chamber. Based
on our experience, as well as the experience of others [15], the
position of the animal can affect the imaging results. We
strongly reccommend keeping a standard position for all animals
in the study.

. Set the field of view (FOV) by adjusting the position of the

stage and lens to fit all required ROIs in the frame.

. Set the imaging device for the luminescence imaging mode

(the excitation filter will be blocked and the emission filter
opened).

. Manually set the exposure time, binning, and F/stop, or select

automatic settings (recommended).

. Approximately 10 min after the luciferin injection (Subhead-

ing 3.2, step 2), the signal will be at its peak. Acquire the image
at the peak signal time.

. If luciferin is administrated locally, acquire the image ~2 min

following luciferin injection.

Using the image analysis software, determine the target ROI
for signal measurement.

. Use a background ROI with the exact same dimensions placed

cither in a dark area of the image or on the animal’s skin.

. Save the photon flux data of the signal and background.
. Subtract the background reading from the target reading.

. When using Oc-Luc transgenic mice for evaluating host activ-

ity, the ROI signal should be relative to the animal’s native Oc-
Luc expression. That is determined by measuring the signal at
the base of the tail (for each measurement) and dividing the
background and target readings by the tail reading. We recom-
mend using mice of similar age and sex to minimize data
variation. Please note that while the background reading
should be close to zero and it represents the “blank” reading
of the system, the transgenic mice tail reading is higher and
represents the intensity of the transgene expression in a specific
specimen.
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4 Notes

1. Use only in rodent models due to the fact that the

bioluminescence signal decreases as it passes through animal
tissues—approximately a tenfold decrease for each centimeter
of tissue depth [16]. While this has little effect in rodents as
long as the animal position is standardized, it prevents the use
of'this technology in larger animals. Even if one tried to use this
method to image superficial locations in large animals, the high
cost of the luciferin substrate required would render this appli-
cation unattractive.

. If large animal models are targeted, one can use the same

methodology with an alternative reporter gene, such as the
human sodinm iodide symporter (hNIS) gene. This reporter
gene can be used to trace cells using a SPECT or CT system
and has proved successful in preclinical pig animal models [17].

. The bioluminescence signal is dependent on a reaction involv-

ing ATP, magnesium, and luciferin [16]. Lack of any of these
substances—as well as a lack of oxygen or adequate pH—might
alter the recorded signal.

. The BLI system is surface weighted. Thus, changes in the

position of the imaged animal, implant geometry, or tissue
optical properties may also affect quantification [15, 16].

. The kinetics of light emission in BLI systems should be deter-

mined for each experimental model, especially because of the
fact that the rate of luciferin biodistribution depends on many
parameters (type, size and location of the graft, route of sub-
strate injection and more). It is therefore strongly recom-
mended that the investigator perform an in situ validation of
the imaging results [16] by performing either an immunohis-
tochemical analysis or a luciferase biochemical assay and stan-
dardize the experimental design and the imaging protocol by
performing a pilot experiment in which the optimal protocol
will be set.

6. When host activity is analyzed using this system, a common

artifact is the endogenous osteocalcin promoter activity noted in
transgenic Oc-Luc mice. This activity can mask signals from
specific sites such as the mandible or tail.

. It is essential to use animals of the same sex and age because

reporter expression varies [9, 12].

8. When other genes serve as the imaging target, one should take

those limitations into account and verify that the chosen imag-
ing technique and gene of interest are capable of generating
meaningful data.
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9.

10.

11.

12.

13.

14.

15.
16.
17.
18.

19.

20.
21.

22.

23.

24.

25.

26.

Measurements can be performed at various intervals, from
every few hours [9] up to every few weeks [8], depending on
the experimental design.

For the bone formation analysis, we recommend imaging every
few days for at least 2 weeks.

If one wants to repeat a measurement, a 30-min interval is
recommended, as this is the usual time needed for signal elimi-
nation [14].

When using the Oc-Luc system for imaging of host activity,
one should avoid locations with high endogenous activity (such
as the mandible, tail, and pelvis).

When graft activity is targeted, the only limitation is cell num-
ber. This should be determined experimentally in a pilot assay
(Fig. 3).

Hair removal cream can cause burns on the animal’s skin.
In this case, apply the cream for less time.

Make sure all leftover cream is removed following use.
Make sure to inject luciferin at 37 °C.
At all times keep luciferin protected from light.

If no luciferase signal is recorded following systemic luciferin
injection, recheck your injection technique and consider
changing it.

If no luciferase signal is recorded following local luciferin injec-
tion, consider applying a greater amount of luciferin.

Make sure that the imaging chamber is dark before imaging.

If a “blurred” image is recorded, make sure that the animal is
properly anesthetized.

A luciferin kinetic study (a sequence of images starting 5 min
after the luciferin injection) should be performed for each
animal model to determine the peak signal time.

Be sure to record the signal at the same time post luciferin
injection for all of the animals in the experiment.

Use the same anesthesia method throughout the experiment.
In some models, the type of anesthesia can influence the lumi-
nescence peak and peak time [15]. Optionally, you can com-
pare several anesthesia types.

Make sure the same settings (time following luciferase injec-
tion, exposure time, binning, and F/stop) are strictly kept.
Failing to do so will result in high variance of data.

When using Oc-Luc—expressing cells implantation, make sure
the cells stably express the Oc-Luc transgene during cell differ-
entiation. This should be determined in vitro or in vivo before
the imaging is performed.
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Fig. 3 Representative data set for graft activity analysis [8]. This figure demonstrates the different stages of
data collection and presentation. (a) Representative real-time bioluminescence functional imaging images
taken during the experiment, from day 1 to week 12 following cell implantation. Note the background and
target ROIs (1 and 2) marked on the rat picture, including the total flux reading. Also note that the color scale
(blue—Iless intense, red—most intense) is different between time points as the scale changes. (b) Quantita-
tive data set obtained in the same rat. Note that for each time point, target and background readings are
recorded and the final value is calculated. (c) A graph representing the collected data in a and b (Color figure

online)
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27.

28.

29.

30.

31.

Make sure the cells survive following implantation in the host
environment. Verification of cell survival can be done in a pilot
or parallel experiment by implanting cells that express the
luciferase gene constitutively into the relevant model and mon-
itoring their survival [8].

Make sure the luciferin injection does not harm the implanted
cells. This is very important when cells are implanted in a
“closed” area (knee, intervertebral disc).

In case that luminescence is highly variable between time
points, make sure the background ROI has the same dimen-
sions as the target ROI.

When Oc-Luc mice are used, make sure that they express the
transgene adequately. Be sure to use the bioluminescence signal
from the tail base as a normalizing factor. If another transgenic
system is used, be sure to record endogenous activity and to
develop a proper normalizing protocol. Failing to do so may
result in highly variable luminescence between time points.

Plan your experiment while taking into account that certain
areas are highly active in the Oc-Luc mice (tail base, mandible).
Consider performing a pilot study to confirm that the target
signal is not masked. This also applies to other promoter-driven
luciferase systems with proper modifications according to the
location of the endogenous signal.
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Chapter 15

Exometaholomic Mapping of Caenorhabditis elegans:
A Tool to Noninvasively Investigate Aging

Robert J. Mishur, Jeffrey A. Butler, and Shane L. Rea

Abstract

Metabolomic analyses can provide valuable information about the internal metabolism of an organism;
however, these studies can become quickly complicated by the large number of metabolites that are often
detected. Overcoming this limitation requires high-resolution analytical separation techniques, coupled
with high-power deconvolution software. Additionally, much care must be taken in metabolomic sample
preparation to quench active enzymes and avoid artifactual changes in the metabolome. Here we present a
relatively simple and straightforward technique, exometabolome mapping, which bypasses each of these
concerns, is noninvasive, and provides a concise summary of the key metabolic processes operative in an
organism. We illustrate our method using the nematode C. elegans, an organism which has been widely
exploited in aging studies; however, with only minimal modification, our technique is extendible to other
sample types, and indeed we have successfully used it both to perform yeast footprinting and to study the
excreted metabolic end products of human kidney cancer cell lines.

Key words Metabolomics, Metabonomics, Aging, Exometabolome mapping, Caenorhabditis elegans

1 Introduction

Metabolomics is an “omics” science which seeks to examine the
metabolome—the ensemble of metabolic reactants, intermediates,
and products of a cell, tissue, or organism. In a hierarchical sense,
metabolomics falls at the very bottom of genomics (DNA), tran-
scriptomics (RNA), and proteomics (proteins). Understanding
which metabolic pathways are operative in a system, and how
these pathways are interwoven into networks, is changing how we
view disease and aging.

Caenorbabditis elegans is a well-studied model organism which
has been exploited over the past several decades to make advances
in multiple fields, including aging, genetics, and neurobiology
[1-4]. When grown in liquid culture, C. elegans excretes metabo-
lites directly into its surrounding medium. This ensemble of
excreted metabolites—the exometabolome—is distinct from
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defecatory waste products and can be easily collected and mined.
Since C. elegans defecates continually every 45 s [5], the intestine is
cleared prior to the end of our washing procedure, ensuring that
only excreted metabolites are collected. Because the exometabo-
lome of C. elegans consists of only a few hundred types of metabo-
lites (compared with potentially thousands of internal ones), and
because the exometabolome is essentially free of other interfering
compounds, including metabolic enzymes, to a first approximation
the key operational elements of intermediary metabolism can be
reconstructed.

The abundance of aging studies which have been accomplished
using C. elegans stems from its short lifespan (15 days at 25 °C,
[6]), the ease with which genetic manipulations can be carried out,
and its high reproductive rate. Moreover, the great abundance of
genetic mutants, RNAI clones, and environmental interventions
that significantly alter worm lifespan [7-11] have made C. elegans
one of the premier model organisms used to investigate aging
processes. Ongoing studies in our laboratory have revealed that
several long-lived genetic variants of C. elegans share a unique
type of metabolism. These findings raise the possibility that meta-
bolic configuration, per se, may contribute to lifespan extension in
this organism. In this regard, we have previously reported that the
exometabolome of long-lived mitochondrial (Mit) mutants of C.
elegans can be distinguished from that of wild-type animals using
HPLC [12]. Here we present detailed methods for the collection,
derivatization, and analysis of the exometabolome from C. elegans
using gas chromatography—mass spectrometry (GC-MS). Raw GC-
MS dataset files for wild-type worms and long-lived eaz-2(ad465)
mutants are provided as training tools. The eat-2(ad465) mutant
strain has impaired pharyngeal pumping, resulting in slowed eating,
and is used to study calorie restriction, an established intervention
to increase lifespan, in C. elegans [13].

2 Materials

2.1 Bacterial Food
Stock

All solutions should be prepared using the highest-purity water
available. We recommend using double-distilled water. Unless oth-
erwise noted, all solutions can be stored at room temperature. All
solvents should be LC/MS grade or better.

1. E. colz bacteria (OP50): Purchased from the Caenorhabditis
Genetics Center, Minneapolis, MN (http://www.cbs.umn.
edu/CGC/).

2. Luria Bertani (LB) broth: Dissolve 10 g bacto-tryptone, 5 g
yeast extract, and 5 g sodium chloride in 800 mL water, and
then add water to bring to a total volume of 1 L. Aliquot into
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2 x 1 L glass autoclavable bottles (500 mL/bottle) and
autoclave for 30 min using liquid cycle settings (see Note 1).

. Once LB has cooled to room temperature, transfer 500 mL to a

2-L Erlenmeyer flask.

. Inoculate LB with a single colony of E. coli (OP50), and

incubate overnight at 37 °C on a platform shaker set at
200 rpm (see Note 2).

. Following incubation, use a spectrometer to measure the

absorbance of the bacterial stock (1:10 dilution in LB) at
595 nm. If the optical density (ODsg5) of the diluted stock is
less than 0.3, the culture should be concentrated by centrifu-
gation (4,250 x g, 10 min, 4 °C) and resuspended in a lesser
volume of LB.

. Dilute OP50 to a final ODs95 of 2.5 (undiluted), aliquot into

50-mL conical tubes, and store aliquots at 4 °C.

For our experiments we culture animals on BNGM agar plates. These
differ from traditionally used nematode growth medium (NGM)
plates in that they contain a greater amount of bacteriological
peprone, which allows for growth of a thicker lown of bacterin.

1.

. Sodium chloride.

Ol W N

Bacteriological peptone (Sigma-Aldrich).

. Agar.
. Polystyrene petri dishes, 100 mm x 15 mm (Fisher).
. Calcium chloride, 1 M: Dissolve 147.02 g calcium chloride

monohydrate in 800 mL water, and then add water to bring
to a total volume of 1 L. Aliquot into 500-mL glass autocla-
vable bottles (200 mL /bottle), and autoclave for 30 min using
liquid cycle settings (see Note 1).

. Cholesterol, 5 mg/mL: In a 500-mL beaker, dissolve 1.0 g

cholesterol in 200 mL 95 % ethanol with gentle heating. Filter
sterilize the solution using a polystyrene filter system with a
0.22-pm polyethersulfone membrane (Corning).

. Magnesium sulfate, 1 M: Dissolve 120.4 g anhydrous magne-

sium sulfate in 800 mL water, and then add water to bring to a
total volume of 1 L. Aliquot into 500-mL glass autoclavable
bottles (200 mL/bottle), and autoclave for 30 min using liquid
cycle settings (see Note 1).

. Potassium phosphate, 1 M: Dissolve 98.0 g anhydrous potas-

sium phosphate (monobasic) and 48.0 g anhydrous potassium
phosphate (dibasic) in 800 mL water. Check the pH with pH
paper or a pH meter, it should be near 6. Add water to bring to
a total volume of 1 L, and aliquot into 500-mL glass autocla-
vable bottles (200 mL/bottle). Autoclave for 30 min using
liquid cycle settings (see Note 1).
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9. In a 4-L polypropylene beaker (Nalgene), mix 20 g peptone,
6 g sodium chloride, 40 g agar, and 2 L water. Using a magnetic
stir bar, stir to partly dissolve. Autoclave contents, with stir bar,
tor 1.75 h using liquid cycle settings.

10. Following autoclave cycle, allow heated solution to partially
cool by stirring at room temperature for 30 min. Then add
2 mL 1 M calcium chloride, 2 mL 5 mg/mL cholesterol, 2 mL
1 M magnesium sulfate, and 50 mL 1 M potassium phosphate.

11. Using an automatic liquid dispenser (Wheaton Omnispense),
or manually, dispense 10 mL of solution into each 10-cm dish,
until all solution is used (se¢ Note 3). Cover dishes and allow to
dry at room temperature for 2 days.

12. Dilute OP50 (ODs9s 2.5) 1:750 using LB; you will need
0.5 mL of this solution per plate.

13. Using an automatic pipet with a sterile tip, spot 500 pL. of
OP50 dilution per plate, six at a time. Once plates have been
spotted, spread the bacteria evenly across the plates using a
sterile 60-mm cell spreader (Fisher). Before starting, and after
cach set of six plates, sterilize the spreader by submerging in
95 % ethanol. Then remove the spreader and pass it through a
flame to burn off the alcohol.

14. Allow the bacteria to dry on the plates for 1 day. Plates that are
to be used within 1 week can be stored at room temperature.
Plates that will not be immediately used can be stored at 4 °C
tfor 1-2 months.

2.3 S-Basal Buffer 1. In a 1-L beaker, mix 4.4 g anhydrous potassium phosphate
(dibasic), 3.4 g anhydrous potassium phosphate (monobasic),
and 5.85 g sodium chloride.

2. Add water to the beaker to fill to approximately 800 mL and
stir until all salts are dissolved. The pH should be between 6
and 7.

3. Add water to bring to a final volume of 1 L.

4. Aliquot into 500-mL autoclavable glass bottles (300—400 mL
per bottle).

5. Loosely cap bottles and autoclave for 30 min (liquid cycle). Let
cool to room temperature prior to removing from the auto-
clave. Store cooled S-Basal at room temperature. At least one
bottle should be stored at 4 °C, for use in sucrose flotation.

2.4 Sucrose Flotation 1. S-Basal (25 and 4 °C).
and Exometabolome 2. Polypropylene conical tubes, 15 and 50 mL (see Note 4).
Collection

3. Pasteur pipets.
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. Sucrose, 50 % w/v: In a 50-mL gradated polypropylene tube,

weigh 25 g sucrose. Fill with water to the 40-mL line, and then
vortex or sonicate until sucrose is completely dissolved. Fill to
the 50-mL line with water, and then sterilize the solution by
passing it through a 25-mm Nalgene syringe filter with a 0.2-p
m cellulose acetate membrane (Thermo). Store the sterilized
solution at 4 °C.

. Gelatin, 0.5 % w/v: Dissolve 50 mg gelatin in 10 mL water.

6. Glass petri dishes (custom-made from Kimax) (3-cm inner

diameter), sterilized.

. Polymer filter membranes, 0.2-pm nylon-66 membrane (Life

Science Products, Cat. No. 6502-413X; see Note 5).

. Sodium dodecyl sulfate (SDS), 1.25 % w/v: Dissolve 2.5 g SDS

in 200 mL water.

. Pierce BCA protein assay kit (Thermo; see Note 6).

. 3,4-Dimethoxybenzoic acid (Sigma-Aldrich). In a 15-mL

conical polypropylene tube (Becton Dickinson), mix 18.2 mg
3,4-dimethoxybenzoic acid with 9 mL water and adjust the pH
to 10 with 1 M NaOH, and then bring the final volume to
10 mL with water (10 mM final concentration). Protect the
solution from light by wrapping the tube with aluminum foil
and store at room temperature.

. Sodium phenylpyruvate monohydrate (Alfa Aesar): Dissolve

10.2 mg sodium phenylpyruvate monohydrate in 10 mL
water (5 mM). Partition into 1 mL aliquots and store in
2-mL conical polypropylene tubes (Eppendorf, Cat. No.
022363352; see Note 5). Further partition 1 mL of solution
into 100 pL aliquots and store all aliquots at —80 °C. Each time
a 100 pL aliquot is used, it should be disposed of afterwards.
One milliliter aliquots can be thawed once and partitioned into
100 pL aliquots as needed.

. L-Norvaline (Alfa Aesar): Dissolve 5.9 mg r-norvaline in 10 mL

water (5 mM). Partition into 1 mL aliquots and store in 2-mL
conical polypropylene tubes (Eppendorf, Cat. No.
022363352; see Note 5). Further partition 1 mL of solution
into 100 pL aliquots and store all aliquots at —80 °C. Each time
a 100 pL aliquot is used, it should be disposed of afterwards.
One milliliter aliquots can be thawed once and partitioned into
100 pL aliquots as needed.

. 3-Methylvaleric acid (Sigma-Aldrich): In a 15-mL conical

polypropylene tube (Becton Dickinson), mix 12.5 pL
3-methylvaleric acid with 10 mL water (10 mM). Store at 4 °C.

. Amino Acid Standard H (Thermo): 2.5 mM each (in 0.1 N

HCI) ammonia, 1-alanine, L-arginine, L-aspartic acid, L-gluta-
mic acid, glycine, 1-histidine, r-isoleucine, 1-leucine, L-lysine
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HCI, vr-methionine, L-phenylalanine, L-proline, L-serine,
L-threonine, L-tyrosine, L-valine; 1.25 mM L-cystine.

6. Group A standards: 100 pL each (10 mM stocks, prepared in
water at 25 °C unless otherwise noted) 3-methyl-2-oxopentanoic
acid, 1-malate, fumaric acid (made neutral with NaOH), lactate,
DL-2-hydroxybutyrate, hypoxanthine (hot water), 400 pL
S-Basal. Separate into 100 pL aliquots and store at —80 °C.

7. Group B standards: 100 pL each (10 mM stocks, prepared in
water at 25 °C unless otherwise noted) 4-methyl-2-oxovale-
rate, succinate, pyruvate, xanthine (hot water), ethanolamine,
3-hydroxy-3-methylbutyrate, 400 pL S-Basal. Separate into
100 pL aliquots and store at —80 °C.

8. Group C standards: 100 pL each (10 mM stocks, prepared in
water at 25 °C unless otherwise noted) 3-methyl-2-oxobuta-
noic acid, citrate, a-ketoglutarate, 2-oxobutyrate, citramalate,
urea, 400 pL S-Basal. Separate into 100 pL aliquots and store at
—80 °C.

9. Volatiles standards: In 50 mL S-Basal, dissolve each of the
following (1 mM each)—4.8 mg sodium propionate, 4.2 pL.
methacrylic acid, 4.6 pL butyric acid, 4.5 pL isobutyric acid,
6.3 mg sodium 3-hydroxybutyrate, 5.4 mg lithium acetoace-
tate, 5.0 mg tiglic acid, 5.0 mg 3-methylcrotonic acid, 6.3 pL.
hexanoic acid, 5.5 pL valeric acid, 5.5 pL isovaleric acid, 4.4 mg
acetoin, 5.5 plL 2-methylbutyric acid. Store at 4 °C.

. Acetonitrile.

. Diethyl ether (see Note 7).

. Hydrochloric acid (1 M).

. GC-MS autosampler vials (specific for MS instrument).

2.7 Derivatization
Reagents

. Conical glass inserts (Supelco, Cat. No. 24703).

. Nitrogen gas (or other inert gas) cylinder with regulator.
. Rubber tubing (should fit gas regulator).

. Pasteur pipets.

. Methoxylamine hydrochloride (Sigma-Aldrich). This should be
prepared fresh prior to derivatizing each batch of samples by
dissolving 20 mg in 1 mL of anhydrous pyridine (se¢ Note 8).
This volume will be sufficient to derivatize up to 25 samples.
Store unused methoxylamine hydrochloride (dry powder) in a
desiccator. Unused methoxylamine hydrochloride/pyridine
solution should be properly disposed.

O 0 N QN Ul W N~

10. N-Methyl- N-(zert-butyldimethylsilyl )trifluoroacetamide + 1%
tert-butyldimethylchlorosilane (MTBSTFA + TBDMS, Thermo
Scientific). This should be purchased as 1 mL aliquots in glass
ampules. Discard opened ampules after use. Store unopened
ampules at 4 °C.
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The following software will be used to analyze GC-MS spectral
data. All programs listed here are free to download and use and
are available at the URLs listed below. In the following section, we
have chosen to present a highly supervised method for analysis, to
aid the novice researcher with limited experience in manipulating
the multidimensional data produced by GC-MS; however, it should
be noted that alternate software programs are available which will
largely automate this process (MetaboliteDetector [14], Metabo
Analyst [15]).

1. Automated Mass Spectral Deconvolution and Identification Sys-
tem (AMDIS)—http://chemdata.nist.gov/mass-spc/amdis/
downloads/

2. MSSearch—nhttp: //chemdata.nist.gov,/mass-spc/ms-search /
downloads/

3. MET-IDEA—http: //bioinfo.noble.org/download /

4. LIB2NIST—http://chemdata.nist.gov/mass-spc/ms-search /
Library_conversion_tool.html

5. Python (optional)—http: //www.python.org/

3 Methods

3.1 Exometabolome
Collection

1. Synchronous populations of animals should be grown on
10-cm BNGM agar plates spotted with OP50 bacteria (see
Note 9). Animals should be plated at a density of 10,000/
10-cm plate (11,000 worms can be used for mutant strains of
smaller adult size), to allow them to reach gravid adulthood
without starving. We use 120,000 animals (approximately
0.3 g) for each analysis (60,000 minimum; see Note 10). The
number of animals needed will depend on the sensitivity of the
mass spectrometer used for the analysis. Plates should be stored
in a 20 °C incubator until animals reach gravid adulthood.

2. Using S-Basal (10 mL per plate), wash animals oft of BNGM
agar plates. Wash plates five at a time, and combine the washes
in a 50-mL conical polypropylene tube. Allow animals to settle
by gravity, and then remove and discard the supernatant. Com-
bine animals into a single 50-mL tube, and then wash five more
times with 50 mL S-Basal. It will take approximately 5-6 min
for the animals to settle with each wash. This method is prefer-
able to centrifugation, since it selectively removes eggs and L1
larvae from the animal pool.

3. This should be done concurrently with step 2: Gelatin passivate
two 15-mL conical polypropylene tubes (one should be pre-
weighed) by adding 0.5 mL gelatin to each tube, bringing the
total volume to 10 mL with distilled water, and capping and



202

Robert J. Mishur et al.

7.

10.

11.

12.

inverting to coat the inside of the tube. This solution should
also be used to passivate the inside of two glass Pasteur pipets.
This procedure helps to prevent animals from sticking to the
inside of glass and plasticware. Thoroughly wash tubes and
pipets by rinsing five times with double distilled water.

. This should be done concurrently with step 2: To the pre-weighed

tube, aliquot 10 mL cold (4 °C) S-Basal. To the other tube,
aliquot 7 mL 50 % sucrose. Keep both tubes on ice until ready
to use.

. Following the final wash, reduce the total volume in the tube to

3 mL. This is best done by aspirating the supernatant down to
the 5-mL gradation line and then removing 2 mL with an
automatic pipet.

. Pour the cold sucrose into the 50-mL tube, and then transfer

back into the gelatin-passivated tube. Immediately centrifuge at
2,400 x gfor 3 min at 4 °C. The centrifuge should be prechilled
prior to this step (see Note 11). Use the cold S-Basal as a balance.

Using a gelatin-passivated Pasteur pipet, transfer the floating
animals to the second passivated tube, containing cold S-Basal
(see Note 11).

. Pellet animals at 1,200 rpm (2 min, 280 x g4) at 4 °C. The

centrifuge should be prechilled priov to this step (see Note 11).

. Remove and discard supernatant. Wash the pellet two more

times by filling the tube with room temperature S-Basal and
centrifuging.
Carefully remove the supernatant down to the worm pellet,

and weigh the tube to determine the mass of the loosely packed
animals.

Add S-Basal to bring the total volume to 1.4 mL (loosely
packed worms have a density near 1 g/mL) and transfer to a
3-cm glass dish using the second gelatin-passivated Pasteur
pipet. Place the dish (uncovered) in a loosely sealed container
with moist paper towels to minimize sample loss through
evaporation. Then place the entire assembly on an orbital
shaker set at 100 rpm and agitate at room temperature for
18 h. This step is necessary to prevent the animals from going
anoxic during the collection period. If available, the shaker can
be placed in an incubator set at 20 °C for the 18-h period.

At the end of the incubation period, transfer the animals and
supernatant to a 1.5-mL polypropylene microcentrifuge tube
using a gelatin-passivated Pasteur pipet (see step 3). Centrifuge
for 3 min at 2,000 x g, and filter the supernatant through a
0.2 pm nylon syringe filter. Aliquot into 100 pL portions into
1.5-mL  polypropylene tubes (Eppendorf, Cat. No.
022363352; see Note 5), and store the worm pellet and the
aliquotted supernatant at —80 °C.
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To control for variations in the number of animals per experiment, as
well as for the fact that different genetic mutants will have different
adult sizes, the intensity of metabolite GC peaks will be normalized to
the total protein content of the animals contributing to the sample.

1.

Thaw frozen worm pellets at room temperature. Add S-Basal to
adjust the total volume of each tube to 1.0 mL and transfer to
15-mL conical polypropylene tubes.

. Add 1.25 % SDS to bring the total volume in each tube to

5 mL. This will result in a final SDS concentration of 1.0 % w /v.

. Puncture the lids of the polypropylene tubes with a hot needle.

Place tubes in boiling water for 5 min. Allow tubes to cool
briefly (30-60 s) and then mix by briefly vortexing (2 s).
Return to boiling water for an additional 5 min, and then
remove and allow to briefly cool before proceeding.

. Place samples in a centrifuge, and centrifuge for 5 minat 2,400 X g,

and then remove the supernatant, carefully avoiding the loose
cuticle pellet (see Note 12).

. Quantify the total protein in each sample using a commercially

available protein assay kit. The manufacturer’s instructions on
the assay kit should be followed. If samples are not to be used
immediately for protein quantification, they can be stored at
—80 °C (see Note 13).

Internal standards should be added to samples and samples dried
overnight, the night prior to derivatization and analysis by GC-MS.

1.

Thaw previously frozen aliquots (100 pL) of exometabolome
samples to be analyzed on ice. In 1.5-mL polypropylene tubes
(Eppendorf, Cat. No. 022363352; see Note 5), prepare each of
the following. Blank, 100 pL S-Basal; full standards, 100 pL S-
Basal, 10 pL group A standards, 10 pL. group B standards,
10 pL group C standards, and 5 pLL amino acid standards.

. To each sample to be derivatized (including blank and stan-

dards samples), add 575 pL acetonitrile (see Note 14) and
10 pL each of 3,4-dimethoxybenzoate, phenylpyruvate, and
norvaline.

. Dry samples overnight in a vacuum centrifuge (no heat).

. The following morning, add 40 pL methoxylamine HCI to each

dried sample and top tubes with dry nitrogen gas. This is done
by inserting a glass Pasteur pipet into a piece of rubber tubing
connected to the gas tank regulator and using the tip of the
pipet to blow nitrogen or inert gas into samples tubes for
5-10 s. Vortex samples briefly (2-5 s) and incubate for
90 min at 30 °C. Samples should be mixed by vortexing at
least once during this period.
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3.4 Derivatization
Procedure for Volatile
Metabolites

3.5 GC-MS and
Analysis of Mass
Spectral Data

5. Add 60 pL MTBSTFA + TBDMS to each sample and top with
dry nitrogen. Incubate for 1 h at 80 °C (see Note 15).

6. Pellet any insoluble material (mostly salt) by centrifugation,
and transfer 50 pL to a glass insert inside a glass autosampler
vial. Top with dry nitrogen and seal.

This procedure is for derivatization of the compartment of the
exometabolome which contains highly volatile metabolites (e.g.,
short-chain fatty acids) that would be lost during the drying step of
the standard derivatization procedure. All steps in this procedure
should be performed the same day as samples ave to be analyzed by
GC-MS.

1. Thaw previously frozen aliquots (100 pL) of exometabolome
samples on ice. In 1.5-mL polypropylene tubes (Eppendorf,
Cat. No. 022363352; see Note 5), prepare cach of the follow-
ing. Blank, 100 pL S-Basal; full standards, 100 pL S-Basal and
10 pL volatiles standards.

2. To each sample, add 20 pL. 1 M HCI; the pH should be
between 1 and 2.

3. Extract metabolites by adding 300 pL diethyl ether to each
sample and vortexing for 30 min at room temperature.

4. Centrifuge samples at 800 x g for 5 min to separate phases.
Remove and save the upper organic layer.

5. Using a gentle stream of nitrogen, concentrate the organic
phase to approximately 50 pL.

6. Add 40 pL. methoxylamine HCI to each sample and top tubes
with dry nitrogen gas. Vortex samples and incubate for 90 min
at 30 °C. Samples should be mixed by vortexing at least once
during this period.

7. Add 30 pLL MTBSTFA + TBDMS to each sample and top with
dry nitrogen. Incubate for 30 min at 80 °C (see Note 15).

8. Transfer 50 pL of each sample to glass inserts inside glass
autosampler vials. Top with dry nitrogen and seal. Keep sam-
ples cool until analysis.

We highly recommend that novice GC-MS users send their samples
to a mass spectrometry facility for analysis. Many institutions will
have an on-site facility equipped for GC-MS; however, if samples
must be shipped oft-site for analysis, we have found that overnight
shipping on dry ice results in insubstantial loss of sample integrity.

We analyze our samples using a Thermo Fisher TRACE DSQ
single quadrupole mass spectrometer. The following parameters
will allow a competent technician to reproduce the analysis. GC:
column, ZB-5MS (Phenomenex; Torrance CA), 30 m x 0.25 mm,
0.25-pm film thickness; carrier gas, helium; linear velocity, 1 mL/
min (constant flow); injection, split, 10-mL/min split flow; injector
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temperature, 220 °C; column temperature program (standard
metabolites), initial temperature of 70 °C held for 1 min followed
by an increase to 310 °C at 5 °C/min; column temperature pro-
gram (volatile metabolites), initial temperature of 50 °C held for
1 min, followed by an increase to 80 °C at 10 °C/min. Hold for
3 min at 80 °C and then increase to 275 °C at a rate of 30 °C/min.
MS conditions: ionization, electron impact (70 eV); detection,
positive ion; full scan analyses, m/2z 50—m,/z 700 at 2 scans/s.

Analysis of GC-MS data consists of (1) peak deconvolution, (2)
peak integration, (3) preprocessing the dataset (e.g., removing
artifactual peaks and low-abundance features), (4) metabolite iden-
tification, and (5) data visualization and clustering. Here we will
present a basic flow-through for processing raw GC-MS data. Due
to the limited space available, we will only cover the basic functions
needed to process the data; however, many of the software pro-
grams that are employed have functionalities beyond what is
described here. We have provided a comprehensive software tuto-
rial as a supplementary online file to address some of these func-
tions. This tutorial is presented in a format that would be
understandable by a new graduate student entering a lab and who
has no prior experience in MS. Before proceeding, make sure all of
the software programs listed in Subheading 2.8 are installed on
your computer. Detailed installation instructions for these pro-
grams can be found in the supplementary tutorial file. The follow-
ing section assumes a basic familiarity with GC-MS terminology;
those researchers with no prior experience with GC-MS are advised
to skip this section and go straight to the online tutorial.

1. The format of the raw GC-MS data files will depend on the
instrument manufacturer. For example, data acquired on
Thermo instruments will be in the format “.RAW.” These will
need to be converted into a universal format before continuing.
For our purposes, we will require data to be in the “.CDF”
format. The proprietary software that comes with your instru-
ment should be able to convert its MS data into this format. If
you do not have access to this software, you can request that the
MS facility provide you with data in “.CDF” format.

2. The software program AMDIS will be used to identity peaks
and to deconvolute peaks that partially co-elute. Using this
program, open one of your data files, or, alternatively, use one
of the example files provided with the tutorial.

3. Select the “Settings” tab under the “Analyze” menu—note
that this will be inaccessible unless a file is open. A complete
discussion of the settings which can be optimized is given in the
supplementary software tutorial. Make sure that the correct
instrument type is selected under the “Instrument” tab.
When you are finished, click save and then press the button
that says “Run.”
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Tabl

e1

Example of a partial ion retention time list

287.1 27.85 100066 False False
250.1 27.92 100144 True True
299.15 27.95 100067 False False
198.16 28.69 100070 False False
345.19 28.83 100072 False False
303.14 29.13 100074 False False
171.1 29.28 100075 False False
272.11 30.85 100077 False False
357.09 30.93 100174 False False
332.42 31 100170 False False
218.05 31.1 100078 False False
292.12 31.1 100079 False False
239.02 31.28 100080 True True
288.17 31.44 100081 False False
271.17 3191 100165 False False
4. AMDIS will attempt to identify unique peaks in the GC trace.

Once one of these peaks is selected, the center panel will display
the zotal ion count peak, as well as several representative masses
which best describe the shape of that peak. Write down the
retention time of each peak, and the mass which best describes
it. Try to avoid using masses 73, 75, and 147—these are due to
rearrangement of the derivatizing group and are common to
many peaks.

. In order to integrate the peaks in your GC trace, you will need

to create an ion retention time (IRT) list. Using standard
spreadsheet software, such as Microsoft Excel, create a new
spreadsheet. The first two columns should contain the masses
(column 1) and retention times (column 2) of each of the peaks
you identified using AMDIS. The third column will contain a
unique ID which you assign to each peak. The last two columns
will indicate whether a particular metabolite is to be used as a
calibration standard for mass (column 4) or retention time
(column 5). Identify your three internal standards and enter
values of “TRUE” in both of these columns. For all other
metabolites enter “FALSE” in both columns (see Note 16).
An example of what this file should look like is given in Table 1.
Save the file as a tab-delimited text file with the extension
“ION” and exit Excel. Close AMDIS; you do not need to
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save the “.FIN” and “.ELU” files that this program will
automatically create.

. Following identification and deconvolution in AMDIS, you

will open your data in MET-IDEA. All of your data (including
runs for your blank and standards) should be in the same folder
as the IRT list which you just created.

. Once opening MET-IDEA, you can adjust the settings by

selecting “Parameter Setup” under the “Tools” menu (see the
supplementary tutorial file for a description of these settings).
After adjusting the settings, select “Start” under the “MET-
IDEA” menu.

. Browse to find your IRT list (you will need to change the file

extension type to make this file visible). Select the boxes for
“Show intermediate results,” “Calibrate Retention Time,” and
“Calibrate Mass Data,” and then press “OK.”

. After prompting you to save your calibration data, the program

will integrate the peaks in your IRT list for each of the spectra in
the folder, and read out an integrated peak area in arbitrary
units. Check the integration limits on each of these peaks and
adjust them accordingly (se¢ Note 17). The amount of time this
takes will depend on how well you optimized your parameters.
A description of common integration errors is found in the
software tutorial.

After you have checked your peaks, transpose your data, then
select “OK,” and save your results. Met-IDEA will save these as
an “.OUT” file, which can be opened as a delimited text file in
Excel. 'This will contain a list of peaks with their integrated
values for each dataset.

Before visualizing your data, you will need to do some prepro-
cessing on the “.OUT” file. First, you should identify an
appropriate noise cutoff for your data. A good way to do this
is to integrate several areas of data which do not contain any
well-defined peaks. Select integration limits appropriate to the
average peak width on your instrument (typically around
0.1 min). For our instrument, we have determined that an
integrated intensity of less than 10,000 is likely noise. Any
peak which has an integrated intensity less than your experi-
mentally determined threshold in all samples can be considered
noise, and these rows removed from the data file. Also, any
peaks which are due to artifacts (including phosphate) should
be removed at this point.

Normalize your data by dividing every peak in a sample by the
intensity of 3,4-dimethoxybenzoate and by the total amount of
protein (experimentally determined, in mg) for that sample and
then multiplying by 100,000,000 to return the data to its
original scale. This can be done either in Exce/ or by running
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13.

14.

15.

16.

17.

a script using the programming language Python, as described
in the online tutorial file. After doing this, remove the lines
corresponding to your exogenously added internal standards.
You may also remove the data columns for your blank and
standards samples.

Reformat the first column to remove the retention time and
mass for each component. Where possible, replace the ID
numbers with appropriate names. Identities of compounds
can be determined through library matching with MSSearch
or AMDIS if an appropriate mass spectral library is available.
Most available MS libraries are in “.MSP” format; if using
AMDIS for library matching, you will need to use the program
LIB2NISTto convert your library to the correct format for this
software. The MS library used in our laboratory is included in
the online supplemental files. Identities can also be confirmed
by running standards. More information on MS libraries
and the types of fragmentation patterns produced by -BDMS
derivatized compounds can be found in the supplementary
tutorial file.

We use the online program GenePattern for visualization and
clustering of data. This software is free to use after registration.
To use this program, your data must be reformatted to “.GCT”
tormat. This can be done manually in Excel; details on this
file format can be found at: http: //www.broadinstitute.org/
cancer /software /genepattern /tutorial /gp_fileformats.html.
Alternatively, one can use a Python script to reformat the data,
as detailed in the online tutorial. Go to http://www.broad-
institute.org/cancer/software /genepattern/ and select “GP
@ Broad” to run an analysis on the server at the Broad Institute.

Select “Clustering,” then “Hierarchical clustering” in the pop-
up window that appears. Under “Step 2” select “Open Hier-
archicalClustering.”

Select the location of your “.GCT” file, and then set “column
distance measure” and “row distance measure” both to “Pear-
son correlation.” For “clustering method” select “Pairwise
complete-linkage.” Do not change any other settings. Click
“Run.”

When the analysis is complete, three files will be generated.
Access the drop-down box to one of these files by clicking on
the arrow that appears next to it. Select HierarchicalCluster-
ingViewer. When the new dialogue comes up, select “Run.” A
clustered heat map of your data will be generated. It is possible
to toggle the display between a global array (across all cells) or a
relative array (across rows). Export your data as an image file

(Fig. 1).
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I

eat-2 #1 —
eat-2 #2 —
eat-2 #1 |
eat-2 #2 —

N2 #1
N2 #2
N2 #3
N2 #1
N2 #2
N2 #3

2-HYDROXYBUTYRATE
LEUCINE
ISOLEUCINE
2-hydroxyglutarate
MALATE
2-KETOISOCAPROATE
GLUTARIC ACID

_| ALANINE
FUMARATE
unknown (100044)
SUCCINATE
XANTHINE
5-OXOPROLINE
3-hydroxyisobutyrate
HYPOXANTHINE
CITRATE-1
PROLINE
THREONINE-2
GLYCEROL

UREA (TBS-3X)
ARGININE
PYRUVATE
LACTATE

unknown (100094)
CITRATE-2
unknown (100000)
4-HYROXYPROLINE
3-HYDROXYPROPIONIC ACID
SERINE

unknown (100121)
unknown (100124)
unknown (100048)

| UREA (TBS-2X)
GLYCINE
BETA-ALANINE
SULFATE

VALINE
PHENYLALANINE
aminononanoic acid
URIC ACID

L

Fig. 1 Hierarchical clustering was used to segregate exometabolome samples
from wild-type (N2) animals and eat-2(ad465) mutants. Integrated peak areas for
each metabolite were normalized to an internal standard and to total protein.
Low-abundance metabolites were removed prior to clustering. Heat maps are
colored according to (1) individual metabolite variation across the sample set
(blue—yellow) and (2) global variation among metabolites over the entire exome-
tabolome dataset (blue-red)
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4 Notes

. When autoclaving liquids, caps should be loosely fitted to the

glassware. Tightening the caps all the way can result in a
buildup of pressure inside the bottle and in extreme instances
bottle breakage. Solutions can become superheated in the
autoclave and should be allowed to cool to room temperature
prior to handling, to avoid sudden boiling.

. To control for exogenous bacterial contamination, 5 mL of LB

should be removed from the flask prior to inoculation and
transferred to a 15-mL conical tube using sterile techniques.
This tube should be taped to the side of the flask and the two
incubated together overnight. If the control tube appears
cloudy the next day, it indicates a contamination in the LB,
and the entire batch should be discarded.

. All components of the liquid dispenser which will come in

contact with the agar solution (rubber tubing, nozzle) must
be sterilized by autoclave prior to use. After dispensing all of the
solution, the rubber hose should be immediately cleaned by
pumping hot water through it. If this is not done, agar will
solidify inside the tubing, clogging it and making it difficult to
clean.

. We have previously used 15-mL polystyrene tubes and found

these to be susceptible to cracking during centrifugation.
Therefore, it is reccommended to use polypropylene only, since
these are better able to stand high centrifugation speeds.

. When using plasticware, it is important to be sure that no

plasticizers leech out into solution. We have tested this particu-
lar brand and part number for leeching and found that it does
not interfere with our analyses.

. If an alternate protein assay is employed, it is critical that the

investigator be sure that the reagents are compatible with con-
centrations of sodium dodecyl sulfate up to 1.25 % w/v.

. Diethyl ether can potentially decompose over time, forming

explosive peroxides. We recommend storing this reagent at
4 °C for up to a year. Expired reagent, or any bottle with
white deposits around the cap, should be considered dangerous
and disposed of properly.

. Anhydrous pyridine is hygroscopic and care should be taken to

prevent introduction of moisture. Water will interfere with the
derivatization reactions.

. In our experience, large populations of synchronous animals

can be obtained by placing 10,000 animals (wild type, arrested
L1 larval stage), on a 10 cm/OP50 plate and allowing them to
starve out the plate. This will allow the animals enough food to
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reach gravid adulthood and to lay eggs before starving. Once
the eggs hatch, the larvae should not have enough food avail-
able to progress past the first larval stage and will arrest as L1s.
Do not allow L1 larvae to remain starved beyond 24 h, other-
wise they exit arrest at different rates when finally provided with

food.

For triplicate experiments, we typically prepare 36 plates of
worms and collect and pool adult worms prior to washing
(Subheading 3.1, step 2). Following washing, we split the
360,000 animals into three separate populations for the 18-
h metabolite collection step. For fully independent experi-
ments, we recommend pouring three separate batches of
12 x 10-cm plates and using animals from three independent
starting populations of L1 larvae.

The purpose of this step is to remove any remaining bacteria
clinging to the cuticle of the animals. Exposure to high con-
centrations of sucrose places the animals under osmotic shock;
therefore, these steps should be done as quickly as possible, and
at 4 °C. In our hands, the sucrose float plus all subsequent
washes should take no more than 15 min. While this is standard
procedure in a C. eleganslaboratory, it should be noted that we
have not observed any significant differences in the exometa-
bolome of wild-type animals treated with a sucrose flotation
versus untreated animals [16].

It is important to aspirate over the cuticle carefully, since the
cuticle does not dissolve in SDS, any remaining cuticle may
adversely affect the protein analysis (unpublished observation).
The GC-MS data generated later will be normalized to crude
protein mass, so it is imperative to get an accurate reading.

After protein extraction, protein samples can be stored at
—80 °C until analysis; however, we have experienced problems
reproducing protein estimates when using frozen samples con-
taining SDS. To circumvent this, we advise to reboil any frozen
samples prior to analysis.

Acetonitrile precipitates enzymes and creates an azeotrope with
water to aid in drying.

We have noticed that the Eppendorf polypropylene tubes have
a tendency to pop open during incubation at 80 °C, possibly
leading to contamination. To prevent this, we suggest resting a
heating block or heat-resistant tube rack over the tubes to
weigh down the lids. Alternatively, boiling locks may be used.

The exogenously added internal standards are easily identified,
since they should be three of the largest peaks in your GC
traces; they will also appear in the blank and standards samples.
To aid you in identifying these peaks, the representative masses
for each peak are 186.2 (norvaline), 250.1 (phenylpyruvate),
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and 239.0 (3,4-dimethylbenzoate). Note that there will also be
a large phosphate peak in all samples from the S-Basal buffer;
do not confuse this as an internal standard. Phosphate has a
representative mass of 383.2. It will be advantageous at this
point to start a database which contains a list of ion masses and
retention times, along with ID numbers and putative IDs.

17. Some peaks in your GC spectra will be artifacts arising from the
derivatization procedure, as opposed to actual metabolites.
These peaks can be identified by their presence in a blank
sample, and should be noted accordingly as artifacts in your
database for future reference. Rather than integrating these
peaks, we opt to enter an integrated value of “0” to indicate
that that peak was found but not integrated. To distinguish
these peaks from actual metabolites, we enter a value of “1” for
a metabolite with zero integrated intensity (i.e., the metabolite
is not present in a given sample). Some peaks that appear to be
artifacts may later turn out to be actual metabolites (e.g., if
there is GC column bleed causing high-intensity metabolites to
appear in the blank sample), so it is important to keep note of
these peaks in case you wish to go back and integrate them
later. We recommend, for the sake of time, removing peaks
determined to be artifacts from your IRT list so that they are
not integrated, but keeping track of them in a separate file. The
set of full standards is for comparison and identification pur-
poses, and peaks in this dataset do not need to be integrated
properly, since they will not be part of the final analysis.
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Chapter 16

Detecting Polymorphisms in Human Longevity Studies:
HLA Typing and SNP Genotyping by Amplicon Sequencing

Gilberto Vargas-Alarcon and Carmina Flores-Dominguez

Abstract

Life expectancy has always been associated to several determinants, such as environmental and genetic
factors. Studies have related human lifespan as being 25-32 % due to genetic polymorphisms between
individuals associated to longevity and aging. Nonetheless, no single gene will convey a phenotype like
longevity. Aging is a process that occurs from changes in various levels of the cell, from genes to functions.
Longevity is the ability to cope and repair the damage that results from these changes. It has been described
as the result of an optimal performance of immune system and as an overexpression of anti-inflammatory
sequence variants of immune/inflammatory genes.

Longevity gene candidates can be separated into the following categories: inflammatory and immune-
related, stress response elements, mediators of glucose and lipid metabolism, DNA repair components and
cellular proliferation, and DNA haplogroups.

Studies have related lifespan with Common Single-Nucleotide Polymorphisms (SNPs); polygenic effects
can explain an important part of how genetics influence it. In this chapter we describe how to sequence
Class I HLA allele polymorphism, as well as SNP sequencing, two methodologies most frequently used in
polymorphism detection.

Key words Polymorphism, Longevity, Lifespan, Aging, Immunogenetics, SNPs, HLA, Sequencing

1 Introduction

Science breakthroughs and improvement of public health have
allowed us to have a greater life expectancy. There are an increasing
number of centenarians, most importantly, in “good health state”
according to their age. Longevity has been described as the result of
an optimal performance of immune system and as an overexpres-
sion of anti-inflammatory sequence variants of immune /inflamma-
tory genes [1]. Genetic polymorphisms have been associated to
longevity and aging, nevertheless, no single gene will convey a
phenotype like longevity.

Life expectancy has always been associated to several determi-
nants, such as environmental and genetic factors. Studies have
related human lifespan as being 25-32 % due to genetic
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polymorphisms between individuals [2, 3] associated to longevity
and aging [4]. Aging is a process that occurs from changes in
various levels of the cell, from genes to functions, so longevity is
the ability to cope and repair the damage that results from these
changes [5].

Aging has been a major concern for human beings since the
beginning of time. One of the most important breakthroughs for
understanding aging was the discovery of the limited lifespan
cultured cells have [6]. The main alterations cells suffer in aging
are genomic instability, genetic programs, and /or reactive oxygen
species [7]. The immune system has also been related to aging, due
to chronic inflammatory activity [8], particularly prostaglandins,
cytokines, chemokines, angiogenic factors and NF-kp [9, 10], and
the modulation of ubiquitin proteasome pathway [11].

Aging is related with immune deterioration, outcome of
genetic information, and environmental factors [12]. From an
immunogenetic approach, the association of HLA genes to inflam-
mation and aging is being studied [13]. Survival and longevity
could be associated with a selection of alleles that could confer
resistance to infectious diseases [ 14]. Genes that encode inflamma-
tion and immune regulation, as well as stress proteins, all related to
longevity and aging [15], are located on HLA [16-18]. Particu-
larly, HLA I and II class gene polymorphisms have been associated,
hence suggesting the effects of HLA on longevity, and therefore,
aging [19, 20] (Table 1).

Longevity gene candidates can be separated into the following
categories: inflammatory and immune-related, stress response ele-
ments, mediators or glucose and lipid metabolism, DNA repair
components and cellular proliferation, and DNA haplogroups [3].

Lifespan has been reported as influenced by Common Single-
Nucleotide Polymorphisms (SNPs) [31, 32]. Polygenic effects can
explain an important part of how genetics influence lifespan [33].
For example, TLR 4 gene polymorphism has also been associated to
aging [34].

Several studies have related polymorphisms to longevity, such
as APOE [rs429358, rs2075650, and 457412 SNPs] [33, 35-37],
CETP, IL-6, HSPA14[38], TP53, NFKBI1[39], FOX03[40,41],
TERC, and TERT [42]. Some of the gene polymorphisms asso-
ciated with longevity can be consulted on Table 2.

e APOE polymorphism is involved in the maintenance of the
vascular integrity, and it is decreased in elderly and centenarians
[34-37, 42-45].

e FOXO3A polymorphism is involved in the control of cell

homeostasis, and it is increased in elderly and centenarians
[46-48].
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HLA allele associated with longevity (Modified from Naumova E. [13])

HLA allele Population Reference
A1B8Cw7DR3 Irish males Rea [21]

Al3 Ttalians Ricci [22]

A9 Chinese Ma [23]
A*0101-B*5101- Bulgarians Naumova [13]
A*0201-B*1081- Bulgarians Naumova [13]
B16 Greek Papasteriades [24 ]
B7 Cw7 Italians Ricci [22]
DQ1 Ttalians Ricci [22]
DRB1*0101 Japanese Akisaka [25]
DRB1*07 French men Ivanova [26]
DRB1*1201 Japanese Akisaka [25]
DRB1*1401 Japanese Akisaka [25]
DRB1-1101 Bulgarians Naumova [13]
DRB1*11 French women Ivanova [26]
DRB1*11 French Henon [27]
DRB1*11 Dutch women Lagaay [28]
DRB1*11 Mexican mestizo women Soto-Vega [29]
DRB1*13 French Ivanova [26]
DRB1*15 Sardinians Lio [30]
DRB1*1601 Bulgarians Naumova [13]
DQA1*0101, *05 Japanese Akisaka [25]
DQB1*0503 Japanese Akisaka [25]

o CAM K4, ATXNI, and DCAMKLI are involved in the
modulation of CREB, CAMKH4 is also involved in the modula-
tion of FOXO3A, and they are also increased in elderly and

centenarians [49].

There are other biomarkers related to aging; for instance, the
length of leukocyte’s telomere is considered a biomarker of human
age; particularly SNP’s polymorphism of SIRT1 gene has effects on

telomere length [58].

Aging and lifespan have been related to the presence or absence
of morbidity; some gene polymorphisms have been associated to
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Table 2
Gene polymorphisms associated with longevity

Gene polymorphism Reference

APOE Soerensen [42 |

rs429358 Schachter [43]

rs20775650 Kervinen [44 ]

rs769449 Novelli [45 ]
Ferrario [46]

FOX0O3A Ferrario [46]
Wilcox [47 ]
Flaschbart [48]
Anselmi [49 ]

rs2802292

rs9486902

rs12206094

rs2764264

rs13217795

1s7762395

CAM K4 Ferrario [46]

rs10491334 Malovini [50]

ATXN Ferrario [46]

rs697739 Malovini [50]

DCAMKILI Ferrario [46]

Rs9315385 Malovini [50]

CETP (Tnq IB) Soerensen [42]

rs9923854 Wilcox [46]
Pan [51]
Kolovou [52]

TOMM 40 Sebastiani [53]
Deelen [36]

rs2075650

ACE DD Zajc Petranovic [54]

TP53 Mustafina [39]

rs1042522

(continued)
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Table 2

(continued)
Gene polymorphism Reference
NFKBI1 Mustafina [39]
rs4648110
IL-6-74 C/G Soerensen [42 ]
1s2069827 Bonafe [55]

Rea [56]

APOCI Nebel [31]
rs4420638
OTOLI Walter [66]
rs1425609
MINPPI Newman [67]
1s9664222
UCP2
rs6593669 Rose [68]
9p21.3
rs1333049 Emanuele [69 |

fragility syndrome that produces adverse health outcomes on the
elderly, such as MTR, CASP8, CREBBP, KAT2B, and BTRC[59].

How Can Longevity Genes Be Detected?

Among the several techniques employed for identifying genetic
polymorphisms, HLA alleles can be detected by automated
sequencing. The PCR technique is employed first to amplify all
the HLA allele genes using generic primers. These products are
sequenced, and the results are compared to a sequence database
that holds all known alleles in order to identify them.

SNPs are common associated allelic gene variants, with differ-
ences on the function of codified proteins. Because these poly-
morphisms could mean differences on the bioactivity of the coded
protein, it is expected that the association of an allele with a pheno-
type may vary between populations [59]. Amplification of genomic
DNA by the polymerase chain reaction (PCR) has greatly simplified
the identification of SNPs by eliminating the need to clone and
isolate regions of the genome from multiple individuals [60]. The
advance in complex genome typing has urged the need of several
computing programs that allows a better analysis of the results,
such as PolyPhred which automatically detects the presence of
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heterozygous single-nucleotide substitutions by fluorescence-based
sequencing of PCR products. Its operations are integrated with the
use of the Phred, Phrap, and Consed programs, and together these
tools generate a high-throughput system for detecting DNA poly-
morphisms and mutations by large-scale fluorescence-based
sequencing [61]. Some of the SNPs in longevity genes reported
have been typified with the described technique [60] or by the
TaqMan® assay (Applied Biosystems) [62].

2 Materials

2.1 DNA Extraction

2.2 CGlass | HLA
Sequencing

—

. 10-15 ml blood sample.

2. 15 % EDTA.

—
N o= O

O 0 N O Ul e N

. Cell lysis solution (Promega® Wizard Genomic DNA Purifica-

tion Kit Cat #A1120).

. Nuclei lysis solution (Promega® Wizard Genomic DNA Purifi-

cation Kit Cat #A1120).

. RNAse.

. Precipitation solution (Promega® Wizard Genomic DNA Puri-

fication Kit Cat #A1120).

. Pure molecular grade isopropanol.
. 70 % ethanol.
. DNA rehydration solution (Promega® Wizard Genomic DNA

Purification Kit Cat #A1120).

. Premix Abbott Allele SEQR HLA Sequencing Kit®.

. Taq polymerase (Perkin-Elmer®™, Foster City, CA).

. EXOSAP-IT Abbott Allele SEQR HLA Sequencing Kit®™.

. MicroAmp optical 96-well plate from Applied Biosystems®.
. BigDye terminators (Applied Biosystems™).

. MicroAmp optical adhesive film (Applied Biosystems®).

TBE.

. Acetate.

. Pure ethanol.

. 80 % cold ethanol.

. Formamide.

. Genomics Assign 3.5% platform with an IMGT/HLA data-

base.
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2.3 PCR Gene 1. Specific PCR primers to amplify a unique region of the
Amplification, genome.
Sequencing, and SNP 2. 10x PCR buffer: 100 mM Tris-HCI, pH 8.3; 500 mM KClI,
Identification [60] and 15 mM MgCl,.
3. AmpliTaq DNA polymerase (Perkin-Elmer®, Foster City, CA).
4. dNTPs (4 mM each).
5. Distilled H,O.
6. Thermocycler.
7. PCR product presequencing kit, exonuclease I (10 U /puL), and
shrimp alkaline phosphatase (SAP) (2 U/pL) (Amersham Life
Sciences, Cleveland, OH).
8. BigDye terminator sequence ready-reaction kit (Perkin-
Elmer®).
9. 30 % acrylamide stock: 37.5:1 acrylamide: N, N'-methylenebi-
sacrylamide (Bio-Rad®, Hercules, CA).

10. 377 DNA analyzer (Perkin-Elmer™).

11. 4 % denaturing polyacrylamide gel prepared and casted for
sequence analysis by the 377 instrument directly according to
the manufacturer’s instructions (Perkin-Elmer™).

12. 95 % ethanol.

13. Loading buffer: 5:1 deionized formamide:50 mM EDTA,
pH 8.0.

14. Sequence analysis tools, see Notes 2-5.

3 Methods

3.1 DNA Extraction
[63]

1.

Take a 10-15 ml peripheral blood sample from each individual
on a 15 % EDTA sample tube.

. Centrifuge at 3,000 rpm (1,008 RCF) for 5 min to obtain the

white cells layer.

. Follow the Promega® Wizard Genomic DNA Purification Kit

Cat#A1120 instructions.

(a) Transfer 50 pl from the white cell layer to a 1.5 ml Eppen-
dorf tube and add 150 pl of the lysis solution (Cell Lysis).

(b) Mix and lay still for 10 min at room temperature (see
Note 1) and centrifuge at 3,000 rpm (1,008 RCF) for
10 min.

(¢) Eliminate the supernatant and maintain the pellet. Wash
until the pellet is completely white.

(d) Add 50 pl of nuclear lysis solution (Nuclei Lysis) and
1.5 pl of RNAse, mix, and incubate at 38 °C for 15 min.
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3.1.1  DNA Integrity
Verification

3.2 Class | HLA
Sequencing [64]

(e) Precipitate proteins adding 16.5 pl of precipitation solu-
tion (Precipitation Solution), mix with the vortex for 20 s,
and centrifuge at 2,000 rpm (448 RCF) for 10 min.

(f) Transfer the supernatant to 1.5 ml Eppendorf tubes, and
add 50 pl of pure molecular grade isopropanol at room
temperature. Mix by inversion until DNA threads are
present.

(g) Centrifuge at 14,000 rpm (21,952 RCF) for 1 min and
discard the supernatant.

(h) Wash the DNA pellet with 50 pl of 70 % ethanol, centri-
fuge at 14,000 rpm (21,952 RCF) for 1 min, and discard
the supernatant.

(i) Letdry for 10-15 min and resuspend on 20 pl of rehydrat-
ing solution (DNA rehydration).

(j) Place on water tub at 65°C for 1 h (see Note 2).

. Once DNA is extracted, DNA’s integrity is verified on a 0.8 %

agarose gel tinted dyed with ethidium bromide.

. DNA quantification is made by spectrophotometry at 260 and

280 nm; ND-1000 (NanoDrop®) is used.

. Use this formula to calculate its purity (see Note 3):

[DNA] =D =260 x Fx d

where OD260 is 260 nm optical density

Fis a constant equal to 0.05 (50 pg of DNA = 1 DO at
260 nm)

d is the dilution factor

. Store at —20 °C for optimal preservation and further use.

. Use Abbott Allele SEQR HLA Sequencing Kit®*—Combined

Protocol Core + HARP for Class I HLA amplification.

2. Place 20-120 ng/ml of DNA sample at 45 °C for 10 min.
. Add 16 pl of premix Abbott Allele SEQR HLA Sequencing

Kit® + 0.3 Taq polymerase to make the Master Mix.

. Place the DNA-Master Mix on an Eppendortf tube on a 4 pl of

DNA + 16 p Master Mix.

. Centrifuge at 500 rpm (28 RCF) for 10 min.
6. Place on the Gene Amp PCR System 9700 of Applied Biosys-

tems® Thermocycler (see Note 4) for 4 h:

(a) One 95 °C for 10 min cycle.

(b) 36 cycles: 96 °C for 20 s, 60 °C for 30 s, 72 °C for 3 min.
(c) Let at 4 °C indefinitely



3.2.1 PCR Product
Purification

3.2.2 PCR for Allele A
and B Sequencing

3.2.3 Product Purification
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. Verify the presence of amplification product on a 0.8 %

agarose gel.

. Amplification product is a 1,800 bp for Allele A and 1,200 and

1,500 bp band for Allele B.

. Add 3 pl of EXOSAP-IT on each PCR product tube and

centrifuge at 80 rpm (1 RCF) for 10 min.

. Place on Gene Amp PCR System 9700 of Applied Biosystems®

Thermocycler (see Note 5).

(a) One cycle at 37 °C for 15 min.

(b) 36 cycles at 96 °C for 20 s, 60 °C for 30 s, 72 °C for 3 min.
(c) Let at 4 °C indefinitely.

. Use a MicroAmpOptical 96-well plate from Applied Biosys-

tems®™ where exons 2, 3, and 4 of HLA B alleles are placed and
marked with BigDye terminators (Applied Biosystems®), and
cover it with MicroAmp optical adhesive film (Applied Biosys-
tems”™) (sec Note 6).

. Place the plate on an aluminum foil so that light does not affect

the fluorochromes (see Note 7).

. Place a relation of 1:1 amplified product with TBE.
4. Mix 1:8 pl of Master Mix + 2 pl of the sample and centrifuge at

500 rpm (28 RCF) for 10 min.

. Place on a Gene Amp PCR System 9700 of Applied Biosys-

tems®™ Thermocycler (se¢ Note 8).
(a) 25 cycles at 96 °C for 20 s, 50 °C for 30 s, 60 °C for 2 min.
(b) Leave at 4 °C indefinitely.

. Mix amplicon + 2 pl of acetate and centrifuge at 500 rpm for

5 min.

2. Add 25 pl of pure ethanol and agitate with the vortex.
. Centrifuge at 200 rpm (4 RCF) for 30 s.
4. Eliminate the supernatant and centrifuge at 80 rpm (1 RCF)

for 10 min.

. Add 5 pl of 80 % cold ethanol and centrifuge at 2,000 rpm (448

RCF) for 5 min.

. Eliminate supernatant and centrifuge at 80 rpm for 10 min.
. Add 15 pl of formamide and centrifuge at 500 rpm for 10 min.
. Place on a Gene Amp PCR System 9700 of Applied Biosys-

tems® Thermocycler (see Note 9).
(a) One cycle at 96 °C for 2 min.
(b) Leave at 4 °C indefinitely.
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3.2.4 Sequencing [65]

3.2.5 Sequence Analysis

3.3 SNP
Identification

3.3.1 PCR Gene
Amplification [60]

3.3.2 Sequencing [60]

1.
2.

Take the samples on an ice tray and cover with aluminum foil.

Use an ABI 3100 Applied Biosystems® sequenciator with the
recommended manufacturer recommendations with the
Abbott Allele SEQR HLA Sequencing Kit—Combined Proto-
col Core + HARDP®.

. Program with a DT 3130POP6(BD).mob mobility with a

RapidSeq36_POP-6 Default; injection parameters were
1.0 KV for 10 s and a sample pick of 1,800 s as instructed by
the manufacturer.

. Charge the plate with the following names: sample number,

low hyphen, analyzed allele, low hyphen, and utilized primer
(see Note 10).

Example:
For sample 425 to analyze HLA B Allele using primer 2R:

425 B 2R

. Use Genomics Assign 3.5% platform with an IMGT/HLA

database for allele B.

. Open electropherograms for each sample, and observe the

alignment of exons 2,3, and 4, as well as the sequence quality.

. Verify each nucleotide until NM equals O as a result.

. Amplity the genomic region in a mixture of 1x PCR butffer,

0.001 % gelatin, 0.40.4 mM dNTPs, 0.5 mM of each PCR
primer, 0.5 U of AmpliTaq DNA polymerase, and 20 ng of
DNA.

. Combine 5 pL of the PCR product with 1 pL of 10 U/pL

exonuclease and 1 pL. of 2 U/pL SAP to inactivate unincorpo-
rated PCR primers and deoxynucleotide triphosphates.

. Incubate at 37 °C for 30 min, followed by 90 °C for 15 min to

inactivate exonuclease and SAP enzymes.

. Mix 3.2 pL of the enzyme-treated PCR product with 4 pmol of

sequencing primer in 2.8 pL of dH,O, 2 pL of 400 mM
Tris-HCIL, pH 9.0; 10 mM MgCl,; and 2 pL of ready-reaction
BigDye terminator mix (se¢ Note 11).

. Place at the Thermocycler at 95 °C for 5 min, 30 cycles of

95 °C for 30 s, 50 °C for 10 s, and 60 °C for 4 min.

. Add 8 pL of deionized water and 32 pL of 95 % ethanol.

Centrifuge at 1,639 rpm (3,000 RCF) for 45 min.

. Remove ethanol and centrifuge at 792 rpm (700 RCF) for

1 min.

. Resuspend in 3 pL of loading butfter.



3.3.3 SNP Identification
[60]
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. Heat the samples for 2 min at 90 °C and electrophorese

through a pre-run 4 % denaturing polyacrylamide gel using a
377 DNA analyzer (Perkin Elmer®™).

. Verify lane tracking and extract data and first-pass sequence

analysis using the installed 377 software.

. Transfer chromatogram files to a workstation and analyze

again, now using the base-calling software Phred.

. Assemble the sequences using Phrap.

. Execute PolyPhred (see Note 12) to identify heterozygous

single-nucleotide variants in fluorescence-based sequencing
traces [61]. PolyPhred (see Note 12) reads normalized peak
information obtained by Phred for each position in a sequence
(see Note 13). It searches for reductions in peaks across the
groups assembled by Phrap (see Note 14). If a peak drop and
second base are detected, PolyPhred calls the site a potential
polymorphic site and tags the position with their determined
genotypes for viewing with the Consed program (see Note 15).

. Analyze the assembled sequence reads, and mark polymorphic

single-nucleotide variants by color-coded tags.

4 Notes

O 0 N N Ul W N

p—d
=]
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N~

. Mix by inverting every 5 min.

. You can also leave it for the whole night at room temperature.
. Purity criteria evaluated in this formula was 260,/280 nm >1.6.
. PCR-HLA program.

. EXO-HLA program.

. It is important to cover the plate to protect it.

. It is important to place it on ice.

. SEQ-HLA program.

. DESNAT program.

. All wells must be filled because the sequenciator reads four

wells simultaneously.

. Use less of the BigDye terminator mix.

. PolyPhred is program that compares fluorescence-based

sequences across traces obtained from different individuals to
identity heterozygous sites for single-nucleotide substitutions.
It is composed by three programs: Phred, Phrap, and Consed.
For information consult http://droog.gs.washington.edu/

polyphred/.
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13.

14.

15.

Gilberto Vargas-Alarcon and Carmina Flores-Dominguez

Phred calls bases and assigns a quality value to each called base.
For information consult http: //www.phrap.org/phredphrap-
consed.html.

Phrap is a program for assembling shotgun DNA sequence
data. It allows use of the entire read and not just the trimmed
high-quality part; it constructs the contig sequence as a mosaic
of the highest-quality read segments rather than a consensus
and provides extensive assembly information to assist in
troubleshooting assembly problems. For information consult
http: //www.phrap.org/phredphrapconsed.html.

Consed is a tool for viewing, editing, and finishing sequence
assemblies created with Phrap. For information consult http: //

bozeman.mbt.washington.edu/consed /consed.html.
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Chapter 17

Gel Electrophoresis-Based Proteomics of Senescent Tissues

Steven Carberry and Kay Ohlendieck

Abstract

Cellular aging is a fundamental biological process, and mass spectrometry-based proteomics has been
widely used for the global identification of age-related changes in a variety of tissues. The proteomic
profiling of senescent skeletal muscles has revealed a variety of alterations in proteins associated with the
contractile apparatus, cell signaling, ion homeostasis, metabolism, and the cellular stress response. Here, we
outline the two-dimensional gel electrophoretic separation and fluorescent labeling of the urea-soluble
protein complement from aged diaphragm muscle. This chapter describes the various experimental steps
involved in gel electrophoresis-based proteomics, including protein extraction, isoelectric focusing, slab gel
clectrophoresis, fluorescence labeling, image analysis, protein digestion, mass spectrometric identification
of proteins and immunoblotting.

Key words Aging, Mass spectrometry, Proteomics, Ruthenium tris-bathophenanthroline disulfonate,
Sarcopenia, Two-dimensional gel electrophoresis

1 Introduction

Aging is a highly complex and fundamental biological process.
Systems biological approaches have been initiated to better under-
stand the multiple causal mechanisms and the pathophysiological
hierarchy in degenerative pathways that are involved in cellular
senescence [1-3]. In order to determine global changes and
adaptations in the protein complement of aged tissues, mass
spectrometry-based proteomics represents an ideal large-scale and
high-throughput methodology and has been widely employed in
the field of biogerontology [4—7]. One of the most striking changes
in aging mammals is the loss of skeletal muscle mass and function.
In humans, the age-related loss in skeletal muscle mass is usually
accompanied by a drastic decline in contractile strength and has
been termed sarcopenia of old age [8]. The progressive deteriora-
tion of neuromuscular integrity increases the risk of poor balance,
frequent falling, and impaired mobility in the elderly [9]. Epidemi-
ological studies of sarcopenia indicate that nearly half the popula-
tion over 75 years of age suffers from some form of debilitating
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muscle degeneration, which may lead in progressive cases to loss of
independence [10]. The scale of this common geriatric condition
warrants large-scale studies for the identification of novel biomar-
kers of sarcopenia. The establishment of'a comprehensive signature
of'aging markers is crucial for developing improved diagnostic tests
to properly evaluate and classify sarcopenia and the frailty syn-
drome, as well as for identifying new therapeutic targets to treat
age-related motor neuron and skeletal muscle degeneration.

Over the last few years, mass spectrometry-based proteomics
has been employed to study normal and diseased skeletal muscles
[11-13], including the aging neuromuscular system [ 14-16]. Most
mature skeletal muscles contain a mixture of three main fiber types,
i.e. slow oxidative type I fibers, fast oxidative-glycolytic type Ila
fibers and fast glycolytic type I1b/IIx fibers, plus a variety of hybrid
fibers [17]. Proteomics has been instrumental in the establishment
of fast-to-slow muscle fiber type transitions during aging [15],
indicating a glycolytic-to-oxidative shift of muscle metabolism in a
slower-contracting population of senescent fibers [18-20]. In addi-
tion to major alterations in metabolic pathways and the isoform
expression pattern of contractile elements, the gel electrophoresis-
based proteomic analysis of muscle aging has established a variety of
changes in proteins associated with cell signaling, ion homeostasis,
and the cellular stress response [14]. Physiological, biochemical,
and structural studies have shown that aging of the diaphragm is
associated with (a) an increased susceptibility to muscular atrophy,
(b) morphological alterations affecting especially the neuromuscu-
lar junction region, (c) a slowing in time-to-peak tension, (d) a
decrease in the rate of muscle relaxation and (e) a significant
depression in the ability to generate maximal isometric tension
[21-24]. These changes in the senescent diaphragm suggest that
this type of skeletal muscle is an interesting model system for
studying proteome-wide changes during aging. We have therefore
used here aged mouse diaphragm muscle to describe in detail a
widely employed gel electrophoresis-based approach for the analy-
sis of urea-soluble skeletal muscle proteins.

The successful application of two-dimensional gel electropho-
resis in combination with advanced mass spectrometry emphasizes
the analytical power of the proteomic approach to determine global
changes during tissue aging. The flowchart in Fig. 1 summarizes
the various steps involved in gel electrophoresis-based proteomics.
High-resolution two-dimensional gel electrophoresis, using iso-
electric focusing in the first-dimension and slab gel electrophoresis
in the second dimension [25], presents an unbiased analytical tool
to investigate complex changes in the protein complement of spe-
cific tissues [26]. Two-dimensional gel electrophoresis with immo-
bilized pH gradients is one of the most frequently employed
protein separation techniques in comparative proteomics
[27-29]. Protein detection in gel electrophoresis is often carried
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Proteome-wide changes in senescent tissues
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Fig. 1 Overview of gel electrophoresis-based proteomic analysis of aged tissues. Shown is a flow chart
summarizing the various steps involved in the proteomic analysis of senescent tissue samples, including
protein extraction, various gel electrophoretic methods (GE gel electrophoresis, SDS-PAGE sodium dodecyl
sulfate polyacrylamide gel electrophoresis, IEF isoelectric focusing, NR/RED non-reducing/reducing, DIGE
difference in-gel electrophoresis, PTMs post-translational modifications), densitometric scanning, mass
spectrometric identification of changed proteins and independent verification of proteomic data
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out with highly sensitive fluorescent dyes [30]. Besides CyDyes
used in fluorescence pre-labeling for difference in-gel electropho-
resis [31, 32], a commonly employed fluorescent dye for post-
electrophoretic staining is ruthenium tris-bathophenanthroline
disulfonate (RuBPs) [33-35]. The advantages of RuBPs lie in its
dynamic labeling range, its reliability for the highly reproducible
staining of gel electrophoretically separated proteins and the rela-
tive ease and low cost associated with its synthesis [33, 35]. This is
why RuBPs has been the fluorescent dye of choice in numerous
proteomic studies [29], including the field of skeletal muscle pro-
teomics [36-39]. Analytical conditions for protein identification
have to be optimized with specific mass spectrometers. Several
excellent articles have been published in the Methods in Molecular
Biology series on the comprehensive description of methodological
particulars of modern mass spectrometry [40-43]. Here, we
describe in detail the application of gel electrophoresis-based pro-
teomics for studying senescent diaphragm muscle specimens.

2 Materials

2.1 Equipment

Equipment for gel electrophoresis, protein labeling, gel imaging,
mass spectrometry and immunoblotting was from the following
suppliers:

1. IPG (immobilized pH gradient) DryStrip reswelling tray
(Amersham /GE Healthcare).

. IPGphor IEF unit (Amersham /GE Healthcare).

. Sample loading cups (Amersham/GE Healthcare).

. Manifold (Amersham/GE Healthcare).

. Gel casting box (Amersham /GE Healthcare).

. Cassette racks (Amersham/GE Healthcare).

. Ettan DALT#welve multiple vertical slab gel electrophoresis
apparatus (Amersham/GE Healthcare).

N QN Uk N

8. Glass plates suitable for fluorescent gel electrophoretic analysis
(Amersham /GE Healthcare).

9. Typhoon Trio variable mode imager (Amersham /GE Health-
care).

10. ImageScanner UMax (Amersham/GE Healthcare).

11. Vortex Genie-2 (Scientific Industries).

12. Stuart SSI.4 shaker (Lennox Laboratory Supplies).

13. Heto speedvac concentrator (Medical Supply Company).
14. Model 5417R centrifuge (Eppendorf).

15. Agilent 6340 Ion Trap LC mass spectrometer using electro-
spray ionization (Agilent Technologies).



2.2 Reagent
Solutions

16.

17.
18.

19.
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Nanoflow Agilent 1200 series system, equipped with a Zorbax
300S8B C18 pm, 4 mm 40 nl pre-column was employed for the
separation of peptides (Agilent Technologies).

Mini-gel PROTEAN Tetra Cell system (Bio-Rad).

Transblot Cell for electrophoretic transter of proteins to
Immobilon NC-pure nitrocellulose membranes (Bio-Rad).

Exposure cassettes (Kodak).

In order to keep contaminations of protein samples to a minimum,
all reagent solutions should be prepared with ultrapure water.
Reagent solutions for gel electrophoresis, protein labeling, mass
spectrometry and immunoblotting were from the following
suppliers:

1.

2.

O 0 N O\ Ul

15

22.

Ruthenium batho-phenanthrolinedisulfonate chelate (RuBPs)
(Reagecon Diagnostic Ltd).

Ultrapure Protogel acrylamide stock solution (National Diag-
nostics).

. Immobilized pH gradient (IPG) strips (Amersham/GE

Healthcare).

. IPG buffer (Amersham/GE Healthcare).

. Iodoacetamide (Amersham/GE Healthcare).

. Dithiothreitol (Sigma).

. Destreak agent (Amersham /GE Healthcare).

. Laemmli-type buffer system (Bio-Rad).

. Coomassie Brilliant Blue G250 dye (Bio-Rad).
10.
. Sequencing grade-modified trypsin (Promega).
12.
13.
14.

Protein molecular mass markers (Bio-Rad).

Formic acid (Fluka).
LC-MS Chromasolv water (Fluka).

Nitrocellulose (Pierce).

. X-ray film (Fisher).
16.
17.
18.
19.
20.
21.

Chemiluminescence substrate (Roche).
Developer (Sigma).

Fixer (Sigma).

Protease inhibitors (Roche).

Primary antibody to collagen (Abcam).

Secondary peroxidase-conjugated antibody (Chemicon Inter-
national).

All other chemicals used were of analytical grade and purchased
from Sigma.
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2.2.1 Preparation of
Crude Tissue Extracts

2.2.2 Rehydration of
Immobilized pH Gradient
Strips

2.2.3 Second Dimension
Gel Electrophoresis

2.2.4 Protein
Visualization Using
Fluorescent Ruthenium
Tris-Bathophenanthroline
Disulfonate Dye (RuBPs)

2.2.5 Protein
Visualization Using
Coomassie Brilliant Blue

1.

Lysis buffer: 7 M urea, 2 M thiourea, 4 % (w/v) CHAPS, 2 %
(w/v) IPG buffer pH 3-10, 2 % (w/v) dithiothreitol. Stock
solutions of lysis buffer can be dispensed into 1 ml aliquots and
conveniently stored in a freezer at —20 °C.

. Lysis buffer should always be supplemented with protease

inhibitors in order to prevent excess proteolytic degradation
of proteins. Suitable protease inhibitor cocktails are commer-
cially available (see Note 1).

. Rehydration buffer: Add 12 pl of Destreak reagent and 0.002 %

(w/v) Bromophenol Blue to 1 ml of lysis bufter (se¢ Note 2).

. Equilibrium buffer: 8 M urea, 30 % (v/v) glycerol, 2 % (w/v)

sodium dodecyl sulfate, 50 mM Tris-HCI pH 8.8, 0.002 %
(w/v) Bromophenol Blue (se¢ Note 3). Aliquots of this solu-
tion can be stored at —20 °C.

. Reducing buffer: Add 100 mg dithiothreitol per 10 ml of

equilibrium buffer. Make this solution freshly prior to use in
gel electrophoresis.

. Alkylating buffer: Add 250 mg iodoacetamide per 10 ml of

equilibrium buffer. Prepare solutions in the dark and immedi-
ately before usage in gel electrophoresis.

. 10x SDS bufter: 25 mM Tris, 192 mM glycine, 0.1 % (w/V)

sodium dodecyl sulfate. Store this solution at room tempera-
ture.

. Agarose sealing solution: 1 % (w/v) agarose in 1x SDS buffer

and Bromophenol Blue. Heat solution until agarose has prop-
erly dissolved. Store the solution at room temperature (see
Note 4).

. RuBPs dye (see Subheading 3.5 for detailed description of

ruthenium tris-bathophenanthroline disulfonate synthesis).

. Fixation solution: 30 % (v/v) ethanol and 10 % (v/v) acetic

acid.

. Wash solution: 20 % (v/v) ethanol.
. Destain solution: 40 % (v/v) ethanol and 10 % (v/v) acetic acid.

. Bufter A: 10 % (w/v) ammonium sulfate, 2 % (v/v) phosphoric

acid.

2. Bufter B: 5 % (w/v) Coomassie Brilliant Blue G-250 in water.

. Coomassie staining solution: 2 ml Bufter B plus 80 ml Buffer A

and 20 ml methanol.

4. Neutralization bufter: 0.1 M Tris-HCl at pH 6.5.

. Wash buffer: 25 % (v/v) methanol.

. Fixation buffer: 20 % (w/v) ammonium sulfate.



2.2.6 In-Gel Digestion of
Protein Spots for Mass
Spectrometric
Identification

2.2.7 Electrophoretic
Transfer and Immunoblot
Analysis
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1. Trypsin resuspension buffer: 50 mM acetic acid.

2. Trypsination buffer: 20 pg of sequencing grade-modified
trypsin in 100 pl resuspension buffer (see Note 5). For in-gel
digestion, dissolve 10 pl aliquots into 500 pl of 50 mM ammo-
nium bicarbonate.

3. In-gel destaining bufter: 1:1 (v/v) 100 mM ammonium bicar-
bonate /acetonitrile.

4. Extraction buffer: 1:2 (v/v) formic acid /acetonitrile. Make this
solution freshly and use it immediately for peptide extraction.

1. Electrophoretic transfer bufter: 25 mM Tris, 192 mM glycine,
pH 8.3, 20 % (v/v) methanol.

2. Ponceau staining solution: 0.5 % (w/v) Ponceau S dye in 1 %
(v/v) acetic acid (see Note 6).

3. Phosphate-buftered saline solution: 0.9 % (w/v) NaCl, 50 mM
monobasic sodium phosphate, pH 7.4 (see Note 7).

4. Blocking solution: 5 % (w/v) fat-free milk powder in
phosphate-buffered saline.

5. Primary antibody solution: 1:5,000 diluted primary antibody
in blocking solution (see Note 8).

6. Secondary antibody solution: 1:1,000 diluted secondary
peroxidase-conjugated antibody in blocking solution (see
Note 9).

3 Methods

For the highly reproducible separation of urea-soluble proteins,
two-dimensional gel electrophoresis presents an ideal method.
Since fluorescent staining techniques in combination with mass
spectrometric identification approaches are very sensitive, cross-
contamination of analytical samples, and keratin-based impurities
have to be kept to a minimum. Thus, researchers involved in pro-
teomic studies are advised to wear protective clothing and gloves
during all preparative steps. Ideally, gel electrophoretic and analyti-
cal solutions should be prepared and stored in laboratory facilities
with at least semi-clean analytical status. Electrophoretic separation
steps should be carried out under designated fume hoods or in
special rooms that lack excess air passage. For proteomic profiling
analyses, mass spectrometry should be performed in a separate pro-
teomics facility that is ideally air-conditioned and kept free from
potential contaminants. Depending on the protein range of interest,
different pH ranges in the first-dimension and concentration gradi-
ents in the second dimension slab gel can be combined for optimum
two-dimensional gel electrophoretic separation. The total amount
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3.1 Preparation of
Crude Skeletal Muscle
Extracts

3.2 In-Gel
Rehydration of First-
Dimension Gel Strips

of protein loaded on gels has to be chosen according to the main
goal of individual studies. Large amounts of protein can result in
excess streaking and cross-contamination of two-dimensional spots,
while low concentrations of protein samples may be ineffective for
proper labeling of individual protein species. The analysis described
here is a previously optimized method for studying skeletal muscle
aging using first-dimension isoelectric focusing with pH 3-10 strips
and second dimension 12.5 % slab gel electrophoresis with 500 pg
protein per gel.

1.

Weigh skeletal muscle tissue from differently aged mice. Dia-
phragm muscle shows a range of age-related changes, including
a drastic increase in the extracellular matrix component colla-
gen [38]. Thus, as an illustrative example of a proteomic inves-
tigation of senescent tissues, the below outlined protocol
focuses on this particular type of skeletal muscle.

. For the initial break-up of tough contractile fibers and asso-

ciated cellular structures, transfer freshly dissected muscle
specimens of differing age to suitable containers with liquid
nitrogen and grind tissue to a fine powder with mortar and
pestle (see Note 10).

. Diaphragm muscle powder should be added to lysis buffer at a

ratio of 1:10 (w/Vv).

. Carefully vortex the solution. The suspension should be incu-

bated on a rocker for 1 h at room temperature, with gentle
vortexing every 10 min for 30 s.

. Centrifuge the solution at 20,000 x g for 20 min at 4 °C. The

protein-containing middle layer should be saved. Discard the
pellet and uppermost fatty layer.

. Protein quantification of skeletal muscle extracts should be

carried out with a reliable assay kit (se¢ Note 11).

. If samples have to be stored at this stage of the analysis, dis-

pense protein extracts into aliquots of 50 pl and place them in a
freezer at —80 °C.

. Add 500 pg of protein sample to rehydration buffer and bring

the solution up to 450 pl. Pipette this solution into the reser-
voir slots of the Ettan IPGphor DryStrip reswelling tray.

. Remove plastic backing from 24 cm-long IPG strips of pH

3-10 by peeling from the (—) end and push the (+) end towards
the top of strip holder.

. Place strips gel side down into rehydration buffer and rehydrate

for at least 12 h.



3.3 First-Dimension
Isoelectric Focusing

3.4 Second
Dimension Slab Gel
Electrophoresis

3.5 Preparation of
20 mM RuBPs Dye
Stock Solution for Gel
Staining
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. Transfer isoelectric focusing strips to manifold gel side up on

the Ettan Multiphor IT (GE Healthcare). Lift by the (—) end,
and place the (+) end of strips towards the (+) end marked on
the IPGphor.

. Cover strips with cover fluid by addition of 108 ml of drystrip

cover fluid over entire manifold.

. Place wicks, wet with deionized water, onto ends of strips.

4. Position the electrodes. Isoelectric focusing is carried out at

20°Casfollows: 4hat80V,2hat100V,1.5hat500V,1.5h
at 1,000V, 1 hat 2,000 V, 1 h at 4,000 V, 2 h at 6,000 Vand a
final 2.5 h step at 8,000 V.

. After completion of the first-dimensional gel separation, IEF

strips can be stored at —20 °C.

. Incubate isoelectric focusing strips in 10 ml dithiothreitol-

containing equilibrium buffer while rocking for 15 min.

. Remove reducing solution and incubate while rocking in 10 ml

iodoacetamide-containing equilibrium buffer for 15 min.

. Remove alkylating solution, wash strips briefly in 1x SDS

running buffer and then place isoelectric focusing strips (+)
end to left, gel side facing out, onto a 12.5 % resolving slab
gel (see Note 12).

. Strips should be pressed against gel when adding warmed

overlay sealing solution so as to eliminate air bubbles.

. Place gels in the Ettan DALT #welve tank and carry out electro-

phoresis at 0.5 W /gel for 1 h, followed by 1.5 W /gel overnight
until Bromophenol Blue dye front runs off.

. Following slab gel electrophoresis, carefully remove gels from

glass plates and mark one corner of two-dimensional gel to
track orientation. Strips should remain with slab gels as each
contains a unique identification number to allow tracking of
samples.

. Potassium pentachloro aquo ruthenate (0.2 g) is dissolved in

20 ml boiling water and kept under reflux. This process results
in a deep red-brown solution.

. Bathophenanthroline disulfonate (0.9 g) is added to the solu-

tion and refluxing continued for 20 min, resulting in a deep
green-brown solution.

.5 ml of 0.5 M sodium ascorbate is added and refluxing

continued for 20 min. This process results in a deep orange-
brown solution.

. RuBPs dye stock solution is then allowed to cool and adjusted

to pH 7.0 with sodium hydroxide. Total volume is adjusted to
26 ml dye stock solution (see Note 13).
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3.6 Protein
Visualization Using
Fluorescent RuBPs
Staining

3.7 Image Analysis
of Two-Dimensional
Protein Spot Pattern
in RuBPs-Labeled Gels

1.

To produce RuBPs staining solution, add 50 pl RuBPs dye
stock solution to 200 ml of 20 % (v/v) ethanol. For this mass
spectrometry-compatible method, approximately 200 ml of
diluted RuBPs solution is needed per slab gel and staining step.

. Place gels in clean trays and add fixative solution for a minimum

of 30 min. Gently agitate gels during the fixation step. If
necessary, gels can be left overnight in fixing solution.

. Rinse gels three times for 30 min in wash solution with gentle

agitation.

. Stain gels with RuBPs staining solution for 6 h.

. Rinse gels with deionized water twice for 10 min with gentle

agitation.

. Destaining of gels should be carried out for 16 h.

. Rinse gels with deionized water twice for 10 min with gentle

agitation prior to scanning.

. Scan RuBPs-labeled gels using a suitable variable mode imager,

such as the Amersham /GE Healthcare Typhoon Trio apparatus.

. For image acquisition, scan RuBPs-stained muscle proteins at a

wavelength of 4 = 532 nm. Photomultiplier tube PMT-values
should be optimized so that the volume of the most abundant
protein spot is between 80,000 and 99,000 when scanned at a
resolution of 100 pm (see Note 14).

. Sample images of differently aged muscle proteomes are then

evaluated using two-dimensional gel analysis software, such as
Progenesis SameSpots analysis software (NonLinear Dynamics,
Newcastle upon Tyne, UK; software version 3.2.3), and are
normalized against their biological replicates.

. Two-dimensional gels are aligned to the reference image. See

Fig. 2 for a representative RuBPs-labeled master gel.

. Following detection of two-dimensional spots, gels are placed

into groups (young muscle versus aged muscle images) and
analyzed to determine significant changes in the abundance of
distinct protein spots.

. For proteomic profiling, paired Student’s #-test values are cal-

culated for each protein spot across all two-dimensional gels.
An ANOVA score of 0.5 is required for spots to be included in
the subsequent detailed evaluation of changes in protein
expression patterns. Then principal component analysis
(PCA) is verified; changes displaying power of <0.8 are
removed from subsequent analysis. All remaining changed pro-
tein spots that exhibit a fold change of 1.5 or greater and meet
the significance criteria should be visually checked on the
aligned gels to ensure feasibility.
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Brilliant Blue Staining,
Scanning, and Protein
Excision from Pick
Gels
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a Fluorescent 2D Master Gel of Diaphragm
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Fig. 2 Gel electrophoretic and immunoblot analysis of aged diaphragm muscle.
Shown is a fluorescent RuBPs-labeled master gel of the total urea-soluble protein
complement from mouse diaphragm muscle (a). The pH values of the first-
dimension gel system and molecular mass standards of the second dimension
are indicated on the fop and on the left of the panels, respectively. Panel ()
illustrates an example of independent verification of proteomic data. The
representative immunoblot shows expanded views of protein bands labeled
with an antibody to the extracellular matrix protein collagen. Lanes 1-3
represent 8 week-, 12 month- and 22 month-old mouse diaphragm muscle,
respectively. Collagen levels are clearly increased during skeletal muscle aging

1. Following gel electrophoretic separation, slab gels are washed
in distilled water.

2. Slab gels are carefully transferred to a clean dish containing
Coomassie Brilliant Blue staining solution and incubated for
6 h or overnight with gentle agitation.

3. Gels are transferred into neutralization buffer for 3 min.
4. Gels are then incubated in wash buffer for 1 min.

5. Following washing, slab gels are transferred to fixation buffer
(see Note 15).
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3.9 In-Gel Digestion
of Protein for Mass
Spectrometric
Identification

3.10 Electrospray
lonization-Mass
Spectrometric
Analysis

6.

Coomassie Brilliant Blue-stained preparative slab gels are
scanned using a suitable instrument, such as the ImageScanner
UMax (Amersham/GE Healthcare). Gel images are then
added to the Progenesis software programme to serve as a
pick gel and aligned to RuBPs-labeled gel images.

. Proteins of interest can be picked manually from two-

dimensional gels. Protein spots can be conveniently removed
and transferred with the help of sterile pipette tips with their
ends cut off. Place the tip over the individual protein spot, press
firmly down through the gel, take the plug up into the tip and
aspirate it into a fresh plastic tube.

. Destain gel plugs in 100 mM ammonium bicarbonate /aceto-

nitrile (1:1) until completely destained.

. Shrink gel plugs with acetonitrile and remove all liquid (see

Note 16).

. Add 50 pl of trypsin buffer and incubate gel plugs for 30 min at

4 °C.

. Add more buffer to fully cover gel plugs and incubate proteins

for a further 90 min at 4 °C (see Note 17).

. Incubate for 4 h or overnight at 37 °C.
. Add 100 pl of extraction buffer and incubate proteins for

15 min at 37 °C with shaking.

. Using gel-loading tips, transfer all supernatant fractions into

individual 0.2 ml plastic tubes.

. Dry down peptides in a standard speedvac concentrator (see

Note 18).

. Reconstitute peptides in 12 pl of 0.1 % formic acid.

. Samples should then be briefly vortexed, sonicated for 5 min

and briefly centrifuged.

. To remove any gel particles, centrifuge samples for 20 min in

cellulose spin filter tubes at 14,000 x g.

. Using fresh tips for each sample, pipette samples to individually

labeled LC-MS vials.

. To identify muscle-associated proteins of interest, analyze pep-

tide mixtures on an ion trap LC mass spectrometer by injecting
5 pl of sample.

. Although conditions have to be optimized with specific mass

spectrometers, using a 10-min gradient of 5-100 % acetoni-
trile /0.1 % formic acid and a post run of 1 min through a
Zorbax 300SB C18pum column gives reliable results with mus-
cle proteins.



3.11 Immunoblot
Analysis for
Verification of
Proteomic Data

10.

11.

1.

5.
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. Separation of peptides can for example be achieved with a

nanoflow Agilent 1200 series system, equipped with a Zorbax
300SB C18 5 pm, 4 mm 40 nl pre-column and a Zorbax 300SB
C18 5 pm, 43 mm x 75 pm analytical reversed phase column
using HPLC-Chip technology.

. Mobile phases should be (A), 0.1 % formic acid, and (B), 90 %

acetonitrile and 0.1 % formic acid. Load samples into the
enrichment at a capillary flow rate set to 4 pl/min with a mix
of A and B at a ratio 19:1.

. Elute tryptic peptides with a linear gradient of 5-70 % solvent B

over 6 min, 70-100 % for 1 min and 100 % for 1 min with a
constant nano pump flow of 0.6 pl/min. A 1-min post-time of
Solvent A should be used to remove sample carryover.

Set the capillary voltage to 2,000 V. The flow rate and the
temperature of the drying gas should be 4 1/min and 300 °C,
respectively.

In order to identify distinct protein species, utilize database
search engines such as Mascot MS/MS lon search from Matrix
Science (London, UK; NCBI database, release 20100212).

Run one-dimensional gradient gels using a suitable mini-gel
system. Please refer to the manufacturer’s instructions for a
detailed description of the assembly of individual slab gel appa-
ratuses. To separate proteins with a wide range of molecular
masses, 3—10 % resolving gels can be conveniently poured with
the help of'a gradient maker. For most routine immunoblotting
experiments, loading of 10 pg protein per gel lane is sufficient
to detect most antigens of interest. Samples should be electro-
phoresed at a constant voltage of 50 V until the Bromophenol
Blue dye front runs off.

. Prepare the transblot system by cutting nitrocellulose mem-

branes and filter papers to the same or slightly bigger size as the
gels to be transferred.

. For construction of a gel sandwich for wet transfer, assemble the

transblot holders in a tray with transfer buffer (se¢ Note 19).

. Soak several filter papers in transfer buffer and layer them on

top of an electrophoretic sponge on the anode side in transfer
holders without introducing any air bubbles.

A sheet of nitrocellulose membrane is carefully floated on
transfer buffer until evenly wet and is then submerged on top
of the layer of filter papers.

. Carefully remove the analytical slab gel from its glass plate, rinse

it briefly in transfer buffer and place it on top of the nitrocellu-
lose membrane.
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7.

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

Soak several sheets of filter paper in transfer buffer and place
them on top of the gel.

. The cathode side of the transfer holder is placed on the assem-

bly and transferred to the electrophoretic transfer unit.

. Electrophoretic transfer is carried out at 4 °C for 70 min at

100 V.

Transfer efficiency is evaluated by staining nitrocellulose sheets
in Ponceau solution for 1 min. Sheets are rinsed in distilled
water to remove excess pink protein dye.

Ponceau staining is removed by soaking nitrocellulose sheets in
phosphate-buffered saline for three times, each time for
10 min.

Prior to immuno decoration, nitrocellulose membranes are
blocked in a milk protein solution for 1 h and then incubated
for 3 h or overnight with gentle agitation with primary anti-
body solution at room temperature.

Blots are washed twice with blocking solution for 10 min.

Washed blots are incubated for 1 h with secondary peroxidase-
conjugated antibody solution at room temperature.

Following two washing steps with blocking solution for 10 min
and then two rinsing steps with phosphate-buffered saline,
antibody-decorated bands are visualized by the enhanced
chemiluminescence (ECL) method (see Note 20).

If a commercial ECL kit is used for visualization of immuno-
decorated protein bands by enhanced chemiluminescence, all
necessary solutions are provided (se¢ Note 21).

Prepare a suitable darkroom for carrying out the chemilumi-
nescence reaction and subsequent development of X-ray film.

For nitrocellulose replicas of mini-gels, incubate washed blots
for 1 min with sufficient ECL solution, consisting of 50 ul ECL
starting solution and 5 ml luminescence substrate for 1 min.

Remove blots from substrate solution and transfer between
acetate plastic sheets, making sure to remove all air bubbles.

In the dark, place X-ray film on top of the blot in its plastic
membrane protection in an exposure cassette and incubate this
assembly for 1-3 min (Note 22).

Finally, use commercially available developer and fixer to gen-
erate an image of immuno-decorated protein bands.

In the case developer concentrate from Sigma is used, dilute
50 ml developer with 200 ml of water.

Develop X-ray films until bands are clearly visible.

In the case fixer concentrate from Sigma is used, dilute 50 ml
fixer with 200 ml of water.
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Transfer developed X-ray films into fixer solution, followed by
washing and drying of films.

Dried films with developed bands are now ready for densito-
metric analysis (Note 23).

4 Notes

. To avoid excess proteolytic degradation of sensitive muscle

proteins during the preparation of crude tissue extracts, the
usage of one tablet of “Complete Mini” from Roche per 10 ml
of buffer can serve as a suitable protease inhibitor cocktail.

. It the tracking dye interferes with fluorescent signals, omit the

usage of Bromophenol Blue in RuBPs-labeled gels.

. The equilibrium buffer is a stock solution. Dithiothreitol or

iodoacetamide must be added prior to use.

4. Agarose sealing solution should be melted prior to use.

10.

. Aliquot trypsin buffer into 10 pl portions and store at —20 °C

for up to 2 weeks.

. Ready to use Ponceau solution for determining transfer effi-

ciency is commercially available from various companies.

. Phosphate-butffered saline solution can be prepared from indi-

vidual chemicals or be conveniently made from commercially
available buffer tablets.

. Suitable dilution rates for preparing primary antibody solutions

have to be determined by trial and error. Dilutions between
1:100 and 1:10,000 are routinely used for immunoblotting
experiments, depending heavily on antigen concentration, anti-
gen conformation, and antibody specificity.

. Suitable dilution rates for preparing secondary peroxidase-

conjugated antibody solutions have to be determined by trial
and error. Dilutions between 1:500 and 1:5,000 are routinely
used for immunoblotting experiments, depending mostly on
the concentration of the antigen-bound primary antibody and
specificity of the secondary antibody for the primary target
antibody.

Liquid nitrogen is an extremely dangerous material and its
potential to cause severe cold burns, pressure-related explo-
sions, or asphyxiation is greatly underestimated. Thus, when
handling liquid nitrogen, protective clothing that is inert to
capturing liquid spills should be worn. In addition, thick cold-
insulated gloves and safety goggles or a sturdy face shield
should be used when handling liquid nitrogen.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Several protein quantitation kits are commercially available that
are especially designed for the accurate determination of pro-
tein concentration in samples to be analyzed by high-resolution
two-dimensional gel electrophoresis. In our experience, a suit-
able protein quantification assay system for studying muscle
proteins is the 2-D Quant Kit from Amersham /GE Healthcare.

It is crucial to ensure no bubbles remain trapped under the IEF
strip when laying down first-dimension strips. In order to reduce
air bubbles forming between isoelectric focusing strip and slab
gel, SDS running buffer can be conveniently used to slide the
first-dimension strip smoothly onto second dimension gels.

Fluorescent RuBPs dye stock solution can be stored at 4 °C for
several months.

The initial PMT value should range between 500 and 600.
Optimized PMT values guarantee that no two-dimensional
protein spot will be saturated on the gel, therefore allowing
accurate and quantifiable proteomic analysis.

For Coomassie Brilliant Blue G-250 dye labeling, individual
staining, neutralization, washing and fixation steps can be
repeated several times until gels are sufficiently stained for
proper recognition of individual two-dimensional protein
spots of interest.

Protein samples are now ready for in-gel digestion. Alterna-
tively, they can be stored at —20 °C.

Incubating at 4 °C allows the slow and efficient diffusion of
trypsin into gel plugs.

It necessary, dried-down peptide extracts can be stored at
—20°C.

Transfer buffer should ideally be stored and used at 4 °C.

Enhanced chemiluminescence can be carried out with commer-
cially available kits and is highly suitable for detecting immuno-
decorated protein bands.

In our laboratory, we routinely use BM Chemiluminescence
Blotting Substrate (POD) from Roche, developer and fixer
from Sigma, and X-ray film from Fisher, but many other com-
panies supply these essential materials and chemicals for ECL-
based detection methods.

Suitable length of exposure of X-ray film with ECL-treated
immunoblot depends heavily on the intensity of the antibody-
decorated protein band and has to be determined by trial and
error. In the case of weak immuno-labeling, X-ray exposure
may need to be carried out for longer periods of time, such as
several hours or overnight.
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23. Routine densitometric analyses of developed X-ray films can be
performed with a suitable scanner, such as a Molecular Dynam-
ics computing densitometer and Imagequant analysis software.
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Chapter 18

Single-Cell Semiconductor Sequencing

Andrea B. Kohn, Tatiana P. Moroz, Jeffrey P. Barnes, Mandy Netherton,
and Leonid L. Moroz

Abstract

RNA-seq or transcriptome analysis of individual cells and small-cell populations is essential for virtually any
biomedical field. It is especially critical for developmental, aging, and cancer biology as well as neuroscience
where the enormous heterogeneity of cells present a significant methodological and conceptual challenge.
Here we present two methods that allow for fast and cost-efficient transcriptome sequencing from ultra-
small amounts of tissue or even from individual cells using semiconductor sequencing technology (Ion
Torrent, Life Technologies). The first method is a reduced representation sequencing which maximizes
capture of RNAs and preserves transcripts’ directionality. The second, a template-switch protocol, is
designed for small mammalian neurons. Both protocols, from cell /tissue isolation to final sequence data,
take up to 4 days. The efficiency of these protocols has been validated with single hippocampal neurons and
various invertebrate tissues including individually identified neurons within a simpler memory-forming
circuit of Aplysia californica and early (1-, 2-, 4-, 8-cells) embryonic and developmental stages from basal
metazoans.

Key words Single-cell RNA-seq, CA1 neurons, Transcriptome, Aplysia, Ctenophores, Hippocampus,
Ton Torrent, Ion proton

1 Introduction

DNA and RNA sequencing has and will continue to make a pro-
found impact on medicine, clinical, and basic research. It has
become indispensable for virtually any biomedical field, providing
an unbiased view of the entire molecular machinery within a
biological system of interest. The current trends are to adapt
high-throughput sequencing technologies to the level of small-
cell populations and even individual cells [1-3]. It is especially
critical for developmental and aging biology and neuroscience
where the enormous heterogeneity of cells present a significant
methodological and conceptual challenge [4, 5]. Equally important
is to achieve fast and cost-efficient sequencing targeting true real-
time genomics where direct physiological measurements from
defined cells or cell populations are coupled with genome-wide

Trygve O. Tollefsbol (ed.), Biological Aging: Methods and Protocols, Methods in Molecular Biology, vol. 1048,
DOI 10.1007/978-1-62703-556-9_18, © Springer Science+Business Media New York 2013

247



248

Andrea B. Kohn et al.

sequencing and analysis from the very same cells with feedback for
investigators within 3—4 days or even 1 day. The recently intro-
duced semiconductor sequencers (Ion Torrent Personal Genome
Machine (PGM) and Ion Torrent Proton) provide novel opportu-
nities toward coupling transcriptional changes and physiological
measurements [6, 7]. These platforms, tested in our laboratory,
allow us to perform multiple experiments, even single-cell RNA-
seq, at low cost with 3—4 day’s turnaround time from cell sampling
to sequencing and initial annotation. Here we briefly describe the
principle of semiconductor sequencing and provide a practical pro-
tocol for both invertebrate and vertebrate preparations.
Beginning with Frederic Sanger’s Nobel prize winning classical
methodology and followed by the majority of commercial next
generation sequencing platforms (such as 454 /Roche, Solexa/
Illumina, SOLID and Helicos and Pacific Bioscience), detection
schemes have relied upon optical measurements which, although
precise, have a number of limitations with regard to sample and
data processing, as well as manufacturing, sample preparation cost,
and starting amount. In 2011 Life Technologies reported an elec-
trochemical (light-independent) detection scheme integrated with
a semiconductor platform; as the proof-of-the-concept for the
technology, they resequenced the human genome [7]. The princi-
ple of semiconductor sequencing is illustrated in Fig. 1. It is based
on the simple, natural chemistry of DNA synthesis where addition
of a new base in the growing DNA strand leads to release of
hydrogen ions (H", Fig. 1a). As a result, the detector is a modified
ultra-small pH sensor (Fig. 1b) on a silicon substrate—it is a semi-
conductor in which each well lies above an ion-sensitive metallic
oxide layer coupled to an electronic sensor that registers miniscule
(0.02 pH unit) and transient (with a half-life <1 s) pH changes [7].
The process can be performed in parallel on millions of ultra-small
wells within electronic semiconductor chips (Fig. 1c, d). The den-
sity of these nano-wells is growing with the accumulated advances
of more than 30 years of silicon/computer technologies. Today,
there are four currently available sequencing chips with different
densities of wells per chip; their sequencing parameters and yield are
summarized in Fig. 2. Here, the data reported for the three series of
chips (314, 316, and 318) and P1 were obtained in our laboratory
at the University of Florida in 2012, while the parameters for
novel Ion Proton (IP) chips are provided by Life Technologies.
The overall experimental workflow for the semiconductor
sequencing is outlined in Fig. 3. After cell and RNA isolation and
construction of sequencing libraries from a target cDNA sample
(Figs. 6 and 7), each individual DNA fragment is immobilized on
an Ion Sphere Particle and clonally amplified (Fig. 4). The process
is automatic with a supplementary OneTouch System (Fig. 4). The
resulting beads with amplified (emulsion PCR), individually cloned
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Principle and Elements of Semiconductor Sequencing

Simple Natural Chemistry of Sequencing-by-Synthesis with H* release detection

5 e— 4dNTPs 5 ¥
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Fig. 1 Principles and elements of semiconductor sequencing. Simpler natural chemistry of sequencing by
synthesis is implemented in the lon Torrent platform. As the second strand of DNA is synthesized, the addition
of every new nucleotide leads to a release of H* (a) which is detected by a silicon pH sensor (h). Several
million pH sensors (¢) are arranged within a sequencing chip (d). Cross-sectional view (c) shows the ion-
sensitive layer in green with the microwells on the top surface (3 pm) and the transistor stack underneath. The
present design reduces the complexity of light detection schemes such as the use of modified and fluorescent
bases and optical/laser detection. PGM functions by delivering natural unmodified nucleotides one at a time
over the surface of the chip. Because nucleotides are unmodified and detection does not require any additional
enzyme/amplification cascades, it also eliminates many sources of error, thereby delivering long accurate
reads with highly uniform genome coverage. Modified from ref. 7

DNA fragments are then enriched to eliminate “empty” beads—
this process is also performed by a robotic enrichment system (ES)
(Fig. 4). Finally, after being loaded on a selected sequencing chip,
the beads containing clonal populations of the DNA from an
experimental sample are arrayed in wells and incubated serially
with pure nucleotides of DNA. Incorporation of a nucleotide is
continuously detected by measuring changes in the hydrogen ion
concentration during the sequencing process on the PGM machine
and simultaneously processed on a server for further analysis and
assembly (Fig. 3).
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Chip Types'
# Wells per Chip
Volume, uL
# of Reads'
Yield/Q20, bases
Mean Read', bp
Longest Reads!
Run Time!, Hrs
Processing, Hrs?
Analysis2, Hrs
Template Molecules

Cost per Run

Semiconductor Sequencing Chips

314 316 318 IP1/1P2/IP3*
1,262,528 6,348,216 11,302,473 165 M/660M/1.2B
7 30 30 55
295,736 1,592,020 4,580,123 124-496,000,000
24.6/21.9 Mb 146.7/122.5 Mb 600/500 Mb 10 /60 /480 Gb
83 92 129 Up to 300
396 307 386 640
2.4 31 4.5 ~4
0.3 2.0 4.5 Up to 8 hrs
12 18 30 Up to 1 day
2.5x 107 5x 107 5x 107 2.5x 107
S400 S500 $800 $1,000

Fig. 2 Semiconductor sequencing chips. The table summarizes statistics for various sequencing runs and their
assessments for each chip type: 314, 316, 318 lon Torrent PGM, and lon Proton (IP1/IP2/IP3). All runs were
based on 200 bp chemistry and OneTouch™ template preparation with Torrent Suite server version 2.2. Q20
refers to 99 % accuracy of a base call. 'Data were obtained in our laboratory at the University of Florida.
2Analysis includes assembly and initial annotation of a given sequencing run using a High Performance
Computer Cluster (64 Intel(R) Xeon(R) X7550 2.00GHz CPUs, 512GB of RAM, and 6TB of storage). *All Proton
data were provided by lon Torrent, Life Technologies

The Ion Torrent PGM and Proton are benchtop sequencers
that can be put in any individual laboratory and not necessarily a
sequencing center or core facility. Figure 5 illustrates the setup in
our laboratory. Initial training and practical experience can be
obtained within a couple of weeks for most laboratories. As such,
the Ion PGM and Proton can facilitate the genome-wide sequenc-
ing components for physiological, developmental, cell, and aging
biology-focused laboratories in a simple and scalable way.

Here we summarize two protocols that allow fast and cost-
efficient transcriptome sequencing from ultra-small amounts of
tissues or even from individual cells. We show that as little as
40 pg of total RNA can be used to produce reliable sequencing
libraries (we tested it using single mechanosensory neurons from
Aplysin with 40-50 pm cell body diameter—see ref. 8). Specifically,
we implemented reduced representation sequencing for the current
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Experimental Workflow for RNA-seq

Neurons Day 1 = N X
: (o}
Qoo 46X
5 RNA Isolation & Single-Cell 5 Sequencing
cDNA Library Construction Library Preparation
Day 3 Day 2 Day 2
«— «—
Sequencing Enrichment mulsion PCR

Data
Processing

Server

Fig. 3 Experimental workflow for RNA-seq using the lon Torrent (see details in the text). The equipment set
includes OneTouch™ Instrument for templated bead preparation (Subheadings 3.5.1, 3.5.2, and 3.5.3), an lon
OneTouch™ ES robotic system for sample enrichment (Subheadings 3.5.4, 3.5.5, and 3.5.6), Personalized
Genome Sequencer™ (Subheading 3.6), and an lon Torrent server containing Torrent Software Suite for base
calling and mapping and web portal access for data review and sharing for sequencing and primary data
analysis within hours. Combined, this innovative approach allows us to perform multiple, even single-cell
RNA-seq experiments at the lowest possible cost today within 3—4 day’s turnaround time: from cell sampling
to sequencing and initial annotation

Ion Torrent platform and developed an unbiased method of RNA-
seq library construction using commercially available kits to ensure
consistency and reproducibility. Second, we implemented a
template-switch method, where single cells or neurons are lysed
in the butffer for the library construction and then sequenced.

Both protocols, from cell /RNA isolation to the final sequenc-
ing data, can be completed within a week. After sequencing libraries
are prepared, it takes about 7 h for PGM instrument and about
1 day for Ion Proton to complete the RNA-seq run, including
templated bead preparation and sequencing. For example, this
combination of library construction and semiconductor sequenc-
ing enables us to measure changes in small-cell populations follow-
ing physiological tests associated with learning and memory
formation or as a function of age-related memory loss.
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In Line Emulsion PCR .~
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N [ 53 L7 ]
Isolate Positive
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Template + ISP
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Fig. 4 In-line emulsion PCR technology. The schematic diagram illustrates key steps in the process using
OneTouch™ instrumentation. (a) The lon OneTouch™ Instrument has three key technologies that enable
automated delivery of templated lon Sphere™ particles. The first is a reaction filter (A1) that creates millions
of microreactors in which clonal amplification occurs. The second is the in-line PCR amplification plate (A2)
that enables thermal cycling of the microreactors. The third is the integrated centrifuge (A3), which recovers
the templated lon Sphere™ particles. The green dots represent Biotin that has been incorporated on the
primer 5’-end of the template or DNA molecule during the emPCR process. The Biotin is used to isolate only
the template-positive ISP by binding to Streptavidin-linked C1 Magnetic Beads (/arge red dots) during the
enrichment step on the lon OneTouch™ ES. (b) The lon OneTouch™ ES uses magnetic bead (/arge red dots)
technology to isolate template-positive lon Sphere™ particles that can be loaded directly onto the lon
semiconductor chip, thus delivering automated, highly reproducible enrichment with every run (Color figure
online)

The efficiency of both protocols has been validated using indi-
vidually identified neurons of Aplysia californica, one of the well-
recognized models in learning and memory research [9-11] and
cell biology of development and aging [4, 9-17]. We also success-
fully tested the protocol on single hippocampal CAl neurons and
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Fig. 5 Sequencing BenchTop Center. The photo shows the arrangement of key instruments required for
semiconductor sequencing in an individual laboratory

more than three dozen different invertebrate tissues and cells
including early embryonic stages of the ctenophore Plenrobrachin
bachei. 1t can also be applied to a broad spectrum of experimental
preparations in the biology of aging.

2 Materials

Reagents:

RNAqueous-Micro™ (Cat # 1931, Ambion, Life Technolo-
gies).

RNAqueous™ (Cat # 1912, Ambion, Life Technologies).
RiboMinus™ Eukaryote Kit (Cat # A10837-08, Invitrogen,
Life Technologies).

RiboMinus™ Concentration Module (Cat # K1550-05, Invi-
trogen, Life Technologies).

Marathon cDNA Amplification Kit (Cat # 634913, Clontech ,
Takara Bio).
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All enzymes for first and second strand synthesis are inclusive
5x First-Strand Buftfer:

250 mM Tris-HCI (pH 8.5).

40 mM MgCl,.

150 mM KCI.

5 mM Dithiothreitol (DTT).

20x Second Strand Enzyme Cocktail

E. coli DNA polymerase I (6 U/pL).

E. coli DNA ligase (1.2 U/uL).

E. coli RNaseH (0.25 U/pL).

SMARTer® PCR ¢DNA Synthesis Kit (Clontech Cat #
634920).

Alu I and NEB bufter 4 (Cat # R0137S, New England Bio-
Labs).

Rsa I (Cat # R0O167S, New England BioLabs).
Ligate-IT Rapid Ligation Kit (Cat # 78400, Affymetrix).
5% Quick Ligation Reaction Bufter:

132 mM Tris—HCI.

20 mM MgCl,.

2 mM Dithiothreitol.

2 mM ATP.

15 % Polyethylene glycol (PEG 6000) pH 7.6 at 25 °C.

AMPure XP Reagent (Cat # A63880, Agencourt, Beckman
Coulter, Inc.).

ArrayControl™ RNA Spike-in control RNAs (Catalog # 1780,
Ambion, Applied Biosystems).

Advantage® UltraPure PCR Deoxynucleotide Mix (10 mM
each ANTP) (Clontech cat # 639125).

Ion Plus Fragment Library Kit (Cat. no. 4471252, Life Tech-
nologies).

Platinum® PCR SuperMix High Fidelity (Cat # 12532-016,
Invitrogen, Life Technologies)

22 U/ml complexed recombinant Taq DNA polymerase.
Pyrococcus species GB-D thermostable polymerase.
Platinum® Taq Antibody.

66.0 mM Tris-SO4 (pH 8.9).

19.8 mM (NH4),SOq4.

2.4 mM MgSOy.

220.0 pM dNTPs stabilizers.
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o Advantage® 2 Polymerase Mix and the buffer (Cat # 639201,
Clontech).
50x Advantage® 2 Polymerase Mix.

Includes TITANIUM Taq DNA Polymerase and a small
amount of proofreading polymerase and TagStart Anti-

body (1.1 pg/ul).
50 % Glycerol.
15 mM Tris-HCI (pH 8.0) 0.3 mM.
75 mM KCI 1.5 mM.
0.05 mM EDTA 1.0 uM.
10x Advantage® 2 PCR Bulffer.
400 mM Tricine-KOH (pH 8.7 at 25 °C).
150 mM KOAc.
35 mM Mg(OAc),.
37.5 pg/ml BSA.
0.05 % Tween 20.
0.05 % Nonidet-P40.

e Jon PGM™ 200 Xpress Template Kit (Cat # 4474280 Ion
Torrent, Life Technologies).

e Jon OneTouch™ 200 Template Kit v2 (Cat # 4478316 Ion
Torrent, Life Technologies).

e Jon PGM™ 200 Sequencing Kit (Cat # 4474004, Ion Torrent,
Life Technologies).

e Jon 314™ Chip (Cat # 4462923, 8 pack), 316™ Chip (Cat #
4466616; 4 pack), 318™ Chip (Cat # 4466617; 4 pack) (Ion
Torrent, Life Technologies).

e Ion Sphere™ Quality Control Kit (Cat # 4468802, Ion Tor-
rent, Life Technologies).

e Dynabeads®™ MyOne™ Streptavidin C1 Magnetic Beads (Cat #
65001, Invitrogen, Life Technologies).

e Covaris microTUBE AFA Fiber Screw-Cap 6 x 16 mm (Cat #
SKU:520096, Covaris).

e Agilent Bioanalyzer™ High Sensitivity DNA Kit (Cat # 5067-
4626, Agilent Technologies).

e Agilent Bioanalyzer™ RNA 6000 Pico Kit (Cat # 5067-1513,
Agilent Technologies).

e Agilent Bioanalyzer™ RNA 6000 Nano Kit (Cat # 5067-1511,
Agilent Technologies).

o E-Gel® SizeSelect™ 2 % Agarose (Cat # G6610-02, Invitro-
gen, Life Technologies).

e Primers 0.2 pM scale HPLC purified, IDT, Integrated DNA
Technologies, Inc (see Table 1 for all primer and adaptor
sequences).
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Table 1

Adaptors and primers for lon Torrent libraries

Primer name Primer sequence

Trsa 5'-CGCAGTCGGTAC (T);3-3

Adaptor A 5'-CCATCTCATCCCTGCGTGTCTCCGACTCAG-3’
and 5-CTGAGTCGGAGACACGCAGG-3’

P1 adaptor 5'-CCACTACGCCTCCGCTTTCCTCTCTATGGGCAG

3’ SMART CDS Primer ITA

TCGGTGAT-3" and 5'-ATCACCGACTGCCCATAGAGA
GGAAAGCGGA-3’

5'-AAGCAGTGGTATCAACGCAGAGTACT(30)N-1N-3’

SMARTer II A Oligonucleotide 5'-AAGCAGTGGTATCAACGCAGAGTACXXXXX-3'

5’ PCR Primer ITA
A PCR Primer
P1 PCR Primer

5-AAGCAGTGGTATCAACGCAGAGT-3'
5'-CCATCTCATCCCTGCGTGTCTCCGACTCAG-3'
5'-CCACTACGCCTCCGCTTTCCTCTCTATG-3’

Gray shading is primers for reduced representation library, and yellow shading is primers for template-switch single cell /
neuron library. The same primers are used for the sequencing library PCR amplification

Equipment:

LoBind tubes 0.5 and 1.5 pL (Cat # 80077-236, 80077-230
Eppendort, VWR International, LLC).

DynaMag™-2 magnet (microcentrifuge tube magnet) (Cat #
123-21D, Invitrogen, Life Technologies).

Covaris M220 Focused-ultrasonicator (Covaris).

Agilent Bioanalyzer™ 2100 (Cat # G2947CA, Agilent Tech-
nologies).

Agilent TapeStation 220 (Cat # G2965AA, Agilent Technolo-
gies).

Galaxy MiniStar Centrifuge (120 V, 50,/60 Hz) (Cat # 93000-
196,VWR International).

onicating bath (2- to 3-L tank; 80 W, 40 kHz transducer)
(Cat # 15-335-20, Fisher).

Thermolyne Labquake Tube Shaker/Rotator (Cat # 56264-
302, VWR International).

Qubit® 2.0 Fluorometer (Cat # Q32866, Invitrogen, Life
Technologies).

M]J Research Thermo Cycler (Cat # PTC-100, MJ Research).

E-Gel® iBase™ and E-Gel® Safe Imager™ Combo Kit (Cat #
G6465, Invitrogen, Life Technologies).

Personal Genome Machine (PGM™) Sequencer (Cat #
4462917, Ion Torrent Life Technologies).
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e Jon PGM™ OneTouch™ System which is comprised of two
modules: the Ion OneTouch™Instrument and the Ion One-
Touch™ ES (enrichment system) (Cat # 4470001, Ion Torrent
Life Technologies).

e Torrent Server (Cat # 4462918, Ion Torrent, Life Technolo-
gies).

3 Methods

3.1 Sample
Preparation

3.2 RNA Isolation

Sample preparation is dependent on species, tissue, and even the
type of cell from which RNA will be isolated. The efficiency of the
protocols below has been validated using both small numbers
(20-200) of cells and even single hippocampal neurons (CAl,
CA3, and DG areas in collaboration with the Dr. Thomas Foster
and C. Jason Frazier laboratories, University of Florida), various
invertebrate tissues including early embryonic (1-, 2-, 4-; 8-, 16-,
32, 64-cells) and later developmental stages from basal metazoans
(Plenrobrachia bacher), and individually identified neurons within a
simpler memory-forming circuit of Aplysia californica [11, 14].
Typically animals are anesthetized appropriately followed by
removal of tissue such as regions of the central nervous system or
ganglia. For example, if identified neurons are to be isolated from
the mollusc Aplysia, ganglia are dissected, connection tissues are
removed, and single cells are isolated as described in [1, 13] (see
Note 1 for tissue/single-cell storage).

For single-cell library construction from small mammalian neu-
rons, RNA is not isolated because the amount of RNA is too low to
detect by conventional instruments such as a Bioanalyzer. Single
CAl neurons from mice were placed directly into a buffer for
library construction, briefly sonicated (5-15 s) in a sonicating
bath, then snap frozen at —80 °C. Ciritical to this process is perfor-
mance of cell isolations under controllable or sterile conditions.
The rig, experimental chamber, microelectrodes, solutions, and
anything that comes in contact with the tissue/cells can be poten-
tial sources for bacterial, fungal, or human contamination.

Obtaining high-quality RNA is the first and often the most impor-
tant step in performing many molecular techniques such as high-
throughput sequencing. We find the best RNA isolation method is
quite often species-dependent and needs to be experimentally
determined (see Note 2 for a comment on RNA isolation kits).
We choose the RNA isolation kit or method that has been experi-
mentally tested based on the quality and quantity of RNA for a
specific animal, tissue, or even single cell (see additional details
about single neuron isolation in ref. 1). RNA quality is analyzed
using an Agilent 2100 Bioanalyzer ™ on a 6000 Nano LabChip or
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3.3 Library
Construction:
Timing 6 h

the new Agilent TapeStation. For very small quantities, the 6000
Pico LabChip can be used. We may also use the Qubit to determine
quantity of RNA for a sample but only if there is a sufficient amount
of material. Understanding the properties of a species RNA is
important. For example, many molluscs tested have a hidden
break in their 28s ribosomal subunit causing the 28s subunit
rRNA to migrate with the 18s subunit, thus generating one peak;
see Fig. 6 for an electropherogram from an Aplysia single neuron
(see Note 3 on invertebrate rRNA [18]). Once the quality and
quantity is satisfactory, this material is used to construct a sequenc-
ing library. This can also be a pause point and samples should be
stored at —80 °C.

Quality sequencing such as RNA-seq depends on a good library. We
present here two RNA-seq library protocols based on the amount
of the planned sequencing output. First, we present a reduced
representation RNA-seq library protocol for maximum capture of
transcriptional output which requires relatively lower sequence
coverage compared to the complementary protocol. This second
protocol is designed for small single mammalian neurons which are
lysed directly in the bufter for library construction, then sequenced.

The first protocol, Subheading 3.3.1 describes an unbiased
method of library construction. Specifically, it is designed for both
quantitative and qualitative analysis of mRNA from ultra-small
amounts of material and can be applicable for small neuronal popu-
lations and even large single neurons. The distinct feature of this
protocol is preservation of the direction of transcripts which allows
equal identification of both sense and antisense RNA. It was vali-
dated for both individual identified Aplysia neurons as well as for
small clusters of 20-200 CAl, CA3 hippocampal neurons from rat,
and 100-200 pm invertebrate embryos (e.g., Pleurobrachia).

We can use commercially available kits such as the Marathon®
c¢DNA Amplification Kit from Clontech to ensure consistency and
reproducibility but suggest cheaper alternatives to these Kkits.
Although we focused on the use of limited amounts of starting
material (starting from 20 to 40 pg), our protocol is also applicable
to larger quantities of material (up to 1 pg).

Library construction starts with total RNA isolation (see Sub-
heading 3.2), then RNA is reverse transcribed to cDNA with an
oligo dT primer and a second strand generated (se¢ Fig. 6). The
double stranded cDNA is fragmented with a combination of
restriction enzymes. Sequential ligation of adaptors is used to gen-
erate a reduced representation library. Fragmented DNA with
ligated adaptors is processed through an emulsion-based clonal
amplification (template bead preparation see Subheading 3.5 and
Fig. 4) and captured onto Ion Sphere Particles (from Ion Torrent)
as required for subsequent sequencing steps. DNA-captured beads
are placed onto a semiconductor chip for sequencing. Because our
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Fig. 6 Preparation of sequencing libraries using a reduced representation protocol. The diagram presents a
workflow for library construction and sequencing on lon PGM. The number of days and corresponding sections
are listed in the far left. Tested samples (e.g., hippocampal or Aplysia neurons or developmental/aging cell
populations) are prepared for RNA isolation (see Subheadings 3.1 and 3.2) with quality of the RNA checked by
a Bioanalyzer (quality control). The insert electropherograms are illustrative examples of RNA isolated from a
single Aplysia neuron, 1 day embryos of Pleurobrachia, and rat hippocampal neuronal cluster from the CA3
region (ng amount of total RNA is listed for the entire extraction from each corresponding sample). The library
construction process is summarized in Subheading 3.3.1 (see text). lllustrative examples of an E-gel for two
libraries are shown in the second insert (here two different markers were run between the samples, and the
bright bands are labeled with appropriate sizes). The library quality control assessment is summarized in
Subheading 3.4 (see text). The template preparation and sequencing is followed as in Subheadings 3.5 and

3.6 (see text)
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Fig. 7 Preparation of sequencing libraries using template switch from single neurons. The diagram presents a
workflow for library construction and sequencing on lon PGM or Proton. The number of days and
corresponding sections are listed in the far left. Tested samples are single mouse hippocampal neurons.
The library construction process is summarized in Subheading 3.3.2 (see text). lllustrative example of a
TapeStation 2200 analysis from a single CA1 neuron is in the left side insert. The library quality control
assessment is summarized in Subheading 3.4 (see text). The template preparation and sequencing is followed
as in Subheadings 3.5 and 3.6 (see text)

libraries are constructed in a reduced representation process, smal-
ler sequencing coverage is needed to capture a representative tran-
scriptional output (e.g., using 314 or 318 sequencing chips).

The second library construction protocol (Subheading 3.3.2)
uses a template-switch method and is designed for single mam-
malian neurons. Here, freshly isolated neurons are lysed directly
in the buffer for library construction (see Fig. 7). We take advan-
tage of the unique properties of the Moloney murine leukemia
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Construction Protocol:
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virus (MMLYV) reverse transcriptase for the first and second
strand synthesis (se¢e Note 6). The MMLV reverse transcriptase
supports a template-switch method to synthesize both the first
and second strand ¢cDNA from an RNA template using an oligo
(dT) primer. This enzyme synthesizes additional nucleotides at
the 3’ end of the first-strand cDNA, then with a template-switch
oligo, the direction is switched and the enzyme makes the com-
plementary second strand (see Fig. 7). Commercial kits can be
used such as SMARTer™ PCR cDNA Synthesis Kit (Clontech),
or some components of the procedure can be made or combined
separately. Once cDNA is constructed, it is amplified, fragmen-
ted, ligated with sequencing adaptors, and the final sequencing
library amplified. This method is not a reduced representation of
the transcriptome and is best paired with either a 318 PGM chip
or a new Proton (P1) chip providing greater sequencing yield.
This method is also not directional. It should be noted that a
similar protocol using the template-switch method for sequenc-
ing single cells has been independently suggested [19]. How-
ever, Ramskold et al. [19] used the Nextera method of
fragmentation and adaptor insertion, called “tagmentation,”
that is specialized for human and mouse DNA, then followed
with Illumina sequencing which takes weeks to obtain data.
Below, we present a protocol that can be used for single-neuron
RNA-seq.

1. (Optional) If there is a sufficient amount of material
(i.e., > 100 ng), RiboMinus™ is employed, and the protocol
is followed according to manufacturer’s recommendations (see
Note 4). If not, the total RNA is processed to cDNA.

2. Whenever possible, use a master mix of reagents. For X number
of samples, multiply all reagent volumes by X.5 so as to accom-
modate pipetting errors. Use of master mixes will save time,
produce fewer errors, and generate more reproducible results.

3. cDNA is generated using the Marathon cDNA Amplification Kit
to promote consistency between libraries (Fig. 6) (see Note 5
for other options and Note 6).

4. To begin first-strand synthesis, 5 pLL of total RNA or RiboMi-
nus RNA and 1 pL of Trsa (sequence in Table 1) ¢cDNA
synthesis primer (10 mM) are incubated at 70 °C for 2 min
then briefly spun (see Note 7). Ribosomal-depleted starting
material will ensure no ribosomal “contamination” in the
library.
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5. The following is added to the sample RNA containing tube:

2.0 uL 5x First Stand Buffer

1.0 pL dNTP Mix (10 mM)

1.0 pL AMYV Reverse Transcriptase (20 U/uL)
10 pL Total volume

6. This mixture is triturated gently then incubated at 42 °C for

1 h.

7. (Optional) Eight individual bacterial RNA transcripts ranging

in size from 750 to 2,000 bases with a 30-base 3’ poly (A) tail

(ArrayControl™ RNA Spike-in control RNAs) at different
concentrations have been added at the beginning of the library

construction for previous sequencing libraries to test the qual-
ity of the library (sec Note 8).

8. Reaction is terminated by placing on ice.

9. Second strand synthesis is performed by adding the following

to the first-strand tube:

48.4 pL RNase-free water

16.0 pL 5% Second Strand Buffer

1.6 pL dNTP Mix (10 mM)

4.0 pL 20x Second Strand Enzyme Cocktail
80.0 pL. Total volume

This mixture is triturated gently then incubated at 16 °C for 2h.

Then 2 pL (6 U) of T4 DNA polymerase is added and
incubated at 16 °C for an additional 30 min.

Comment 1. The presented protocol is relatively short
compared to other protocols [3, 20-22]. For low amounts
of starting material, we recommend cDNA production
before fragmentation, because the alternative ribosomal
depleted RNA fragmentation methods require much larger
quantities of starting material. Efficient removing of ribo-

somal RNA is not possible when working with very low
amounts of RNA such as that from small cells and their

compartments.

11. The library is purified with AMPure XP Reagent.

(i) 1.8 volumes of AMPure XP Reagent (144 pL) is added to
the dsDNA tube and set 5 min.

(ii) The mixture is placed on the Magnetic Particle Separator

for 1 min or until the solution is cleared and the superna-
tant removed.
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(iii) The mixture is washed two times with freshly prepared
70 % ethanol and allowed to dry for 5 min.

(iv) The dsDNA is then eluted with 13 pL. of RNase-free water.

12. 5" Adaptor ligation is performed by adding the following to the
purified dsDNA (see Notes 9 and 10):

4.0 pL 5% Quick Ligation Reaction Buffer
1.0 uL Quick T4 DNA Ligase

2.0 pL Adaptor A (see Table 1)

13.0 pL dsDNA

20.0 pL Total volume

13. This mixture is incubated for 10 min at room temperature.

Comment 2: The ligation of Adaptor A at this point also allows
for reduced representation of the library. Only one fragment
per transcript can be ligated with the Adaptor A and later the
P1. As a result, such reduced representation libraries allow
observation of more distinct transcripts given the same amount
of sequencing coverage. Our quantification of 1 transcript per
1 read produces higher coverage of the transcriptome than
alternative protocols, when all fragments from a single tran-
script are ligated with library adaptors for the same amount of
sequencing.

14. The ligation mixture is purified with 1.8 volumes of AMPure
XP Reagent (36.0 pL) as described above and eluted with
17.0 pL of RNase-free water.

15. The purified A Adaptor-ligated dsDNA is fragmented by diges-
tion with two 4 base blunt-end cutting restriction enzymes by

adding:

1.0 pL AluI (10 U)
1.0 pL Rsal (10 U)
2.0 uL NEB buffer 4
17.0 pL dsDNA

21.0 pL Total volume

16. Mixture is incubated at 37 °C for 2 h (see Note 11).
17. The digested mixture is then ligated with the P1 adaptor.
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18. 3’ Adaptor ligation is performed by adding the following to the

purified dsDNA:
6.0 pL 5% Quick Ligation Reaction Buffer
1.0 pL Quick T4 DNA Ligase
2.0 L Adaptor P1 (see Table 1)
21.0 pL dsDNA
30.0 pL Total volume

19. This mixture is incubated for 10 min at room temperature.

20. The ligation mixture is purified with 1.8 volumes of AMPure
XP Reagent (54 pL) as described above and eluted with 40 plL
of Nuclease-free water.

21. PCR amplification is performed on the adaptor-ligated purified

dsDNA:
200.0 pL Platinum® PCR SuperMix High Fidelity (sec Note 12)
10.0 pL PCR Primers mix (10 pM) each (Table 1)
40.0 pL dsDNA
250.0 pL Total volume

22. The above mixture is amplified with the following conditions
(see Note 13):

95 °C for 30 s 1 cycle

X cycles: (typical cycles are 16-18 for >100 pg total RNA and
18-23 for single cells)

95°Cfor 30s
58 °C for 30 s
72 °C for 1 min
Hold 4 °C ~

23. Thisis can be a pause point and samples can be stored at —20 °C
(see Note 14).

3.3.2  Single-Neuron Library construction with SMARTer® PCR ¢DNA Synthesis Kit
Library Construction (Fig. 7) (see Note 15).
Using a Template-Switch

1. Thaw the single cell/neuron in 4.5 pl. of 1x First-Strand
Butffer (see Subheading 3.1).

2. First and second strand synthesis with the template-switch
method. Add to the single cell sample.

Method



Single-Cell Semiconductor Sequencing 265

1 pL 3’ SMART CDS Primer IT A (12 pM) (Table 1)

1 pL 5x First-Strand Buffer

0.25 pL DTT (100 mM)

1 pL dNTP Mix (10 mM )

1 pL SMARTer II A Oligonucleotide (12 pM) (see Note 16)
0.25 pL RNase Inhibitor

1 pL SMARTScribe Reverse Transcriptase (100 U)*

10 pL Total

*Add the reverse transcriptase just prior to use. Mix well by pipetting and
spin the tube briefly in a microcentrifuge

3. Incubate the tubes at 42 °C for 1% h.

4. PCR amplification is performed on the cDNA. Prepare a PCR
Master Mix for all reactions. Combine the following reagents in
the order shown then add to cDNA:

74 puL Deionized H,O

10 uL 10x Advantage 2 PCR Buffer

2 pL 50x dNTP Mix (10 mM)

2 uL 5" PCR Primer IT A (12 pM) (Table 1)
2 uL 50x Advantage 2 Polymerase Mix

10 pL cDNA

100 pL. Total

5. The above mixture is amplified with the following conditions:

95 °C 1 min 1 cycle

X cycles (16-23):

95°C15s

65°C30s

68 °C 3 min

Hold 4 °C co*

. Check amplification on an agarose gel with 10 pL (see Note 17).

. Purify the amplified cDNA with 1.8 volumes of AMPure XP
Reagent (180 pL) as described in Subheading 3.3.1, step 10
and eluted with 50 pL of Nuclease-free water. Transfer the
supernatant containing the eluted DNA to a Covaris



266

Andrea B. Kohn et al.

10.

11.

microTUBE AFA Fiber Screw-Cap tube. It is optional to Qubit
the sample to obtain a DNA concentration. Run a gel
with 5 pL.

. Covaris shearing: DNA Shearing with M220 Focused-ultraso-

nicator.
Sonicate to 200-300 bp depending on the sequencing
protocol (300 for PGM and 200 for Proton).

. End repair and purify the DNA with components from an Ion

Plus Fragment Library Kit (see Note 18). Add 29 pL. Nuclease-
free water to the fragmented DNA to bring the total volume to
79 pL.

79 pL Fragmented gDNA
20 pL 5x End Repair Buffer
1 pL End Repair Enzyme
100 pL Total

Incubate the end repair reaction for 20 min at room tempera-
ture.

Purify the amplified cDNA with 1.8 volumes of AMPure XP
Reagent (180 pL) as described in Subheading 3.3.1, step 10
and eluted with 25 pL of Nuclease-free water.

12. Ligate and nick repair the end repair DNA.

25°C 15 min
72 °C 5 min
Hold 4 °C

25 puL DNA

10 uL 10x Ligase Buffer

2 uL Adapters*

2 uL dNTP Mix

51 pL Nuclease-free water

2 uL DNA Ligase

8 pL Nick Repair Polymerase

100 pL Total

*Ifbarcoded libraries are needed, P1 Adapter and the desired barcode adapters
can be substituted

Place the tube in a thermal cycler and run the following pro-
gram:
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Selection Quality/
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Timing 2 h
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13. Purify the amplified cDNA with 1.8 volumes of AMPure XP
Reagent (180 pL) as described in Subheading 3.3.1, step 10
and eluted with 40 pL of Nuclease-free water.

14. PCR amplification is performed on the adaptor-ligated purified
dsDNA:

200.0 pL Platinum®™ PCR SuperMix High Fidelity (sec Note 12)
10.0 pL PCR Primers mix (10 pM) each (Table 1)

40.0 pL dsDNA

250.0 pL Total volume

15. The above mixture is amplified with the following conditions
(see Note 13):

95 °C for 30 s 1 cycle
X cycles: (16-18)

95 °C for 30 s

58 °C for 30 s

72 °C for 1 min
Hold 4 °C oo

16. Purify the amplified cDNA with 1.8 volumes of AMPure XP
Reagent (180 pL) as described in Subheading 3.3.1, step 10
and eluted with 25 pL of Nuclease-free water. Proceed to size
selection.

This can be a pause point and samples can be stored at —20 °C
(see Note 14).

There are two criteria for a quality library: the library size and DNA
amount. Ideally when a library is visualized on an agarose gel, there
will be one very sharp band at the appropriate size. However, there
is usually a smear. There are several options to obtain the perfect
size. One way is to size select with the AMPure XP or SPRIselect
reagent kit (Cat # B23317, Beckman Coulter, Inc.). Here, a double
extraction is performed to remove the larger then smaller frag-
ments of dsDNA. The new SPRIselect reagent kit is reported to
give a tighter selection but was not demonstrated in our lab. If the
bead size selection is not precise enough, we use the E-Gel® Size-
Select™ system run with several markers to obtain the appropriate
size. With very low amounts of starting RNA, we can adjust the
number of cycles and/or increase the volume in the PCR to
increase the final amount of product. The size and quantity are
optimized by analyzing the collected samples on a Bioanalyzer/
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3.5 Template
Preparation: Day 2,
Timing 5 h Total

3.5.1 Clonal
Amplification
and Enrichment

TapeStation and Qubit. However, the disadvantage to the E-Gel®
system is a larger amount of material lost.

1. The amplified PCR product is visualized on a 2 % agarose gel
for adequate concentration.

(i) The amplified PCR product is purified with 1.8 volumes of
AMPure XP Reagent (450 pL) as described above and
cluted with 20 pL of Nuclease-free water.

(ii) Fractionation to the appropriate size is performed on an
E-Gel® SizeSelect™ 2 % Agarose; see Fig. 6 (see Note 19).
Size of the band isolation is dependent on the templating
and sequencing kits. For 200 bp templating and sequenc-
ing kits, the sequencing library cannot be >320 bp.

(iii) Band isolations are then run on an Agilent Bioanalyzer™
High Sensitivity DNA chip to assess size and quantity;
see Fig. 8a (see Note 20).

(iv) If sample concentration is adequate, the sample is ready for
emulsion PCR.

2. In general, 2-3 libraries can be constructed in parallel by one
person and, including the quality assignment step, we recom-
mend reserving a separate day for this part of the protocol.

Resultant ¢cDNA produced from a library cannot be sequenced
directly due to a limited sensitivity of the Ion Torrent sequencing
platform. Thus, amplification steps are required using emulsion
PCR (emPCR, Fig. 4). Key to the success of this procedure is
obtaining one DNA molecule per Ion Sphere™ particle (single
primer-coated bead) in an oil emulsion. During this amplification,
each droplet contains a single DNA template attached to an Ion
Sphere™ particle forming a clonal colony; this is the final template
(Note 21). Using the described number of molecules in Ion Tor-
rent, sample preparations are critical for an optimal sequencing run.
The amount of DNA in the library (e.g., in picomoles) can be
measured using a typical Bioanalyzer assay step; the number of
molecules can be determined by multiplying with Avogadro’s num-
ber and then performing a unit conversion. For the 200 bp tem-
plating and sequencing kits, the optimal concentration is
15.5 x 10° molecules per pL. An alternative would be qQRT-PCR,
but this is a more time-consuming step. The final determination of
the optimal number of molecules in the sequencing sample has
been determined by Ion Torrent; thus performing titration steps
might not be necessary.

There are two ways to achieve the template bead preparation:
(a) the automated OneTouch™ system coupled with the enrich-
ment Ion OneTouch™ ES instrument (Fig. 4) or (b) a manual
method to set up clonal amplification and enrichment.
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Key Quality Control Steps in Semiconductor Sequencing
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Fig. 8 Quality controls for lon PGM sequencing. (a) Electropherograms of high-quality Bioanalyzer runs of
sequencing libraries showing a sharp peak at 200 bp on /eft. The second electropherogram is an example of
overloading that will not give accurate concentrations. (b) Examples of different loading density on an lon chip.
The higher density, indicated by red, gives more sequences. (¢) Examples of sequencing read distributions
from two different lon Torrent sequencing runs. The plot on /eft shows a higher-quality distribution compared
to a low-quality distribution of the sequencing reads in the plot on the right. The high-quality plot was from
~30 cells in the CA1 area of the rat hippocampus and the lower-quality plot was from Aplysia californica (Color
figure online)

Here, we describe the automated OneTouch™ System requir-
ing as little as 5 min of hands-on time and less than 5 h for the total
duration of the procedure.

The Ion OneTouch™ Instrument has three key technologies that
enable automated delivery of templated Ion Sphere™ particles.
First is a reaction filter that creates millions of microreactors in
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3.5.2  Preparation of
Template-Positive
Particles (ISPs) on the lon
OneTouch™ Instrument

which clonal amplification occurs. Second is the in-line PCR ampli-
fication plate that enables thermal cycling of the microreactors.
Third is the integrated centrifuge, which recovers the templated
Ton Sphere™ particles. Combined with the Ion OneTouch™ ES,
this is the first automated massively parallel clonal amplification and
recovery process that permits minimal hands-on time on the market

today.

1. OneTouch setup:

(1) Install the amplification plate from the kit.

(ii) Ion OneTouch™ Oil is installed on the left front port.

(iii) Ion OneTouch™ Recovery Solution is installed on the right
front port.

(iv) 2 Ion OneTouch™ Recovery Tubes and the Ion One
Touch™ Recovery Router are installed in the centrifuge.

2. Prepare the amplification solution in order listed:

280.0 pL Nuclease-free water

500.0 pL Ton OneTouch™ 2 x Reagent Mix (sec Note 17)

100.0 pL Ton OneTouch™ Enzyme Mix

100.0 pL Ton OneTouch 200 Reagent P

20.0 pL Diluted library (15.5 x 10° molecules per pL)

100.0 pL Ton OneTouch™ 200 Ion Sphere™ Particles (vortexed for
1 min)

1,000.0 pL Total volume

3. Mix this amplification solution by pipetting up and down, then

transfer the entire volume to the Ion OneTouch™ Reaction
Tube /filter assembly.

. Gently layer and fill the tube with 1,500 pL Ion OneTouch™

Reaction Oil over the amplification solution.

. Secure an Ion OneTouch™ Reaction Filter to the Reaction

Tube.

. Slowly invert the Reaction Filter/Reaction Tube assembly.

. Firmly insert the three prongs of the inverted Reaction Filter

into the three ports on the top stage of the Ion OneTouch™
Instrument.

. Run the Ton OneTouch™ Instrument (we typically do two

samples a day and run the second sample overnight). This can
be a pause point.



3.5.3 lon Sphere™
Particles Recovery

3.5.4  Enriching the
Template-Positive
ISPs with the lon
OneTouch™ ES
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This step removes template-positive ISPs from the OneTouch™
Recovery Solution and prepares them for enrichment.

1.

6.

Remove both Recovery Tubes from the centrifuge, then
remove all but ~50 pLL of Ion OneTouch™ Recovery Solution
from each Ion OneTouch™ Recovery Tube (sec Note 22).

. Resuspend the template-positive ISPs in the remaining Recov-

ery Solution by pipetting the pellet up and down.

. Add 1 mL of Ion OneTouch™ Wash Solution to the pooled

template-positive ISPs.

. Centrifuge for 2.5 min at 15,500 x g, and then remove all but

100 pL of supernatant, and vortex the pellet for 10 s to
completely resuspend.

. Transfer a 2.0 pL aliquot of the recovered material to a 0.2 mL

PCR Tube; then assess the quality using a Qubit® 2.0 Fluo-
rometer.

Sample is ready for enrichment.

After clonal amplification, the non-templated ISPs are removed
trom the templated ISPs. The Ion OneTouch™ ES uses magnetic
bead technology to isolate template-positive lon Sphere™ particles
that can be loaded directly onto the Ion semiconductor chip thus
delivering automated, highly reproducible enrichment with every
run.

1.

Prepare fresh Melt-Off Solution daily.
865.0 pL. Nuclease-free water
125.0 pL 1 M NaOH
10.0 pL 10 % Tween 20 in Nuclease-free water
1,000.0 pL Total volume

. Add 130.0 pL of MyOne™ Beads Wash Solution and 13.0 pL.

of Dynabeads MyOne™ Streptavidin C1 magnetic beads to a
1.5 mL LoBind Tube and mix.

. Place the tube on a magnet such as a DynaMag™-2 magnet for

2 min, then remove and discard the supernatant. Repeat two
times.

. Resuspend MyOne™ Beads in 130.0 pL of MyOne™ Beads

Wash Solution.

. Obtain an 8-well strip from the Ion OneTouch™ kit. Ensure

that the square-shaped tab of the 8-well strip is on the left.

. Transfer the entire volume (100.0 pL) of the sample to Well 1.
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3.5.5 Prepare the lon
OneTouch™ ES

3.5.6 Remove and Wash
the Template-Positive lon
Sphere™ Particles

3.6 Sequencing on
the lon Torrent: Timing
4 h (Depending on
Chip)

. Add the resuspended MyOne™ Beads (130.0 pL) to Well 2.
. In Wells 3, 4, and 5 add Ion OneTouch™ Wash Solution.
. Leave Wells 6 and 8 empty and fill Well 7 with 300.0 pL of fresh

melt-off solution.

. Place a new tip on the Tip Arm.
. Place a new 0.2 mL PCR Tube in the base of the Tip Loader

with cap open.

. Place the eight-well strip in right side of slot.

. Run the enrichment.

. Spin the enriched sample at 15,500 x g for 1.5 min. Check

that there is no carryover of the brown MyOne™ Beads in the
pellet (see Note 23).

. Remove all but ~10 pL of supernatant without disturbing the

pellet, then add 200 pL of Ton OneTouch™ Wash Solution,
resuspend, and repeat centrifugation.

. Remove all but ~10 pL of supernatant without disturbing the

pellet and add up to 100 pL of Ton OneTouch™ Wash Solution
and resuspend. Sample is ready to sequence.

. Transfer a 10 pL aliquot of the recovered material to a 0.2 mL

PCR Tube; then assess the quality using a Qubit®™ 2.0 Fluo-
rometer (see Note 24 for the Ion Sphere™ Quality Control Kit
process).

All reagents are from the Ion PGM™200 Sequencing Kit (Cat #
4474004, Ion Torrent, Life Technologies) and Ion 314™ Chip Cat
# 4462923 (8 pack), 316™ Chip Cat # 4466616 (4 pack), 318™
Chip Cat # 4466617 (4 pack) Life Technologies. The protocol is
basically the same with variation in the volumes of some reagents
tor the three different chips. We will focus on the 314 chip because
this is the chip we have used the most.

1.

N O\ Ul W

Clean the Ton Torrent as recommended by following on-screen
prompts.

. Wash all bottles with MilliQ water (or an equivalent 18 MQ

water system) three times.

. Prepare fresh solutions of 1 M and 100 mM NaOH.
. Add buffers to Wash 1 and Wash 3 bottles.

. Prepare Wash 2 solution.

. Add dNTPs to conical tubes.

. Initialize the Ion Torrent and follow on-screen prompts.



3.6.1 Sample
Preparation

3.6.2 Chip Check
and Preparation

3.6.3 Load the Chip
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. Prepare enriched sample (template-positive ISPs) for sequencing.
. Transfer half of the volume of enriched ISPs to a 200.0 uLL PCR

Tube.

. Vortex the Control Ion Sphere™ particles and add 5.0 pL to

the sample.

. Add 100.0 pL of Annealing Buffer, mix by pipetting, and

centrifuge for 1.5 min at 15,500 x g.

. Carefully remove the supernatant leaving approximately 3.0 pL

in the tube, add 3.0 pL of Sequencing Primer, and pipette up
and down thoroughly to disrupt the pellet.

. PCR:

94 °C for 2 min
37 °C for 2 min

. Place the chip on the PGM™ System grounding plate.
2. Press Experiment on the main menu of the PGM.

. When prompted, lift the chip clamp and replace the old chip

with your new chip, then close the chip clamp.

4. Press Chip Check and look for leaks.
. Add 50.0 pL of 100 % isopropanol to the loading port of the

chip, and then remove excess liquid from the other port. Then
repeat twice with 50.0 pLL of Annealing Buffer. When pipetting
liquid into the chip, keep the pipette tip at a 90° angle to the
chip, press the tip firmly into the circular loading port, and
apply gentle pressure between the pipette tip and chip.

. Remove the template-positive ISPs from the thermal cycler and

add 1.0 pL of PGM™ 200 Sequencing Polymerase to a final
volume of 7.0 pL, mix, and let set at room temperature for
5 min.

. Remove residual Annealing Buffer from the chip by tilting the

chip at 45 °C, then inserting the pipette tip into the loading
port, and removing all liquid.

. Centrifuge the chip upside-down with tab pointing in for 5 s.

4. Following polymerase incubation, load the entire sample

(~7 pL) into the loading port by dialing down the pipette
to gently and slowly deposit the ISPs at a rate of ~1 pL per
second.

. Remove any displaced liquid from the other port of the chip.
. Centrifuge for 30 s.
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7. Mix the sample on the chip.
(1) Set the pipette volume to 5.0 pL.

(ii) Tilt the chip at a 45° angle so that the loading port is the
lower port.

(iii) Insert the pipette tip into the loading port and slowly
pipette the sample in and out three times. Avoid creating
small bubbles.

(iv) Centrifuge for 30 s with tab pointing out.
(v) Repeat step (iii).
(vi) Centrifuge for 30 s with tab pointing in.

8. Tilt the chip at a 45° angle and slowly remove as much liquid as
possible from the loading port by dialing the pipette. Discard
the liquid (see Note 25).

9. Spin or tap the chip to remove excess liquid.
10. Perform Run.

11. Upload Run Plan with all information and follow on-screen
prompts.

12. Press Next to begin the run.

13. When the run is complete, the touch screen will return to the
Main Menu. You can then proceed with another run or per-
form a cleaning/initializing step if required (see Note 26).

3.7 Assessing the 1. The quality of a run is dependent on many factors:

Sequencing Run (i) Quality and quantity of the templated library needs to
meet specifications. For the 200PGM sequencing kit, we
load 15.5 x 10® molecules with as tight as possible distri-
bution between 200 and 320 bp for templating on the
OneTouch; see Fig. 8a (see Note 20 for Bioanalyzer sug-
gestions).

(ii) Loading of the chip, see Fig. 8b. The higher the density, the
better (see Note 25).

(iii) Size distribution should be in an appropriate range for the
sequencing kit used and the size of the band isolated from
the library; see Fig. 8b. It is best to have a tight distribution
rather than a wide distribution with a high population of
short fragments; see Fig. 8c.

(iv) Homopolymers are problematic with flow-based sequenc-
ing technology. With Torrent Suite Software version 3.2’s
Variant Caller, sensitivity has increased more than two
times, allowing indels to be called accurately within homo-
polymer regions 2—-8 bp in length.
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for a Sequencing Run and
Assessment

3.7.2 Bioinformatic
Pipeline “Zero-Click”

3.7.3 Update and Future
Directions
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The number of reads and bases generated are dependent on the
chip type, sequencing kit, and server software used in the process
(see Fig. 2 table). In the last year we have experienced a 100-fold
increase in sequence output with the cost remaining the same.
The existing four different chips offer substantial flexibility to
design different projects from pilot and time-course studies to
deep sequencing of selected samples. For example, samples with
less confidence can quickly be sequenced on a 314 chip for $350.00
(see Note 27). Once data are generated, a decision can be made
whether to proceed with greater sequencing coverage as the next
step—which can still be performed in less than 2 days. The speed
of the described pipeline allows for a plethora of experiments
tollowing development, neuroplasticity, or aging steps in a rapid
and cost-efficient manner that can be rapidly adjusted for emerging
experimental needs.

Although it is not described in the current protocol, we developed
and implemented an automated transcriptome analysis pipeline
[23] that assembles Ion Torrent output directly from the server
without human intervention, following its automatic annotation
using NCBI and Swiss-Prot databases. This fast turnaround-time
pipeline is also integrated with GO ontology, KEGG pathways, and
Pfam Domains. Other prediction systems can be incorporated such
as secretory/signaling peptide predictions. With the “Zero-click
pipeline,” once sequencing begins, the data are removed from the
server, automatically processed, and uploaded to our database for
viewing with all features accessible.

For all practical purposes, most of the current 314 and 316 series
chips optimally target the smRNA, amplicon, and smaller microbial
genome sequencing applications. The current 318 chips for semi-
conductor sequencing are also well suited for deep de novo tran-
scriptome analysis, small genome resequencing, and even enriched
methylome sequencing [ 1]. However, the Ion PGM is not the best
choice for sequencing larger genomes (>0.1 Gb) because of its
limited throughput. To accommodate the demand for applications
requiring higher throughput, such as sequencing of more com-
plex/animal genomes, Life Technologies has released a new
sequencer called the Ion Proton [6] that we successfully tested in
our laboratory (IP1 chip), collecting about 9-10 Gb of sequencing
data for the same applications indicated above, as well as for human
exomes. Although it uses the same principle, the second version of
the IPII chip is expected to produce 33 Gb, and the third iteration
IP2 chip might produce about 124 Gb of sequencing data (Fig. 2).
This throughput will be sufficient to sequence a human-size
genome within a day or multiple transcriptomes/exomes using
barcoding options. Along with the growth of the sequence output,
the length of reads is also improving, with sequencing lengths
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of 400 bp currently achievable (Fig. 2) and longer reads of up
to 640 bp reported at the latest AGBT-2013 meeting (http://
ioncommunity.lifetechnologies.com/community,/programs_and_
events/agbt2013). Further technology improvements [6] include
introduction of the Ton Chef™ as an integrated liquid handling
and robotic station, as well as development of alternatives to emul-
sion PCR (e.g., Avalanche™). Critical to genome sequencing is
the paired end and mate-pair library options which are also avail-
able. In addition, the upgrade of the Ion server software suite to
version 2.2 and now 3.2 greatly improved accuracy compared to
the 2.0 version, as has been reported [24].

For practical purposes, a new OneTouch kit was recently
released, Ion OneTouch™ 200 Template Kit v2 DL (Cat #
4480285 Ion Torrent, Life Technologies), together with new Ion
server software suite version 3.2. The new OneTouch™ 200 Tem-
plate Kit v2 DL kit helps prevent clogging issues with the One-
Touch instrument, and the new software has new user interfaces for
planning. Additional resources, descriptions, and demonstrations
can be found on the Ion community at http://ioncommunity.
iontorrent.com. The webpage provides both the latest updates
and allows download of novel protocols. The site also includes a
discussion page where users can submit problems and discuss
potential problems with both other users and consultants.

In summary, the combination of the Ion PGM and the Ion
Proton instruments can make a single laboratory as a task-oriented
complementary sequencing center able to sequence transcrip-
tomes, genomes, and methylomes. Considering the enormous het-
erogeneity of cell populations in nervous systems and the
complexity of developmental, neurodegenerative, and aging pro-
cesses, the current advances in semiconductor sequencing offer
novel opportunities for many fields of experimental biology and
clinical studies: from whole genome sequencing in personalized
medicine down to targeted probing of dynamic genomic and
epigenomic organizations of individual cells (see additional details
in ref. 1).

4 Notes

1. From our experience with more than 200 difterent invertebrate
species, if RNA cannot be isolated immediately from tissue or
even single cells, we prefer placing the tissue in 100 % ethanol
rather than Ambion’s RNAlater® for shipping or storage. We
have obtained mixed results with RNAlater™ based on the
quality of the RNA isolated. Tissue and /or single cells can be
stored in lysis buffer and frozen at —20 °C as long as the cells or
tissues are totally lysed before freezing. The kits with a lysis
buffer that we find work best for this procedure are Ambion/
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Life Technologies, RNAqueous®™ Kits. We use the Ambion
RNAgqueous-Micro™ Kit for individual Aplysia cells and hip-
pocampal neurons and the regular RNAqueous® Kit for larger
parts of the rat brain and developmental tissues. We did not
note any substantial RNA degradation for up to a month using
the described storage.

. A number of RNA isolation methods and protocols are widely
available and can be classified into four general techniques:
organic extraction methods, spin basket or column formats,
magnetic particle methods, and direct lysis methods. For the
organic extraction process, the sample is homogenized in a
phenol-containing solution and the sample is then centrifuged.
This method cannot be efficiently used for the small amounts of
starting material in single cells and is not considered here. The
spin bucket or column protocol is best for small samples. Two
kits have proven to work best for our samples: Ambion/Life
Technologies RNAqueous™ and the RNAqueous-Micro™
kits. Qiagen’s RNeasy Plus Mini Kit with gDNA Eliminator
Spin Columns (Cat # 74134) as well as the QIAshredder (Cat #
79654) tissue shredders are also convenient. The QIAshredder
can be used for simple and rapid homogenization of cell and
tissue lysates. There is also the mini version of RNeasy Micro
Kit (Cat # 74004) for small amounts of tissue, like single cells.
We also efficiently used Qiagen kits, especially the columns for
removal of the gDNA, and have gotten very good results.

Nevertheless, the kits described above cannot be used
effectively with pigmented tissue like retina or chromatophores.
For these purposes, we employed NUCLEOSPIN RNA II
from Macherey-Nagel (Fisher Cat # NC9581114). Here, we
have used the RNAqeuous'™ lysis buffer to lyse pigmented
tissue then followed the column spin protocol in this kit to
get excellent RNA quality and yield.

. Many invertebrates including gastropod molluscs such as Aply-
sin have rRNA that does not have the same electrophoretic
mobility as vertebrate rRNA, in which the intact total RNA
has a larger (28s) rRNA band that is twice as intense as the
smaller (18s) band when denatured. Aplysia’s 28s rRNA has a
true break in the middle of the rRNA molecule, which is called
the “hidden break,” and under non-denaturing conditions, the
rRNA molecule is held in one piece by the hydrogen bonding
between its secondary structure elements [ 18]. However when
heated, the two halves of the 28s rRNA separate and have
similar electrophoretic mobility to the 18s rRNA, thus produc-
ing only one peak on the Bioanalyzer. The electrophoretic
mobility pattern is species specific, creating many unique pat-
terns (see Fig. 6 for several examples).
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4.

We have successfully employed RiboMinus™ on as little as
20 ng of total RNA starting material.

Ribosomal-depleted starting material will ensure reduced
ribosomal “contamination” in the final sequencing library.
This is an optional step and is useful to reduce nonspecific capture
of rRNAs, which is very common for any existing protocol.
Clearly, this step is essential if random primers are to be used.

. We like the convenience of one kit having all the cDNA synthesis

components, as with Clontech’s Marathon cDNA amplification
kit. However, cheaper and just as effective alternatives are avail-
able. Any of the MMLYV reverse transcriptases can be used for
first-strand synthesis, see Note 6. Recently NEB came out with
NEBNext® mRNA second strand synthesis module (NEB Cat #
E6111) that is compatible with this protocol. These alternatives
reduce the library construction costs by a quarter of the price of
the Marathon cDNA amplification kit.

. Currently, we are unable to sequence RNA directly; therefore

RNA must be converted to cDNA, then to double stranded
DNA (dsDNA) for sequencing library constructions. The start-
ing point of all sequencing comes in a form of RNA amplifica-
tion for which there are two major strategies. First is the linear
amplification of in vitro transcription (IVT) which was widely
employed by the microarray industry. The second approach is
PCR-based amplification. Both strategies have their advantages
and disadvantages. For ultra-small amounts of material such as
a single cell, PCR methodology is far more applicable. PCR
amplification methods still require generation of cDNA, and
several options for reverse transcriptases (RT) are commercially
available [avian myeloblastosis virus (AMV) and Moloney
murine leukemia virus (MMLV)]. With the more traditional
AMV RT, first-strand cDNA is synthesized then the second
strand is synthesized with a cocktail of enzymes. Another pop-
ular method of c¢cDNA generation is the template-switch
method with an MMLV RT such as SMARTScribe™ (Cat #
634925, Clontech). This template-switch method uses the
unique properties of the MMLYV enzyme to synthesize addi-
tional nucleotides at the 3’ end of the cDNA, then uses a
template-switch oligo to reverse direction and make the com-
plementary second strand. Fragmentation of sequencing mate-
rial is critical for all technologies. One can start RNA
fragmentation using one of several techniques (heat, NaOH,
RNaselll), followed by ligation of RNA adaptors, then cDNA
can be generated and PCR amplified (as in the Illumina,
SOLID, and the new lon Torrent RNA-seq libraries). This
approach does generate directionality to the library, but
requires pg quantities of starting material and is not applicable
to low amounts of starting material. For single cells, the
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template-switch method is attractive and what we use for the
second protocol presented here. We use a commercially pro-
duced kit for reproducibility, consistency, and quality control,
Marathon ¢cDNA Amplification Kit (Cat # 634913, Clontech)
which contains an AMV reverse transcriptase and a DNA
polymerase 1/RNAseH/DNA ligase enzyme cocktail. Once
the second strand ¢cDNA is produced, we polish the ends
with T4 DNA polymerase, making it suitable for sequential
blunt-end library-specific adaptor ligations followed by PCR
amplification.

. We used a shorter than usual oligo dT (13Ts compared to

30Ts) primer in our reverse transcription because we were
promoting a more promiscuous priming of the oligo dT in
hopes of priming upstream of the terminal oligo dT tail, thus
obtaining less of the 3'UTR. This method was efficiently used
for our EST collections as described [14]. Also the oligo dT
portion of the primer was designed to target invertebrate RNA.

. These controls allow us to monitor the quality of the library.

The directionality was confirmed with the spike-ins (only 0.7 %
was sequenced in the antisense direction). Also, their spiked-in
copy number showed a linear relation to their specific number
of reads [1].

. The Adaptors A and P1 are made with one primer having a

large overhang. This overhang helps prevent adaptors ligating
to each other and forming primer/dimers. To produce the
adaptors, individual primers are annealed together by mixing
equal molar concentrations of each primer, then heating
the mixtures at 72 °C for 2 min, 42 °C for 2 min, then 37 °C
for 30 min.

Sequential addition of adaptors with purification between steps
ensures strandedness of the fragments and thus directionality to
our libraries. This also promotes reduced representation of the
library. Purification between steps does cause loss of material,
but insures directionality as well as reduced representation of
the overall library (see Comment 2). Thus, the same amount of
sequencing coverage captures more distinct transcripts from a
cell. Second, by preserving strandedness, this approach unbia-
sedly represents both sense and antisense RNAs expressed in a
given cell. Some potential drawbacks of using reduced repre-
sentation methods (versus methods with random fragmenta-
tion of all transcripts) might be a reduced ability to observe
certain events such as alternative splicing from the 5’end of very
long transcripts. However, in contrast to the current reduced
representation method, conventional random fragmentation
protocols do require a significantly deeper sequence coverage
and inability to separate sense and antisense transcriptional
events.
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11.

12.

13.

14.

15.

16.

17.

18.

The time and combination of restriction enzymes can be varied
tor the technology used. Both Alul and Rsal are 4 base blunt-
end cutters and in theory should cut every 256 bases if the
DNA was random. By combining the enzymes, you can obtain
smaller fragmentation of the library or vice versa.

The number of cycles of PCR amplification is dependent on the
amount of starting material. We have started with as little as
40 pg of total RNA. Most times we use between 15 and 22
cycles of PCR amplification.

We like LA Tag™ (Cat # RR0O02M, Clontech) and Advantage®
2 Polymerase Mix (Cat # 639201, Clontech ) just as well as
Platinum Taq. All are interchangeable and give similar results
with slight variations in price.

The design of this library is to target the 5" end of a transcript. A
complementary 3’ targeted library can be constructed in which
the timing of the ligation of adaptors and digestion is adjusted.
Here, after second strand synthesis the dsDNA is digested with
the same enzyme pair as above, then purified with AMPure XP
Reagent. Then the 5" adaptor A is ligated. The PCR amplifica-
tion uses the A primer and a P1 primer extension of the cDNA
synthesis primer. This library maintains directionality and
quantification. When working with very low amounts of start-
ing material (picograms), this method is preferred because it
requires the least amount of manipulation and steps. 15-21
PCR cycles are typically required in stage 21 of library con-
struction. However, in a case of small cells (40-50 pm, such as
Aplysin sensory neurons and interneurons), we successfully
used up to 23 cycles.

A cheaper method of library construction is to make your own
template-switch oligo and use your preferred MMLV reverse
transcriptase such as SuperScript™ (Invitrogen/ Life technolo-
gies) or SMARTScribe Reverse Transcriptase (Clontech). This
will cut the cost of a library by 75 %. However, the SMARTer®
PCR cDNA Synthesis Kit (Clontech) is convenient and great
for less-experienced people to work with.

The SMARTer II A Oligonucleotide can be synthesized by
substituting three ribo Guanosine (rG) for the proprietary Xs
(Table 1). We did side-by-side comparisons of the commercial
and our oligo, and they both produce the same amount of
amplified cDNA under the same conditions.

The amplification product for the cDNA will appear as a smear
on an agarose gel. It is best to check several time points so as to
not over amplify. Overcycled cDNA will have large molecular
weight fragments.

New England BioLabs Inc. recently introduced their line of
library construction kits for Ion Torrent, NEBNext"® Fast DNA
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Library Prep Set for Ion Torrent™ (Cat # E6270S, NEB). We
did side-by-side comparisons and got comparable results from
the Ion Torrent/Life Technologies and NEB Kkits.

E-Gel® technology is a quick and easy 15 min size separation
and recovery system for library construction. However, it is
critical to collect more than one sample for the library process.
Getting the exact size and concentration of amplified library
can be more complicated. We do four different sample extrac-
tions for each library around the size of interest on the gel, also
making sure to replace the liquid in the wells (each sample
should be run on the Bioanalyzer for RNA quality). For
200 bp templating and sequencing kits, we start collecting
samples at ~280 bp, then 300 and 320 bp, and finally reverse
to 300 bp again. This ensures that we get the best combination
of size and concentration for described libraries.

Using the Agilent Bioanalyzer™ High Sensitivity DNA Kit can
be complicated and time consuming and remains the current
and substantial bottleneck (ironically, one almost needs to
know the concentration of a sample before it can be run for
the assay). We usually obtain the concentration of a sample with
Qubit if we have enough material, but for single cells it is not an
option. It is also important not to load over 500 pg,/pL in each
well, since it might clog the Bioanalyzer pins. Recently, the
Agilent TapeStation 2200 was introduced and may be comple-
mentary to the Bioanalyzer. The TapeStation 2200 allows a
laboratory to work with a few samples for faster assays. We have
demonstrated that both machines produce comparable results.

The Ion OneTouch™ Reagent Mix has been problematic in
the past. Small, undissolved particles can cause incomplete
injection of the sample into the OneTouch™ machine. We let
the reagent tube come to room temperature for 1 h and vortex
for at least 1 min several times during that hour.

In principle, the emulsion PCR is one of the most critical steps
in the process. At the beginning of the amplification, each
droplet should (ideally) contain a single progenitor molecule
at the outset of the emulsion PCR process (Fig. 4). These are
amplified within the droplets, such that the result is that each
bead contains many clonal copies of the progenitor molecule. A
noticeable disadvantage of this approach is that it is necessary to
carefully titrate the library prior to emulsion PCR in order to
obtain no more than one library molecule per droplet. In
practice, we often chose to make suggested calculations (as in
Subheading 3.5.1) for initial screenings and, unfortunately,
must tolerate up to 20-50 % of polyclonal reads that can be
automatically removed by the Ion Torrent server. At the time of
the writing, Life Technology announced that there is a possi-
bility to eliminate the emulsion PCR step in the future,
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22.

23.

24.

which will make the entire procedure more robust and
straightforward. Finally, for the proposed single-cell RNA-seq,
we noted that homopolymers at the scale of 4-5 bases do not
represent a problem in the initial mapping and annotation of
transcripts. However, they might cause a problem for genotyping
of repetitive and homopolymer regions in clinical applications.
The expected greater coverage of the Ion Proton should (Fig. 2)
also improve the accuracy of sequencing.

It is really difficult to visualize the Ion Spheres. So when
centrifuging the Ion Spheres, it is always suggested to leave a
certain volume in the tube and not disturb the pelleted spheres.
For practical purposes, we fill the same size centrifuge tube with
the appropriate volume then cap and tape them to shelves in
front of the bench for quick eye level comparisons. This simple
procedure speeds up the process for all the steps requiring this
type of comparison.

Calibration of the Ion OneTouch™ ES magnetic enrichment
machine is critical to avoid carryover of the brown MyOne™
Beads in the pelleted template-positive particles (ISPs). We
found that if this happens it is best to redo the process from
the preparation of template-positive particles (ISPs) on the Ion
OneTouch™ instrument.

The Ton Sphere™ Quality Control Kit is used to perform
templated bead quality control using the Qubit fluorometer.
The process labels a sample by hybridizing the Ion Sphere™
Particles (ISPs) 200 with two different fluorophores: Alexa
Fluor® 488 and Alexa Fluor® 647. The probe labeled Alexa
Fluor® 488 anneals to primer B sites, or all of the ISPs present,
and the probe labeled Alexa Fluor®™ 647 anneals to primer A
sites, or only the ISPs with extended templates. Then the ratio
of the Alexa Fluor™ 488 fluorescence (all ISPs present) to the
Alexa Fluor® 647 fluorescence (templated ISPs) yields the %
templated ISPs. The protocol is a short hybridization of the
labeled probes and templated ISPs followed by several washes
to remove the excess probes. Unenriched templated ISPs are
collected after the emPCR with the Ion OneTouch™ instru-
ment, and enriched templated ISPs are collected after enrich-
ment on the Ion OneTouch™ ES magnetic enrichment
machine. An excel format of the Qubit® 2.0 Easy Calculator
containing the Calibration Factor (obtained from the ISP lot
used) is used to calculate Percent Templated ISPs. Optimal
values are between 10 and 30 % for an unenriched templated
ISPs and >50 % for an enriched templated ISPs. It can be
determined if a sample has been properly templated and/or
enriched. We use this on questionable samples.
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25. Removing liquid from the chip gives better loading; however,
removing all liquid from the 314 chip is very challenging. Even
it a small amount of liquid remains, our yields are above com-
pany specifications.

26. The Ion Torrent system recommends performing two sequenc-
ing runs per instrument initialization. We always sequence two
samples consecutively for cost benefits.

27. Cost as of July 2012 for sequencing one sample is the follow-
ing: 314 chip—$99.00, 316 chip—$150.00, and 318 chip—
$499.00. The OneTouch™ and sequencing reagents are the
same for all chips, $125.00 for the OneTouch™ and $125.00
for sequencing per sample.
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Chapter 19

Application of DNA Microarray Technology
to Gerontological Studies

Kiyoshi Masuda, Yuki Kuwano, Kensei Nishida, and Kazuhito Rokutan

Abstract

Gene expression patterns change dramatically in aging and age-related events. The DNA microarray is now
recognized as a useful device in molecular biology and widely used to identify the molecular mechanisms of
aging and the biological effects of drugs for therapeutic purpose in age-related diseases. Recently, numerous
technological advantages have led to the evolution of DNA microarrays and microarray-based techniques,
revealing the genomic modification and all transcriptional activity. Here, we show the step-by-step methods
currently used in our lab to handling the oligonucleotide microarray and miRNA microarray. Moreover, we
introduce the protocols of ribonucleoprotein [RNP ] immunoprecipitation followed by microarray analysis
(RIP-chip) which reveal the target mRNA of age-related RNA-binding proteins.

Key words DNA microarray, Gerontological study, Aging, miRNA, RNA-binding protein, RIP-chip

1 Introduction

Gene expression patterns change dramatically depending on tissue
and age. The specific subsets of proteins expressed at each time point
allow cells to carry out the functions needed during development
and differentiation. The tissue-specific patterns of gene expression
at different developmental stages are potently regulated at the tran-
scriptional level through the action of transcription factors such as
FOXO (forkhead box), PPAR (peroxisome proliferator-activated
receptor)-y, p53, C/EBPs (CCAAT /enhancer-binding proteins),
and chromatin remodeling factors such as MRG (mortality factor on
chromosome 4 (MORF4)-related gene), and HDACs (histone dea-
cetylases) (Table 1) [1-6].

Gene expression patterns are also regulated at the posttran-
scriptional levels via processes such as pre-mRNA splicing, export
to the cytoplasm, turnover, storage, and translation. The key reg-
ulators of these posttranscriptional processes are RNA-binding
proteins and microRNAs [7-11]. Although little is known about
the role of RBPs and microRNAs in aging and age-related events,
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Table 1
Gene lists regulating the age-related gene expression at the transcrip-
tional level
Type of gene Gene symbol References
Transcriptional factor FOXO [4]
PPAR [3, 6]
p53 [1, 2]
C/EBPs [3]
Chromatin remodeling factor MRG [2]
HDACs [2,5]

many proteins implicated in age-related processes are encoded by
mRNAs which are labile and /or subject to translational control by
translation and turnover regulatory (TTR) RBDPs. Examples of
those genes are p161N1<4; p21CIP1; p27KIP1; cyclins (D1, E, A, B1,
and H); cdkl (cyclin-dependent kinase 1); amyloid precursor pro-
tein (APP); TNF-a; interleukins (IL) including 1L-1, I1L.-2, IL.-3,
IL-6, and IL-8; Mn superoxide dismutase (SOD); growth arrest-
and DNA damage-inducible (GADD)45; plasminogen activator
inhibitor (PAI)-1; COX-2; granulocyte macrophage-colony-stimu-
lating factor (GM-CSF) and M-CSF; p53; bel-2; Mdm-2; sirtuin 1
(SIRT1); prothymosin alpha (ProTa); c-fos; c-myc; DP-1; VEGEF;
TGEF-B; and type I insulin-like growth factor receptor (IGF-IR)
(Table 2) [12-47]; for reviews, see Refs. 48, 49. Thus, high-
throughput studies of the age-related gene expression, the expres-
sion of regulatory molecules including miRNAs, and the target
mRNAs regulated by age-related RBPs may provide important
clues to understand senescence, aging process, and age-related
diseases [50-57].

The DNA microarray is now recognized as a useful clinical
device to make diagnostic, therapeutic, or prognostic decision for
patients. Generally, DNA microarrays consist of two categories,
such as ¢cDNA microarrays and oligonucleotide microarrays
(Table 3). Both DNA microarray formats have individual advan-
tages and disadvantages, such as expenses, probe synthesis, and
hybridization process. Oligonucleotide microarrays are printed
20-25 to 70-80 nucleotides long synthesized probes over the
solid surfaces. As these probes are derived from the biophysically
optimized sequences and spotted with the constant concentration
across the array surface, oligonucleotide array can provide repro-
ducible and accurate quantitative results. cDNA microarrays are
printed the corrections of 500-2,000 nucleotides long bacterial
clones containing inserts on glass slides. Although ¢cDNA arrays
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Table 2
List of age-related genes regulated at the posttranscriptional levels

Type of gene Gene symbol References
Cell cycle regulation ple™Ks [12]
p21CTPt [13,14]
Cyclin D1 [16]
Cyclin E [17, 18]
Cyclin A [21]
Cyclin B1 [21]
Cyclin H [19,20]
cdkl [23]
Amyloid processing APP [24]
Immune response TNF-a [25-27]
IL-1p [28]
1L-2 [29, 30]
1L-3 [31]
1L-6 [28]
1L-8 [32]
COX-2 [36]
Response to oxidative stress MnSOD [33]
Blood coagulation PAI-1 [35]
Cell differentiation GM-CS F [37]
M-CSE [37]
Apoptosis and Cell proliferation p53 [38]
bel-2 [39]
Mdm-2 [40]
SIRT1 [41]
ProTa [42]
GADD45 [34]
Transcriptional factor c-fos [22]
c-myc [43, 44]
DP-1 [22]
Growth factor VEGF [45]
TGE-p [46]
IGE-IR [47]

are thought as labor intensive and less preferential for certain
application, these long cDNA probes generally provide the results
in less cross-hybridization of unrelated sequences. Over the course
of just a few years, numerous technological advantages have led to
the evolution of DNA microarrays and microarray-based techni-
ques, revealing the genomic modification and all transcriptional
activity. Examples are CpG methylation array, ChIP-on-chip, SNP
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Table 3

Comparison of the oligonucleotide and cDNA-based microarray systems

Oligonucleotide microarray cDNA microarray
Probe size 20-25 or 70-80 nucleotides 500-2,000 nucleotides
Probe synthesis Chemical synthesis Bacterial clones
Labor requirement for Less Intensive
synthesizing probes
Specificity Intensive Less to detect individual genes,
mutation or SNP
Reproducibility Intensive Less
Cost for equipment Expensive Low cost

Table 4

Types of DNA array platforms and microarray-based technique to gerontological studies

Microarray-based

technique Purpose References
CpG methylation array High-throughput methylation profiling of the [58]
human genome
SNP microarray Detection polymorphisms within a population [60, 61]
Comparative Genomic Detection of copy number changes [62]
Hybridization (CGH)
microarray
ChIP-on-chip Identification the functional elements of DNA-binding [59]

Expression array
miRNA array
Exon array

RIP-Chip

proteins, such as transcriptional factor, promoter,
enhancer, repressor, in the genome

High-throughput profiling of gene expression [78]
High-throughput profiling of miRNA expression [63]
High-throughput profiling of alternative splicing pattern [64]
Identification the functional target mRNAs of [78]

RNA-binding proteins

array, comparative genomic hybridization (CGH) microarray,
miRNA array, exon array, and ribonucleoprotein [ RNP] immuno-
precipitation followed by microarray analysis (RIP-chip) [58-64,
78] (Table 4).

In this chapter, we show the protocols that embrace the actual
handling of oligonucleotide microarray and miRNA microarray. In
addition, we introduce the protocols of RIP-chip which can reveal
the target mRNAs of age-related RBPs.
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2 Materials

2.1 Oligonucleotide
Microarray
Hybridization Protocol
and Fluorescent
Labeling

2.1.1  One-Color Method

2.1.2  Two-Color Method

. Quick Amp Labeling Kit, one-color (Agilent Technologies).

This kit contains reagents necessary for the synthesis of fluores-
cent cRNA, including enzymes, buffer, and cyanine 3(Cy3)-
CTP. Store at —20 °C, and protect from light.

. RNA Spike-In Kit, one-color (Agilent Technologies). Store at

—-80 °C.

. RNeasy Mini Kit (Qiagen). Buffer RPE is supplied as a concen-

trate. Before using for the first time, add 4 volumes of ethanol
(96-100 % purity) as indicated on the bottle to obtain a work-
ing solution.

4. Gene Expression Hybridization Kit (Agilent Technologies).
. Gene Expression Wash Buffer 1 and 2 (Agilent Technologies).

The addition of 0.005 % Triton X-102 to the Gene Expression
Wash Buffer 1 and 2 when the cubitainer of wash buffer is first
opened.

. Hybridization chamber (Agilent Technologies). Hybridization

chamber should be washed after the hybridization and cleaned
with RNaseZap (Ambion) and 70 % ethanol before the hybri-
dization.

. Quick Amp Labeling Kit, two-color (Agilent Technologies).

This kit contains reagents necessary for the synthesis of fluores-
cent cRNA, including enzymes, buffer, cyanine 3(Cy3)-CTD,
and cyanine 5(Cy5)-CTP. Store at —20 °C, and protect from
light.

. RNA Spike-In Kit, two-color (Agilent Technologies). Store at

-380 °C.

. RNeasy Mini Kit (Qiagen). Buffer RPE is supplied as a concen-

trate. Before using for the first time, add 4 volumes of ethanol
(96-100 % purity) as indicated on the bottle to obtain a work-
ing solution.

4. Gene Expression Hybridization Kit (Agilent Technologies).
. Gene Expression Wash Buffer 1 and 2 (Agilent Technologies).

The addition of 0.005 % Triton X-102 to the Gene Expression
Wash Buffer 1 and 2 when the cubitainer of wash bufter is first
opened.

. Hybridization chamber (Agilent Technologies). Hybridization

chamber should be washed after the hybridization and cleaned
with RNaseZap (Ambion) and 70 % ethanol before the hybri-
dization.
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2.2 miRNA 1.
Microarray
Hybridization Protocol
and Fluorescent
Labeling
2
3
4
2.3 Ribonucleo- 1.
protein [RNP] 2
Immunoprecipitation
Followed by
Microarray Analysis
(RIP-Chip) 3.

miRNA Complete Labeling and Hyb Kit (Agilent Technolo-
gies). This kit contains reagents necessary for the synthesis of
fluorescent miRNA and the hybridization of microarray,
including enzymes, buffer, cyanine3(Cy3)-pCp, and hybridiza-
tion buffer. All reagents are stored at —20 °C, but 2x Hi-RPM
Hybridization Bufter and 10 x GE Blocking Agent are stored at
room temperature.

. MicroRNA Spike-In kit (Agilent Technologies). Store at

—20°C.

. Gene Expression Wash Buffer 1 and 2 (Agilent Technologies).

The addition of 0.005 % Triton X-102 to the Gene Expression
Wash Buffer 1 and 2 when the cubitainer of wash bufter is first
opened.

. Hybridization chamber (Agilent Technologies). Hybridization

chamber should be washed after the hybridization and cleaned
with RNaseZap (Ambion) and 70 % ethanol before the hybri-
dization.

Protein A-Sepharose beads (Sigma).

. Buffer A (pH 8.0):

20 mM N3H2PO4
150 mM NaCl

Antibodies against proteins of interest

4. Polysome lysis buffer (PLB):

100 mM KCI

5 mM MgCl,

10 mM Hepes, pH 7.0

0.5 % Nonidet P-40

10 pM Dithiothreitol (DTT)

. NT2 buffer:

50 mM Tris, pH 7.4
150 mM NaCl

1 mM MgCl,

0.05 % Nonidet P-40

3 Methods

Asnumerous platforms of DNA microarray are available, any universal
protocol or reagent could not be established. Each commercial
microarray platform has individual advantages and disadvantages,

such as expenses, sensitivity, reproducibility, and customization
[65, 66]. Although the methods described below are based on the
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protocols established by Agilent Technologies and our laboratory,
cach experimental stage, such as labeling, hybridization, and wash, is
common for every array platform (Fig. 1a).

To obtain the appropriate results, it is important to pay atten-
tion to maintain the sufficient RNA quality [67]. To prevent con-
tamination of reagents by nucleases, always wear powder-free
laboratory gloves, and use dedicated solutions and pipettors with
nuclease-free aerosol-resistant tips. It is also better to clean up the
work surfaces and globes using RNaseZap (Ambion). The endoge-
nous RNases in the tissues have to be inactivated by inhibitors or by
chemical treatment such as guanidinium thiocyanate. Recently,
some commercial kits (e.g., RNeasy kit provided by Qiagen) are
explicitly declared their suitability for microarray analysis. After the
purification, it should be better to check the RNA quality using
Agilent 2100 Bioanalyzer (Agilent Technologies).

Technological equipment employed for data acquisition and
statistical analysis of experimental data derived from microarray
experiments vary in different laboratories. The important factors
for selecting an appropriate microarray platform and experimental
designs would include sensitivity, specificity and both inter- and
intra-assay reproducibility. In the early days, microarrays designed
by different companies appeared to produce different results with
the same samples [68, 69]. Several large efforts, such as the Micro-
Array Quality Control (MAQC) consortium, have been initiated to
create standardized protocols for microarray experiments (from
probe annotation to data analysis) [70]. These recognitions of
biases and other artifacts by individual labs have developed experi-
mental and computational methods for dealing with systematic
variation between laboratories [71-74]. Moreover, to evaluate the
performance characteristic of microarray measurement and the data
it generated, it should always be validated using an alternative
approach, such as conventional reverse transcription (RT)-PCR,
quantitative real-time PCR, or others.

It needs to make the decision whether to use a one-color or two-
color approach, when we plan a microarray experiment (Table 5).
In one-color approach, a single sample is labeled with a single dye,
like cyanine-3 (Cy3) or cyanine-5 (Cy5), and hybridized to each
microarray (Fig. 1a). The one-color design facilitates comparisons
across microarray and between groups of samples, although it has
the inconsistency across assays due to multiple sources of variability,
including microarray fabrication and processing. On the other
hand, in the two-color approach, two samples (e. g., experimental
and control) are labeled with different dye (usually Cy3 and Cy5)
and hybridized together on a single microarray (Fig. 1a). In two-
color designs, the hybridization of two samples on same microarray
allows a direct comparison, minimizing variability due to proces-
sing multiple microarrays per assay and increasing accuracy in
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Fig. 1 Schematic procedures of oligonucleotide microarray and miRNA microarray. (a) Generation of cRNA for
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ment, only the Cy3-labeled sample is produced and hybridized. C3 indicated as cyanine3-CTP. G5 indicated as
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Comparison of one-color and two-color methods

One-color methods Two-color methods
Single sample is labeled Two samples are labeled with different
with a single dye dye and hybridized together on a single
microarray
Advantage Comparison across microarrays Directly comparison between two samples
and between groups of samples
Apparent increase in the number Minimizing variability due to processing
of arrays needed multiple microarray
Better geared toward estimating Increasing accuracy in determining levels of
raw transcript abundance differential expression between sample pairs
Disadvantage  Inconsistency across arrays Need to correct the systematic and gene-specific

dye bias (dye swap)
Need the common reference to
compare between multiple samples

3.1.1  Synthesis
of Fluorescent Probe

determining levels of differential expression between sample pairs.
Moreover, two-color designs allow the comparison across multiple
samples using complex hybridization schemes including hybridiza-
tion with common reference samples [75]. Although dye-specific
biases can substantially affect results when experiments are per-
formed using two-color designs, these biases can be mitigated by
performing dye-reversed replicates, such as dye swaps or fluoro-
phore reversals [75].

1.

Dilute or concentrate total RNA (200-1,000 ng) to 10.3 plina
1.5-ml microcentrifuge tube.

2. Add 1.2 pl of T7 promoter primer.

. Denature the primer and the template by incubating the reac-

tion at 65 °C for 10 min.

4. Place the reactions on ice and incubate for 5 min.

. Pre-warm the 5x first-strand buffer at 80 °C for 3—4 min to

ensure adequate resuspensions of the buffer components. For
optimal resuspension, briefly mix on a vortex mixer and spin the
tube in microcentrifuge to drive down the contents from the
tube walls. Keep at room temperature until needed.

. Immediately prior to use, mix the following components for

c¢DNA Master Mix in the clean tube by gently pipetting (vol-
ume per reaction):

5x first-strand buffer: 4 pl
0.1 M DTT: 2 pl
10 mM dNTDP mix: 1 pl (see Note 1)
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3.1.2 Purification of
Fluorescent Probe

12.

13.

14.

15.

MMLV-RT: 1pl
RNase Inhibitor: 0.5 pl

. Add 8.5 pl of cDNA Master Mix to each sample tube and mix

by pipetting.

. Incubate samples at 40 °C for 2 h.

. Incubate samples at 65 °C for 15 min to inactivate the MMLV-RT.
10.
11.

Move samples to ice. Incubate for 5 min.

Spin the samples in microcentrifuge to drive down the contents
from the tube walls.

Pre-warm 50 % PEG solution for 1 min at 40 °C, vortex briefly,
and spin briefly.

Immediately prior to use, gently mix the following components
in a clean tube (volume per reaction):

4 x transcription buffer: 20 pl

0.1 M DTT: 6 pl

NTP mix: 8 pl (see Note 1)

50 % PEG: 6.4 pl

RNase inhibitor: 0.5 pl

Inorganic pyrophosphatase: 0.6 pl

T7 RNA polymerase: 0.8 pl (see Note 3)

Cyanine 3-CTP or cyanine 5-CTD: 2.4 pl (see Notes 2 and 3)
Nuclease-free water: 15.3 pl

Add 60 pl of Transcription Master Mix to each samples, gently
mix by pipetting.

Incubate the samples at 40 °C for 2 h (see Note 2).

. Add 20 pl of nuclease-free water to the cRNA sample, for total

volume of 100 pl.

2. Add 350 pl of Buffer RTL and mix well by pipetting.

. Add 260 pl of ethanol (96-100 % purity) and mix thoroughly

with pipetting. Do not centrifuge, and proceed immediately to
step 4.

. Transfer the 700 pl of the cRNA sample to an RNeasy mini

column in a 2-ml collection tube. Centrifuge the sample at 4 °C
for 30 s at 16,000 x 4. Discard the flow-through and collection
tube.

. Transfer the RNeasy mini column to a new collection tube and

add 500 pl of RPE buffer containing ethanol to the column.
Centrifuge the sample at 4 °C for 30 s at 16,000 x g. Discard
the flow-through, and reuse the collection tube.
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. Add another 500 pl of RPE butffer to the column. Centrifuge

the sample at 4 °C for 2 min at 16,000 x g. Discard the flow-
through and collection tube (sec Note 4).

. Transfer the RNeasy mini column to a new 1.5 ml collection

tube and centrifuge the sample at 4 °C for 30 s at 16,000 x g4
to remove any remaining traces of RPE buffer. Discard this
collection tube, and transfer to the new 1.5 ml collection
tube (see Note 5).

. Add 30 pl of RNase-free water directly onto the RNeasy filter

membrane. Incubate for 60 s, then centrifuge for 30 s at
16,000 x gat 4 °C.

. Maintain the cRNA sample-containing flow-through on ice.
10.

Measure fluorescent dye incorporation using nuclease-free
water as blank (see Note 6)

. Add 500 pl of nuclease-free water to the vial containing lyo-

philized 10x Blocking Agent supplied with the Gene Expres-
sion Hybridization kit. Mix by gently vortexing and spin the
tube in microcentrifuge to drive down the contents from the
tube walls (see Note 7).

2. Equilibrate water bath to 60 °C.

10.
11.

. For each microarray, add each of the components in 1.5 ml

tube as follow:

Cy3-labeled, linearly amplified cRNA: 1.65 pg
10x Blocking Agent: 11 pl

Nuclease-free water: bring volume to 52.8 pl

25x Fragmentation Bufter: 2.2 pl

. Mix gently on a vortex mixer.

. Incubate at 60 °C for exactly 30 min to fragment RNA

(see Note 2).

. Immediately cool on ice for 1 min.
. Add 55 pl of 2x GE Hybridization Buffer HI-RPM to the

microarray formats to stop the fragmentation reaction.

. Mix well by careful pipetting (see Note 8).

. Spin for 1 min at room temperature at 16,000 x g in micro-

centrifuge to drive the sample oft the walls and lid.
Place sample on ice and load onto the array immediately.

Load a clean gasket slide into the chamber base with the label
facing up and aligned with the rectangular section of the cham-
ber base. Ensure that the gasket slide is flush with the chamber
base and is not ajar.
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Fig. 2 Handling the array slide on hybridization steps and post-hybridization
washes steps. (a) Distribute the Cy3-labeled hybridization sample onto the
gasket well. (b) Slowly place an array slide over the gasket with the active
side facing down. (c) Vertically rotate the assembled chamber to assess the
mobility of the bubbles. (d) Tap the assembly to move stationary bubbles. (e)
Disassembly the array-gasket sandwich in the slide-staining dish filled with
Wash buffer 1. Let the gasket slide drop to the bottom of the staining dish.
(f) Wash the array slide in slide-staining dish with pre-warmed Wash buffer 2.
The slide-staining dish is warmed to 37 °C with heating element such as a
water bath

12. Slowly dispense the volume of hybridization sample onto the
gasket well in a drag and dispense manner (Fig. 2a).

13. Slowly place an array active side down onto the gasket slide, and
assemble the chamber (Fig. 2b).

14. Vertically rotate the assembled chamber to wet the gasket and
assess the mobility of the bubbles (see Note 9 and Fig. 2¢, d).
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15.
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Place the chamber in the hybridization oven. Set the hybridiza-
tion rotator to rotate at 10 rpm. Hybridize the probe with the
microarray at 65 °C for 17 h.

. Proceed to steps 1 and 2 described in Subheading 3.1.3.1.

. For each microarray, add each of the components in 1.5 ml

tube as follow:

Cy3-labeled, linearly amplified cRNA: 0.825 pg
Cy5-labeled, linearly amplified cRNA: 0.825 pg
10x Blocking Agent: 11 pl

Nuclease-free water: bring volume to 52.8 pl

25x Fragmentation Buffer: 2.2 pl

. Proceed to steps 4-15 described in Subheading 3.1.3.1.

. Pre-warm Wash buffer 2 and wash container #3 at 37 °C the

night before washing the array (see Note 10).

2. Set a water bath with magnetic stir plate at 37 °C.

. Completely fill the wash container #1 with Wash buffer 1 at

room temperature.

. Place a slide rack into the wash container #2, and add a mag-

netic stir bar. Fill the wash container #2 with Wash buffer 1 at
room temperature to cover the slide rack. Place this container
on a magnetic stir plate.

. Place the pre-warmed container #3 into the water bath with

magnetic stir plate, and add a magnetic stir bar. Completely fill
the container #3 with the pre-warmed (37 °C) Wash bufter 2 at
37 °C.

. Disassembly the hybridization chamber and remove the array-

gasket sandwich from the chamber base by grabbing the slide
from their ends. Quickly transfer the sandwich to container #1.

. With the sandwich completely submerged in Wash buffer 1, pry

the sandwich open (Fig. 2e).
(a) Slip one of the blunt ends of the forceps between the slides.

(b) Gently turn the forceps upwards or downwards to separate
the slides.

(c) Let the gasket slide drop to the bottom of container.

(d) Remove the microarray slide and place into slide rack in
the container #2 containing Wash buffer 1 at room
temperature.

. Repeat steps 6 through 7 for additional slides.

. When all slides are placed into the slide rack in container #2, stir

gently for 1 min.
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10. Transfer slide rack to container #3 containing Wash buffer 2 at
37 °C. Stir gently for 1 min (Fig. 2f).

11. Slowly remove the slide rack minimizing droplets on the slides.
12. Put the slides in a slide holder.

3.1.5 Data Acquisition 1. Scan slides immediately to minimize the impact of environmen-
and Analysis tal oxidants on signal intensities.

2. Extract the microarray scan data using available software
packages (e.g., Agilent Feature Extraction [Agilent Technolo-
gies]). Gene Spring GX software (Agilent Technologies) is
suggested for data acquisition and background subtraction.

3.2 miRNA MicroRNAs (miRNAs) are a class of short (18-25 nucleotides),
Microarray noncoding RNAs that have been found existence in animals, plants,
Hybridization Protocol, ~ and viruses. Microarray-based assays ofter an efficient method for
Fluorescent Labeling measuring the expression profile of large numbers of miRNAs

simultaneously. The method described here is a miRNA assay
employing direct labeling of total RNA without amplification or
size fractionation [76] (Fig. 1b). Moreover, in situ synthesized
DNA microarray probes are both sequence and size selective for
mature miRNAs [77].

3.2.1 Synthesis of 1. Dilute total RNA sample to 50 ng/pl in nuclease-free water (see
Fluorescent Probe Note 11).

2. Add 2 pl (100 ng) of the diluted total RNA to a 1.5 ml tube and

maintain on ice.

3. Immediately prior to use, gently mix the following components
for Calf Intestinal Alkaline Phosphatase (CIP) Master Mix in a
clean tube (volume per reaction):

10x CIP buffer: 0.4 pl
Nuclease-free water: 1.1 pl
CIP: 0.5 pl
4. Add 2 pl of the CIP Master Mix to each sample tube, and mix
gently by pipetting.
. Incubate the reaction at 37 °C for 30 min.
. Add 2.8 pl of 100 % DMSO to each sample.
. Incubate the samples at 100 °C for 5-10 min (see Note 12).
. Immediately transfer to ice-water bath (see Note 13).
. Warm the 10x T4 RNA Ligase Buffer at 37 °C and vortex well.

10. Immediately prior to use, gently mix the following components
for Ligation Master Mix in a clean tube (volume per reaction):

O 0 NN O v
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10x T4 RNA Ligase Bufter: 1.0 pl

Cyanine3-pCp: 3.0 pl (see Note 2)

T4 RNA Ligase: 0.5 pl

Immediately add 4.5 pl of the Ligation Master Mix to each
sample tube and gently mix by pipetting (se¢ Note 14).
Incubate at 16 °C for 2 h.

Completely dry the samples using a vacuum concentrator at
room temperature for 2 h (see Note 15).

Add 125 pl of nuclease-free water to the vial containing lyo-
philized 10x GE Blocking Agent, and mix gently with vortex.

2. Resuspend the dried sample in 18 pl of nuclease-free water.

. Add 4.5 pl of the 10x GE Blocking Agent to each sample.

4. Add 22.5 pl of 2x Hi-RPM Hybridization Buffer to each

10.

11.

3.2.3 Post-Hybridization 1.

Washes

sample, and mix gently with vortex.

. Incubate at 100 °C for 5 min.
. Immediately transfer to an ice-water bath for 5 min (se¢ Note 16).

. Load a clean gasket slide into the chamber base with the label

facing up and aligned with the rectangular section of the cham-
ber base. Ensure that the gasket slide is flush with the chamber
base and is not ajar.

. Slowly dispense the volume of hybridization sample onto the

gasket well in a drag and dispense manner (Fig. 2a).

. Slowly place an array active side down onto the gasket slide, and

assemble the chamber (Fig. 2b).

Vertically rotate the assembled chamber to wet the gasket
and assess the mobility of the bubbles (se¢e Note 9 and
Fig. 2¢, d).

Place the chamber in the hybridization oven. Set the hybridiza-

tion rotator to rotate at 20 rpm. Hybridize the probe with the
microarray at 55 °C for 20 h.

Pre-warm Wash buffer 2 and wash container #3 at 37 °C the
night before washing the array (se¢ Note 10).

2. Set a water bath with magnetic stir plate at 37 °C.

. Completely fill the wash container #1 with Wash buffer 1 at

room temperature.

. Place a slide rack into the wash container #2, and add a mag-

netic stir bar. Fill the wash container #2 with Wash buffer 1 at
room temperature to cover the slide rack. Place this container
on a magnetic stir plate.
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and Analysis
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3.3 Ribonucleo-
protein [RNP]
Immunoprecipitation
Followed by
Microarray Analysis
(RIP-Chip)

3.3.1

Kiyoshi Masuda et al.

5.

10.

Place the pre-warmed container #3 into the water bath with
magnetic stir plate, and add a magnetic stir bar. Completely fill
the container #3 with the pre-warmed Wash buffer 2 at 37 °C.

. Disassembly the hybridization chamber and remove the array-

gasket sandwich from the chamber base by grabbing the slide
from their ends. Quickly transfer the sandwich to container #1.

. With the sandwich completely submerged in Wash buffer 1, pry

the sandwich open (Fig. 2e).
(a) Slip one of the blunt ends of the forceps between the slides.

(b) Gently turn the forceps upwards or downwards to separate
the slides.

(c) Let the gasket slide drop to the bottom of container.

(d) Remove the microarray slide and place into slide rack in the
container #2 containing Wash buffer 1 at room temperature.

. Repeat steps 6 through 7 for additional slides.

. When all slides are placed into the slide rack in container #2, stir

gently for 5 min.

Transfer slide rack to container #3 containing Wash buffer 2 at
37 °C. Stir gently for 5 min (Fig. 2f).

Slowly remove the slide rack minimizing droplets on the slides.
Put the slides in a slide holder.

Scan slides immediately to minimize the impact of environmen-
tal oxidants on signal intensities.

. Extract the microarray scan data using available software

packages (e.g., Agilent Feature Extraction [Agilent Technol-
ogies]). Gene Spring GX software (Agilent Technologies) is
suggested for data acquisition and background subtraction.

Many age-related proteins are encoded by mRNAs that are targets
of RBDs, including HuR, AUF1, TIA-1, CPEB, CIRP, CUGBPI,
CRT and TTP [55, 57]. These RBPs interact to their target
mRNAs which are positively or negatively regulate their half-life
and translation status. Ribonucleoprotein [RNTP | immunoprecipi-
tation followed by microarray analysis (RIP-chip) is often used to

identity the stable native target mRNA of TTR-RBPs [78, 79]
(Fig. 3).

Preparation of RNP 1.

Lysate from Culture Cells

2.

Grow cells in appropriate medium and supplements. Typically,
cells cultured in 150 cm? dish are needed.

Collect cells using scraper, transfer to 1.5 ml tube, and pellet by
centrifugation at 4 °C for 3 min at 100 x g.
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Fig. 3 Schematic procedures of ribonucleoprotein [RNP] immunoprecipitation
followed by microarray analysis (RIP-chip)

3. Loosen the cell pellet by gently flicking the bottom of the tube
and add an approximately equal pellet volume of ice-cold PLB
buffer supplemented with RNase inhibitors and protease inhi-
bitors.

4. Mix cells by pipetting several times, and place on ice for 10 min.
Do not mix on a vortex mixer.

5. Centrifuge at 4 °C for 30 min at 10,000 x 4. Transfer super-
natant to new 1.5 ml tube.

6. Preclear the supernatant with 15 pg of control IgG1 for 30 min
at 4 °C. Add 50 pl protein A beads, and incubate for 30 min at
4 °C with rotation.

7. Centrifuge at 4 °C for 5 min at 5,000 x g, and transfer the
supernatant to new 1.5 ml tube.

3.3.2 Coating the Protein 1. Before using for the first time, add 4 ml of Buffer Ato 1 g
A Beads with Antibody lyophilized beads. Incubate for 30 min at room temperature to
swell beads.
2. Add 60 pl of protein A beads to 1 ml of NT2 bufferina 1.5 ml
tube.

3. Centrifuge at 4 °C for 5 min at 5,000 x g, and discard the
supernatant with pipet.
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3.3.3 Immunoprecipi-
tation of RNPs

4. Wash the beads with 1 ml of ice-cold NT2 buffer.

10.
11.

12.

. Centrifuge at 4 °C for 5 min at 5,000 x g, and discard the

supernatant with pipet.

. Again, wash the beads as steps 4 and 5.
. Add 800 pl of NT2 bufter to the beads. Then, add 30 pg of

antibody or control IgG1 to the indicated beads (se¢ Note 17).

. Incubate overnight on rotator at 4 °C to coat the beads with

appreciate antibody

. Centrifuge at 4 °C for 5 min at 5,000 x g, and discard the

supernatant with pipet.

. Wash the beads for three times as steps 4 and 5 subscribing in

Subheading 3.3.2.

. Mix the following components for IP Mix in the clean tube by

gently pipetting (volume per reaction).
NT?2 buffer: 800 pl

0.1 M DTT: 10 pl

RNase inhibitor (40 U/ul): 5 pl

. Add 800 pl of IP Mix to the beads coated with antibody or

control IgG1.

. Add 500-1,000 pg of RNP lysate, and incubate for 1-2 h on

rotator at 4 °C.

. Centrifuge at 4 °C for 5 min at 5,000 x g, and discard the

supernatant with pipet.

. Wash the beads for five times as steps 4 and 5 subscribing in

Subheading 3.3.2.

. Mix the following components for DNase I Mix in the clean

tube by gently pipetting (volume per reaction).
NT?2 buffer: 100 pl
DNase I (2 U/pl): 5 pl

. Add 100 pl of DNase I Mix to the beads, and incubate at 37 °C

for 15 min.
Fill up with 1,000 ml of NT2 buftfer.

Centrifuge at 4 °C for 5 min at 5,000 x g, and discard the
supernatant with pipet.

Mix the following components for Proteinase K Mix in the
clean tube by gently pipetting (volume per reaction).

NT2 buffer: 100 pl
Proteinase K (10 mg/ml): 5 pl
10 % SDS: 1 pl
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16.

17.

18.

19.
20.

21.

22.

23.
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Add 100 pl of Proteinase K Mix to the beads, and incubate at
55 °C for 30 min with mixing.

Add 220 pl of NT2 butffer and centrifuge at 4 °C for 5 min at
5,000 x g. Then, transfer supernatant to new 1.5 ml tube.
Add 300 pl of acid phenol-CHCIj3, and mix well on a vortex
mixer.

Incubate at room temperature for 1 min, and centrifuge at 4 °C
for 5 min at 16,000 x g.

Transfer 250 pl of the aqueous phase of the sample to clean
1.5 ml tube.

Add 25 pl of 3 M sodium acetate, pH 5.2, and 625 pl of 100 %
ethanol (see Note 18).

Mix well on a vortex mixer, and incubate overnight at —20 °C.

Centrifuge at 4 °C for 20 min at 16,000 x g, and discard the
supernatant with pipet.

Wash the pellet with 1 ml of 70 % ethanol, and centrifuge at
4 °C for 10 min at 16,000 x g.

Discard the supernatant with pipet, and air dry the RNA pellet
for 5-10 min.

Proceed to “Oligonucleotide Microarray Hybridization Proto-
col” described in Subheading 3.1.

4 Notes

. Quick Amp Labeling Kit contains two vials of dNTPs, labeled

as “10 mM dNTP mix” and “NTP mix.” Be sure to use the
appropriate reagents.

. Cyanine 3(Cy3)-CTP, cyanine 5(Cy5)-CTDP, and cyanine 3-pCp

fluorescent dye are highly light sensitive. Minimize exposure of
light at every stage of the protocol (i.c., cover the sample with
foil when handling and store, close water bath with lids, etc.)

. Add the cyanine 3(Cy3)-CTP (or cyanine 5(Cy5)-CTP) and

enzyme to the mix, immediately prior use.

. The long centrifugation dries the spin column membrane,

ensuring that no ethanol is carried over during RNA elution.
After centrifugation, carefully remove the spin column from the
collection tube so that the column does not contact the flow-
through.

. It is suggested to perform this step to eliminate any possible

carryover of buffer RPE or if residual flow-through remains on
the outside of the spin column.
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6.

10.

11.

12.

13.

14.

15.

16.

17.

We usually quantitate ¢RNA using NanoDrop ND-100
UV-VIS Spectrophotometer. The yield of cRNA and amount
of Cy3-CTP or Cy5-CTP incorporation (pmol Cy3 or Cy5 per
pg cRNA) can be calculated using the following formula: The
cRNA concentration (ng/pl) = A260 x 10 x 40 pg/ml; The
yield of cRNA (pg) = cRNA concentration (ng/pl) x 30 (pl)/
1,000; Cy3-CTP or Cy5-CTP concentration (pmol/ul) =
Asso x 10 x 1,000,/150; Cy3-CTP or Cy5-CTP incorpora-
tion (pmol/pg) = Cy3-CTP or Cy5-CTP concentration
(pmol/pl) x 1,000/cRNA concentration (ng/pl). Using
Quick Amp Labeling Kit (Agilent Technologies), more than
1.65 pg of cRNA and more than 9 pmol/pg of Cy3-CTP or
Cy5-CTP incorporation can normally be obtained.

. If the pellet does not go into solution completely, heat the mix

for 4-5 min at 37 °C.

. Take care to avoid introducing bubbles. Do not mix on a vortex

mixer.

. Tap the assembly on a hard surface to move stationary bubbles

(see Fig. 2d).

Always use the clean equipment when doing the hybridization
and wash steps. Wash the equipment that is used in previous
experiments with Milli-Q water.

miRNA Complete Labeling and Hyb Kit (Agilent Technolo-
gies) generates fluorescently labeled miRNA from 100 ng of
total RNA. This method involves the ligation of one cyanine 3-
pCp molecule to the 3’ end of an RNA molecule.

Incubate no less than 5 min and no more than 10 min, or the
labeling efficiency of the sample will be affected.

Use an ice-water bath and not just crushed ice to ensure that
the samples remain properly denatured. When using a thermo-
cycler, transter the sample to ice-water bath immediately after
incubating at 100 °C to prevent the RNA from reannealing.
Thermocycler do not cool as quickly as is needed.

Be sure to use the Ligation Master Mix within 15 min of mixing
all the components. Failure to do may affect the labeling effi-
ciency.

The sample must be completely dried after labeling to remove
residual DMSO. Residual DMSO will adversely affect the
hybridization results.

Do not leave samples in the ice-water bath for more than
15 min, as longer incubations may adversely affect the hybridi-
zation results.

The amount of the antibody required for IP will depend on the
protein. The optimal amount of the antibody needed should be
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determined by doing IP with this protocol with 1, 5, 10 and
30 pg ot antibody. Usually, we use 10 pg ot antibody for protein
like HuR, and 30 pg for proteins like TIA-1, TIAR.

18. We usually use the nucleic acid coprecipitant, such as Glyco-
Blue Coprecipitant (Ambion) and Dr. GenTLE Precipitation
Carrier (Takara), to increase the size and visibility of pellet. Be
sure that the coprecipitant you use does not interfere with
molecular biology procedures including reverse transcription
or fluorescent labeling of cRNA.
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Chapter 20

Epigenetic Biomarker to Determine Replicative
Senescence of Cultured Cells

Carmen M. Koch and Wolfgang Wagner

Abstract

Somatic cells change continuously during culture expansion—long-term culture evokes increasing cell size,
declining differentiation potential, and ultimate cell cycle arrest upon senescence. These changes are of
particular relevance for cellular therapy which necessitates standardized products and reliable quality
control. Recently, replicative senescence has been shown to be associated with highly reproducible epige-
netic modifications. Here, we describe a simple method to track the state of senescence in mesenchymal
stromal cells (MSCs) or fibroblasts by monitoring continuous DNA methylation (DNAm) changes at
specific sites in the genome. Six CpG sites have been identified which reveal either linear hypermethylation
or hypomethylation with respect to the number of cumulative population doublings (cPDs). Conversely,
the DNAm level at these CpG sites can be analyzed—for example, by pyrosequencing of bisulfite-converted
DNA—and then used for linear regression models to predict ¢cPDs. Our method provides an epigenetic
biomarker to determine the state of senescence in cell preparations.

Key words Replicative senescence, Epigenetics, Epigenetic senescence signature, DNA methylation,
Mesenchymal stromal cells, Fibroblasts

1 Introduction

In vitro, cells can be expanded to relatively large cell numbers. They
undergo numerous population doublings before entering a senes-
cent state—unless they have been transformed into immortalized
cells. In the course of culture expansion, cells acquire continuous
phenotypic and functional changes, such as cell enlargement and
loss of differentiation potential [1]. The phenomenon of replicative
senescence has already been described 50 years ago by Leonard
Hayflick [2]. A common hypothesis favors the view that replicative
senescence is necessary to prevent malignant transformation in vivo
[3], but the underlying molecular mechanisms are still not fully
understood.
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It is widely accepted that culture expansion results in cellular
defects as consequence of cellular stresses such as irradiation, exten-
sive proliferation, and oxidative stress. Among other consequences,
this entails upregulation of tumor suppressor genes—such as
CDKNIA (p21), CDKN2A (pl6), or TP53 (p53)—resulting in
sustained cell cycle arrest [4]. Telomere attrition has also been
shown to play a major role in replicative senescence: telomere
length declines with each cell division cycle until a critical length
is reached, and it has been shown that few truncated telomeres are
sufficient to trigger senescence [4]. Yet, even expression of telome-
rase and telomere extension cannot always prevent replicative
senescence indicating that telomere erosion is not the only cause
of replicative senescence [5]. More recently, we have demonstrated
that replicative senescence is associated with DNA methylation
(DNAm) changes at specific sites in the genome—particularly in
developmental genes [6—10]. This observation supports the notion
that replicative senescence resembles a highly organized epigeneti-
cally controlled process.

Analysis of replicative senescence is of particular relevance for
cellular therapy. Therapeutic products require a highly standardized
manufacturing process and reliable quality control. However, track-
ing of replicative senescence in cultured cells is not trivial [11-13].
One approach is analysis of the percentage of highly proliferative
cells which are capable of forming fibroblastoid colony-forming
units (CFU-Fs). The proportion of CFU-F-forming cells declines
continuously over subsequent passages and can therefore be used as
surrogate for the remaining cPDs until replicative senescence [14].
However, such functional assays require labor-intensive cell culture
methods and can only be used for prospective analysis—therefore a
molecular marker might be advantageous. Telomere length has
been shown to decline during cellular aging, but due to large
interindividual and cell type-specific differences, the assessment of
telomere length is usually not applied to monitor replicative senes-
cence. Cells at higher passages accumulate senescence-associated 3-
galactosidase (SA-B-gal), which can be detected by histochemical
staining methods of metabolic products [15]. A fluorescence-based
adaptation of this method was described by Debacq-Chainiaux and
coworkers, in which the increase of SA-p-gal is detected by flow
cytometry [16]. However, this method is limited with respect to
providing a quantitative measure of the progress towards the state
of replicative senescence. It has also been shown that long-term
culture is associated with specific gene expression changes, such as
upregulation of CDKN1A, CDKN2A, or TP53 and many more—
these changes can be measured relatively easily but the method
usually requires a reference of early passage and it is influenced by
cell culture procedures [12, 17].

As an alternative to these approaches, we investigated if the
aforementioned epigenetic modifications can be used to monitor
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replicative senescence [8]. We combined all publically available
DNAm data from healthy donors which had been generated with
the Infinium HumanMethylation27 BeadChip. This platform facil-
itates simultaneous DNAm analysis of more than 27,000 CpG sites
at single base resolution. Subsequently, we filtered for those CpG
sites which reveal a linear increase in DNAm level over subsequent
passages, days in culture, or cumulative population doublings
(cPDs). Six specific CpG sites were identified by Pavlidis Template
Matching (PTM) which fulfilled these parameters [18]. Analysis of
DNAm at these CpG sites can conversely be used to predict the
state of replicative senescence from various cultured cell prepara-
tions. This signature has been validated in mesenchymal stromal
cells (MSCs) derived from bone marrow and adipose tissue as well
as in dermal fibroblasts. Furthermore, the method was applicable
for cells which were propagated in different culture media (supple-
mented with either fetal calf serum or human platelet lysate) or at
different seeding densities [8].

It is tempting to speculate that these DNAm changes are also
related to aging of the organism. In fact, comparison of young and
elderly donors revealed many age-associated DNAm changes,
and overall there is a significant association with long-term
culture-associated DNAm changes [6, 9, 19, 20]. However, this
association is not observed at most differentially methylated CpG
sites and the epigenetic senescence signature described here has
been generated regardless of donor age. Interestingly, neither
irradiation-induced ~ senescence nor immortalization with
hTERT /SV40TAg prevented these long-term culture-associated
epigenetic modifications [10]. However, when we reprogrammed
MSC into iPSC, the DNAm changes appear to be reset to a state of
noncultured cells [10, 21]. Therefore, these epigenetic modifica-
tions do not seem to resemble a cell culture artifact—they rather
seem to be associated with a tightly regulated epigenetic process
which seems to be reversed during rejuvenation into pluripotent
cells.

In the following sections, we provide a step-by-step guidance
tor the use of this epigenetic senescence signature.

2 Material

2.1 Biological
Material

The method we describe is applicable for different cell types—
particularly for mesenchymal stromal cells (MSCs) and fibroblasts.
All our cell preparations were isolated after written consent accord-
ing to the guidelines of the local ethics committees. Bone marrow
derived MSCs (BM-MSCs) were isolated from bone marrow aspi-
rates (iliac crest; IC) of healthy donors for allogeneic transplanta-
tion (Ethics statement #348 /2004, Heidelberg, Germany), from
caput femoris (CF) after hip fracture, or from tibia plateau (TP;
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2.2 Human Platelet
Lysate

2.3 Culture Medium
and Passaging

2.4 DNA Preparation

2.5 DNAm Analysis
at Specific CpG Sites

#EK128 /09, Aachen, Germany, and #076,/2007, Heidelberg).
Adipose tissue-derived MSCs (AT-MSCs) were isolated from
lipoaspirates of healthy adult donors (#£K163,/07, Aachen). Der-
mal fibroblasts (D-Fib) were isolated from patients undergoing
plastic surgery (#EK173/07, Aachen). The following sections
exemplarily describe culture expansion of BM-MSC in medium
supplemented with 10 % human platelet lysate (hPL) [22] (see
Note 1).

Human platelet lysate (hPL) is generated by two cycles of freezing
and thawing of thrombocyte concentrate units from healthy donors
(provided by the blood bank, University Hospital, Aachen) as
described before [23] (see Notes 2 and 3).

1. 500 mL laboratory bottle (Duran, Wertheim, Germany).

2. 500 mL rapid-Filtermax, vacuum filtration unit (TPP, Trasa-
dingen, Switzerland).

3.2 U/mL heparin (Ratiopharm, Ulm, Germany).

4. Dulbecco’s Modified Eagles Medium-Low Glucose (DMEM-
LG; PAA, Pasching, Austria).

5. 2 mM L-glutamine (Sigma-Aldrich, Miinchen, Germany).

6. 100 U/mL penicillin/streptomycin (pen/strep; Gibco, Invi-
trogen, Carlsbad, USA).

7. 0.25 % Trypsin—EDTA solution (1x) (Gibco).
8. 1x phosphate-buffered saline (PBS) (PAA).

9. Tissue culture flasks 75 cm? (Nunc Thermo Fisher Scientific,
Langenselbold, Germany).

10. Hemocytometer (Neubauer counting chamber, Brand,
Wertheim, Germany).

11. 0.4 % Trypan Blue solution (Sigma).
12. 15 and 50 mL Falcon tubes (BD).

1. QIAamp DNA Blood Midi Kit (Qiagen, Hilden Germany) (see
Note 4).

. 15 mL Falcon tubes (BD).
. 0.5 mL Safelock tubes (Sarstedt, Niimbrecht, Germany).

. Nuclease-free water (Qiagen).
. Water bath (70 °C).

ol W N

This model is based on the DNAm at six specific CpG sites. Various
methods can be used for detection of the methylation level. These
CpGsites can easily be selected from DNAm profiles obtained using
the Infinium HumanMethylation27 BeadChip [24] (see Note 5).
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Table 1
Pyrosequencing primers for the six relevant CpG sites
Sequencing
Gene Forward primer (5'—3') Reverse primer (5’ —3) primer (5'—3')
GRM7 TTGGGATTATTGTTGATTT CCCCTACTACCTAC TACCTACTAAAA
TAAAAATA ATACTCCT
CASR TGTAATAGGTATTTG CCCAAACTCTTACT TTGGTTGTAGT
GTTGTAGT CATTCTA TAGGAA
PRAMEF2 TTTGAGGGTATTT TCCCTAACTAACTAAC TAGAATTTTGT
AGAAGAGAT TACTAATC AAAGTGAG
SELP AGAAGGTAGAAAATT CAACATAAAACTCCA AGGTAAAGGTT
AGTAGAGTT TAACTA TAGAAAG
CASP14 TTGGAGATTTAG AACAAAACAAATAAC TATTTTTTTGA
TGAGATAATA CCATATA GATGGT
KRTAPI3-3 GAGATTTGTTGGAGGTTTAA CCCAATAAAAAA ATTTTTGTTT
CAACTCC GATTATGTA

Gene symbols of genes are listed which are associated with the relevant CpG site

We expect that it is alternatively possible to determine the DNAm
level by MassARRAY assay [25]. In the following sections we will
particularly focus on the specific analysis of bisulfite-converted DNA
via pyrosequencing.

1.

600 ng of purified genomic DNA (see Subheading 2.4).

2. EpiTect Bisulfite Kit (Qiagen, Hilden, Germany).
3.
4

. Pyrosequencing primers are depicted in Table 1 (for sequence

Q24 Instrument or PyroMark ID Instrument (Qiagen).

information of the relevant CpG sites see Table 2).

3 Methods

3.1 Long-Term
Culture of

Mesenchymal Stromal

Cells (See Note 6)

[\

. Add r-glutamine, penicillin /streptomycin, heparin, and human

platelet lysate (10 %) to the DMEM-LG medium to a final
volume of 500 mL.

. Sterile filter medium and store at 4 °C up to 2 weeks.
. Seed BM-MSC after isolation at a density of 5,000 cells/cm?®

into culture flasks (see Notes 7 and 8).

. Upon 80 % confluence remove medium and wash cells with

PBS twice.

. Add 1 mL of trypsin—EDTA solution and incubate at 37 °C for

1 min.
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Table 2

Depiction of ID numbers, gene names, and sequences of the six relevant CpG sites of the epigenetic

senescence signature

Associated

CpGsite ID gene Sequence surrounding relevant CpG site

1 cg02332525 GRM7 GTGCTGGAGGTGCTCCTGTGCGCGCTGGCGGC
GGCGGCGCGC

2 cgl7453778 CASR TGGCTGCAGCCAGGAAGGACCGCACGCCCTTT
CGCGCAGGAG

3 cg03891191 PRAMEF2 AGAAGGTGGTGACTTACCAGCGCTGGACTCA
CTTTGCAGAGT

4 cg01459453 SELP ACATAAAACTCCATGGCTATCGCTGTTCCTCA
CTTTCTGAAC

5 cg01999333 CASPI14 CTCTTCTACCTAGGAGATGACGGGCTGGGGA
AGCCATCTCAA

6 cgl6431978 KRTAPI3-3  TGACTATGCATGTTGGGTCTCGGGGTTTTG
GATCCAATAGCT

The relevant CpG site is indicated in bold

3.2 CGalculation of
Real Cumulative
Population Doublings

3.3 DNA Preparation
and Bisulfite
Conversion

6

7.

10.
11.

. After cell detachment, stop trypsinization by application of
5 mL culture medium.

Transfer solution into 15 mL Falcon tube and centrifuge at
350 x gfor 7 min.

. Discard supernatant and resuspend pellet in 1 mL culture
medium.

. Count cells in a Neubauer counting chamber after application
of Trypan Blue dye for exclusion of dead cells (se¢ Note 9).

Reseed cells at a density of 5,000 cells /cm?.

Document cell count for calculation of cumulative population
doublings (see Subheading 3.2).

Calculate cumulative population doublings from the first passage

un

til the destined number of passages by employing the following

formula: cPD = sum; _ |, log,(hi/sz); where # is the total num-
ber of passages, sz is the number of cells seeded at passage i,
and h7z is the number of cells harvested in passage 7 [26]
(see Notes 10 and 11) (Fig. 1).

1

2

. Isolate genomic DNA with the QIAamp DNA Blood Midi Kit
following the manufacturer’s instructions.

. Elute DNA in 300 pL nuclease-free water or in the provided
elution buffer for long-term storage.
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80

cumulative population doublings

0 50 100 150 200

days of in vitro culture

Fig. 1 Long-term growth curves of culture-expanded cells. Human dermal
fibroblasts (D-Fib) and mesenchymal stromal cells from bone marrow (BM-
MSCs) and adipose tissue (AT-MSCs) were expanded in vitro (gray symbols:
samples which were analyzed by lllumina BeadChip; open symbols: samples
analyzed by pyrosequencing). Long-term growth curves are based on the
documentation of culture time and calculation of cumulative population
doublings as indicated in the text

3. Assess concentration and quality via photometric measurement
and agarose gel electrophoresis.

4. Conduct bisulfite conversion of 600 ng purified genomic DNA
using the EpiTect Bisulfite Kit according to the manufacturer’s
instructions. In brief, this treatment is based on the following
principle: addition of sodium bisulfite converts unmethylated
cytosine residues into uracil, while leaving the methylated cyto-
sines unchanged. A special buffer prevents fragmentation of
DNA by controlling the pH condition necessary for cytosine
conversion. The optimized thermal cycling program ensures
high cytosine conversion rates (over 99 %) and the on-column
procedure allows subsequent elution of purified DNA, which
can subsequently be analyzed by pyrosequencing.

Analysis of DNAm at six specific CpG sites is the prerequisite for
use of the epigenetic senescence signature. These sites were selected
to correlate with the number of ¢cPDs (Fig. 2). If DNAm profiles
based on the Illumina HumanMethylation27k Chip are available,
these can be directly extracted by the IDs (Table 2). Alternatively,
DNAm at the relevant sites can be determined by pyrosequencing
(see Subheading 2.5; see Note 12):

1. Pyrosequencing of bisulfite-converted DNA from cell prepara-
tions of known passage and with consecutive cPD calculations
can be performed using, for example, the Q24 Instrument or
the PyroMark ID Instrument (Qiagen) according to the man-
ufacturer’s instructions.
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Fig. 2 Cumulative population doublings (cPDs) are reflected by the DNA methylation level of specific CpG sites.
The DNA methylation levels of six specific CpG sites are plotted against the corresponding cPDs. These data
were either analyzed by lllumina BeadChip technology (gray symbols and gray regression lines) or by
pyrosequencing of the six CpG sites (open symbols and black regression lines)
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Instruction for Web Tool:

1. Prerequisite for this tool is the detection of the methylation levels of CpG sites highlighted in red, e.g. by
pyrosequencing or lllumina Human Methylation BeadChip.

2. Enter methylation levels into the corresponding fields below (such as beta values, ranging from 0 to 100%).

3. Press the "Calculate” button and retrieve the predicted condition of the cell preparation.

Gene Sequence Methylation level X
| CpG1 GRM7 GTGCTGGAGGTGCTCCTGTECGCOCTGGCOROGECEECGLEC 4
| CpG2 CASR TGGCTGCAGCCAGGAAGGACCGCACGCCCTTTCGCGCAGGAG 30
| CpG3 PRAMEF2 AGAAGGTGGTGACTTACCAGCGCTGGACTCACTTTGCAGAGT E
PG4 SELP ACATAARACTCCATGGCTATCGCTGTTCCTCACTTTCTGAAC %
‘ CpG5 CASP14 CTCTTCTACCTAGGAGATGACGGGCTGGGGAAGCCATCTCAA 23
i CpG6  KRTAP13-3 TGACTATGCATGTTGGGTCTOGGGGTTTTGGATCCAATAGCT 16
Calculate
predicted passage: 19
predicted cumulative population doublings: 40
predicted time in culture: 109

Fig. 3 Screenshot of the webpage for the epigenetic senescence signature. The webtool simplifies the
prediction of cPDs, passages, and days in culture of a given cell preparation (http:/www.molcell.rwth-
aachen.de/dms/). After typing in the corresponding methylation value of the six specific CpG sites (see
Subheading 3.5) and pressing the Calculate button, the results are provided

2. Primers used for pyrosequencing are summarized in Table 1
(see Subheading 2.5).

3.5 Analysis of the For each CpG site the DNAm values are inserted into the

Epigenetic Senescence  corresponding linear regression models (Fig. 2). These equations

Signature with an are described in our previous work [8]. Thereby, predictions for

Online Webtool cPDs are generated for each individual CpG site and the mean of
these is subsequently calculated for the final value. To simplify the
calculation we designed a webtool, where the DNAm values can be
easily integrated. This tool is accessible under: http: //www.molcell.
rwth-aachen.de/dms/ (Fig. 3).
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Fig. 4 Prediction of cPDs by either linear regression analysis or multivariate analysis. Single linear regression
models on the basis of DNA methylation at six specific CpG sites are applied to calculate cPDs (a). Similar
results are received after application of the multivariate model for cPD calculation (b). Beta-values were either
measured by lllumina BeadChip technology (gray symbols and gray regression lines) or by pyrosequencing
(open symbols and black regression lines)

3.6 Analysis of the
Epigenetic Senescence
Signature with a
Multivariate Model

1. Type in the corresponding beta-values of the 6 CpG sites and
press Calculnte for the predictions (see Note 13).

2. Compare results with the calculated real cPDs of the cell pre-
parations (see Subheading 3.2; Fig. 4a).

Alternatively, we have generated a multivariate model which
combines the six linear regressions into one equation. Instead of
averaging the six independent regression analyses, this single equa-
tion method might be easier to use:

Predicted ¢cPD = 45.89 + (23.63 x ¢g02332525) + (31.61 x
cgl7453778) + (=53.70 x ¢cg03891191) + (14.86 x cg014
59453) + (—23.94 x cg01999333) + (—10.34 x cgl6
431978)

The corresponding beta-values for the six CpG sites have to be
inserted. This method generates very similar results as the above
mentioned method (Fig. 4b).

4 Notes

1. Generation and validation of the epigenetic senescence signa-
ture have been performed with bone marrow MSC, adipose
tissue-derived MSC, and dermal fibroblasts. For additional
validation we used publically available DNA methylation data-
sets from freshly isolated primary cells (dermal, epidermal,
ovarial, and cervical cells as well as blood-derived cells), which
were predicted to be close to noncultured cells. Furthermore,
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we analyzed public data from several transformed cancer cell
lines of different tissues, and these cells were predicted to have a
long history of culture expansion [8]. Therefore, the method is
probably also applicable for various other cell types although
the regression models may have to be adapted. So far, we have
not specifically tested applicability for epithelial cells.

. Thrombocyte units can be used after their date of expiry for

clinical application.

. The donor age of hPL is also relevant. MSCs proliferate faster in

culture medium supplemented with hPL from younger donors.
Furthermore, the percentage of SA-B-gal-expressing cells is
lower than using hPL from elderly donors [27].

. Alternatively various other commercial kits for DNA isolation

can be used.

. It is also possible to use the Infinium HumanMethylation450

BeadChip [28]. However, this platform does not include the
CpGsite associated with PRAMEF2. Either this CpG site is then
excluded from analysis—which might impair the result—or it is
measured by alternative procedures (e.g., pyrosequencing).

. The epigenetic senescence signature was generated and vali-

dated using cells which were harvested during culture expan-
sion under conventional culture conditions. Recently, we have
demonstrated that irradiation-induced premature senescence
did not affect these DNAm changes [10]. However, we did
not test other senescence stimuli such as reactive oxygen species
(ROS) or oncogenic RAS expression—it is conceivable that
such treatments for premature senescence also have impact on
the epigenetic senescence signature.

. Application of different media and seeding densities is feasible

as the epigenetic senescence signature was originally identified
in very different cell preparations—yet it may be advantageous
to adapt the equations to specific culture conditions if larger
datasets are available.

. Theoretically, seeding density can affect the heterogeneity of

replicative senescence within the cell preparations [26]. While
this effect cannot be ruled out, we recommend using the same
seeding density throughout culture expansion.

. Alternatively various other methods can be used for cell count-

ing (e.g., by CASY cell counter, Roche Diagnostics, Man-
nheim, Germany).

cPDs can also be estimated without long-term growth curves.
However, to validate the accuracy of the method for the
corresponding cell preparations, it is necessary to generate
these data to determine real cPDs.
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11. Estimation of the initial cPDs after the first cell seeding can be
performed by a fibroblastoid colony-forming unit (CFU-F)
assay in limiting dilutions [14].

12.

This technology may not be available in many laboratories:

these measurements can be provided by core facilities or com-
mercial service providers. DNA is relatively stable and can easily
be shipped. You can contact us for advice.

13.

DNAm levels are usually provided as beta-value, ranging from

0 (non-methylated) to 1 (100 % methylation).
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Chapter 21

Single-Neuron Transcriptome and Methylome Sequencing
for Epigenomic Analysis of Aging

Leonid L. Moroz and Andrea B. Kohn

Abstract

Enormous heterogeneity in transcription and signaling is the feature that slows down progress in our
understanding of the mechanisms of normal aging and age-related diseases. This is critical for neurobiology
of aging where the enormous diversity of neuronal populations presents a significant challenge in experi-
mental design. Here, we introduce Aplysia as a model for genomic analysis of aging at the single-cell level
and provide protocols for integrated transcriptome and methylome profiling of individually identified
neurons during the aging process. These single-cell RNA-seq and DNA methylation assays (methyl-
capture/methyl enrichment) are compatible with all major next generation sequencing platforms (we
used Roche /454 and SOLID /Life Technologies as illustrative examples) and can be used to integrate an
epigenetic signature with transcriptional output. The described sequencing library construction protocol
provides both quantitative and directional information from transcriptional profiling of individual cells. Our
results also confirm that different copies of DNA in polyploid Aplysia neurons behave similarly with respect
to their DNA methylation.

Key words Single-cell RNA-seq, DNA methylation, Transcriptome, Aplysia, Epigenomics, Epige-
netics, Aging, Memory, Next generation sequencing

1 Introduction

Enormous and highly dynamic cell heterogeneity in transcription
and signaling is the feature that slows down progress in our under-
standing of the mechanisms of normal aging and age-related dis-
cases. This is particularly important in neuroscience and
neurobiology of aging where the enormous diversity of neuronal
populations present a significant challenge in experimental designs.
Thus, it is highly desirable to directly measure molecular signatures
and identify mechanisms of aging in neural civcuits at single-cell
resolution. Although it is technically difficult, if not impossible,
from mammalian preparations, such single-cell resolution is achiev-
able using some invertebrate model organisms.

Trygve O. Tollefsbol (ed.), Biological Aging: Methods and Protocols, Methods in Molecular Biology, vol. 1048,
DOI 10.1007/978-1-62703-556-9_21, © Springer Science+Business Media New York 2013
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Fig. 1 Aplysiais an emerging model for cell biology and epigenomics of aging. The life expectancy of Aplysia is
approximately a year, and the animal can grow very rapidly from a small microscopic swimming larva, less
than 0.5 mm in diameter to up to a 1-3 kg mature adult comparable in its size with a rabbit. Yet, the Aplysia
central nervous system consists of only 10,000 neurons of different coloration. Some of these neurons are the
largest in the animal kingdom [57] and are visible to the naked eye. As a result of their surface location and
unique morphological and functional properties, these neurons can be reliably identified and mechanically
isolated for microchemical and genomic analysis. The isolated cell on a penny is one of the large cholinergic
motoneurons (modified from [24, 59, 60])

In this chapter, we will first introduce a model for genomic
analysis at the single-cell level—the marine mollusk, Aplysia cali-
fornica (Fig. 1). Second, using individual identified neurons of
Aplysin as illustrated examples, we will provide protocols for
single-cell transcriptome (RNA-seq) and methylome profiling.
Importantly, recent single-cell microarray and RNA-seq studies
demonstrated that different neurons indeed age differently [1],
Fig. 2. The discovered cell-type specificity in expression of more
than several thousand genes suggests that a preexisting epigenetic
landscape might significantly determine how neurons wounld age. In
other words, conceptually both aging and/or memory formation
at the single-cell level can be viewed as a Waddington landscape
diagram (Fig. 2d).
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Fig. 2 Different neurons age differently. Comparison of age-related changes in gene expression between two
identified cholinergic neurons LPI1 and R2 (modified from [1]). (@) The schematic representation of the
reference design microarray experiments to compare two different cell types R2 and LPL1 during the aging
process in Aplysia. In these microarray tests, individual neurons were compared to the same reference CNS
sample. The individual circles represent single neurons (LPI1—nblue tones; R2—orange tones) from young or
old animals. (b) Photograph of the freshly dissected right abdominal semi-ganglion with the position of R2 and
R14 neurons marked (connective tissues from the ganglionic surface were removed and the natural coloration
of cell somata were preserved). This R2 cell is the largest neuron ever photographed reaching 1.1 mm in
diameter. When this cell was isolated (insert) and fixed in 100 % ethanol it lost its pigmentation. 1.9 g of total
RNA was obtained from this neuron. (¢) We found that only 58 neuronal transcripts (~0.1 %) are differentially
expressed when LPI1 and R2 neurons are compared from young animals. In contrast, when the same cells
were directly compared from old animals, we identified 2,508 differentially expressed transcripts (~4.5 %).
This suggests that identified cholinergic motoneurons are more similar to each other in younger animals than
the same neuronal types in older animals. (d) The landscape diagram is modified from Waddington, C. H.,
1956 (Principles of Embryology, op. cit., p. 412; [61]). Following Waddington’s visual schematics, the ball
represents a neuronal fate. The valleys are the different fates a given neuron might roll into. At the beginning of
its journey, development is plastic, and a cell can have many fates. However, as development and aging or
memory proceeds, certain molecular events occur randomly and this can lead to different underlying
molecular phenotypes and decisions that cannot be reversed

We are only beginning to realize that at the very core of many
neuronal integrative mechanisms is the evolutionarily conserved
process of DNA methylation/demethylation [2-9]—i.c., the
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covalent modification of cytosine in animal genomes to form a fifth
base (5-methyleytosine; (5mC)) or undoing this modification via a
sixth base [10, 11] (5-Aydroxymethyl cytosine; (5hmC)). Although
the levels of 5ShmC/5mC have recently been shown to change in
the hippocampus with normal aging [12, 13], neither the mechan-
isms nor cell specificity is known.

It was proposed that age-associated decay of synaptic functions
is due to selective, sometimes neuron-specific, downregulation of
genes controlling polarized transport of protein-RNA cargos to
distant synapses and DNA methylation [1]. Testing these hypoth-
eses at the single-cell level should facilitate identification of molec-
ular markers of aging in general and mechanisms of age sensitivity
for certain neuronal classes in particular. The implementation of
single-cell epigenomic protocols combined with RNA-seq profiling
will also advance our understanding of the logic of gene regulation
during normal physiological functions such as loss associative forms
of memory. Further progress is also needed in generating efficient
model systems to bring together all levels of information, from
genome to cell to circuit to behavior.

2 Aplysia as the Emerging Model for Single-Cell Genomics of Aging

Biology has often advanced by making use of relatively simple
model systems. Arguably, Aplysia and its simple memory-forming
circuit [14-23] is one of only a few currently available model
systems [17, 19, 24] that will efficiently advance single-cell studies
and encourage new directions in the biology of aging. To stress
this point, single-neuron methylation profiling in mammals is
currently impossible due to the very small amount of DNA
(5-6 pg) and the fact that any required amplification leads to
loss of methylation signatures. Thus, a mouse model (e.g., the
well-recognized trisynaptic circuit of the hippocampus) of aging
cannot be used for combined single-cell methylome/RNA-seq
profiling. Even reproducible single-cell RNA-seq has not been
achieved for any functionally characterized mammalian neuron
and initial attempts revealed unprecedented molecular heteroge-
neity within apparently similar neuronal populations [13, 25, 26].
In contrast, an Aplysia neuron yields up to 260 ng of DNA,
allowing us to perform single-neuron methylome profiling effi-
ciently (the current limitation is 1 ng of starting material or ~200
mammalian neurons) together with gene expression profiling
(RNA-seq) from the very same cell, and follows aging at the level
of single identified neurons over the entire life span. As such, the
Aplysin model oftfers unprecedented advantages to address funda-
mental questions in aging research.
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2.1 The
Phenomenology
of Aging

2.2 Functionally
Identified Neural
Circuits and
Accessible Neurons in
Aplysia

Dynamics in Aplysia has been studied in sufficient detail (Fig. 1)
both in nature and under controlled aquaculture environments
[27,28]. Sexual maturity is generally completed within 2—-3 months
(~40 % of their life spans) when animals start copulative and egg-
laying behaviors (usually in 80-200 g animals). It is easy to culture
Aplysin and inbred lines can be developed (e.g., in NIH-supported
Aplysia facilities) (Miami, http: //aplysia.miami.edu/).

Life expectancy for Aplysia is about 150-350 days. Aplysia
grow linearly without approaching a limiting size (sometimes
reaching more than 1-2 kg); thus, the existence of senescence
indicates that aging is not a by-product of the cessation of growth
[29]. Mean lifespan of animals fed ad libitum was approximately
228 day. In contrast, animals fed standard but limited rations lived
much longer (an average of 375 day) and showed a lower initial
mortality rate, suggesting that caloric restriction on a single-species
diet prolongs lifespan in Aplysia [27]. Importantly, animals reared
at 13 °Cor 15 °C grew as much as four times as large, lived twice as
long, matured later, and spawned longer than did animals reared at
18 °C or 21 °C. Aging rate was highest for animals reared at
21 °C—as expected for the accelerated lifecycle at higher tempera-
tures [28].

Neural circuits controlling both stereotyped and learned behaviors
have been identified in the CNS of Aplysia [22, 23], providing a
solid background to understand cellular bases of behavior at the
level of a small number of individually identified neurons. The most
significant progress has been made in characterizing memory-
forming networks, performed in the laboratory of Eric Kandel,
his collaborators, and many other groups [14-23]. The cumulative
data obtained during more than 40 years of behavioral, neuronal,
and molecular analysis of a network involved in defensive reactions
has yielded what is now one of the best understood experimental
systems for cellular studies of simple forms of learning and memory
[19]. Surprisingly, a large number of critical phenomena associated
with long-term synaptic plasticity and memory can be reproduced
in a simpler system consisting of only 2—3 neuronal subtypes. This
simplest memory-forming network (i.e., a glutamatergic sensory cell,
a cholinergic motor neuron, and a serotonergic or FMRFamide-
containing interneuron) can also be reconstructed in cell culture.
Importantly, this network can be even further reduced to two cells
where the action of the facilitatory serotonergic interneurons can
be substituted by local application of serotonin (5-HT) [19] or
nitric oxide (NO) [30], the neurotransmitters that induce long-
term facilitation. Signal transduction pathways underlying 5-HT-
induced learning mechanisms are well described [17, 19, 31, 32]
and mediated by canonical cAAMP /PKA/MAPK/CREB pathways,
whereas NO signaling is partially coupled with cGMP pathways
[30, 33]. Both of these facilitatory transmitters and aging result
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Fig. 3 Isolation of single identified neurons and their RNA/DNA content. (a) Panel of a series of photographs
showing the isolation of the L7 neuron with a glass suction pipette (modified from [41]). Below is a schematic
depiction of a single neuron and its neurites; the diagram shows the amounts of RNA isolated from neuronal
somata and axodendritic processes. (b) The amount of RNA isolated from a single Aplysia neuron is directly
proportional to the volume of that cell. The gigantic R2 neuron yielded 1.9 pg of total RNA and 250 ng of gDNA

in large-scale changes in gene expression, synaptic reconfiguration,
and long-term plasticity within individual neurons and are paral-
leled from flies to humans and rodents [19].

From a methodological point of view, the most remarkable
feature of Aplysia is the presence of large, easily identified neurons
[22-24]. As we recently measured, these neurons yield from 30 ng
to 1.9 pg of total RNA per single neuron [1, 24]. They can also
provide from 3 to 250 ng of gDNA depending upon cell size [24].
The accessibility and size of Aplysia neurons (ranging from 30 to
1,100 pm) are ideal for development and integration of genomic/
epigenomic profiling at a single-cell level. Both single cells and their
giant nuclei can be isolated within minutes, making single-cell
genomic profiling (RNA-Seq/ChiP-Seq) entirely feasible [1, 34]
(Fig. 3). It was also shown that <1 % of the cytoplasm from a single
cell is needed to directly characterize and quantify hundreds of
intracellular metabolites, signal molecules, and various peptides
using capillary electrophoresis and mass spectrometry [35-39].
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These posttranscriptional and posttranslational assay protocols are
well established and can complement the genomic and epigenetic
profiling from the same cells outlined below.

In summary, changes in transcription and DNA methylation
with aging have been shown to occur in rodent hippocampus [40],
yet mouse and rat models of aging cannot be used for integrated
single-cell RNA-seq/methylome profiling because the minute
amount of DNA (1-2 pg/cell) requires amplification for sequenc-
ing, which in turn erases epigenetic and methylation signatures. At
present, this type of single-cell experiment is only possible using
Aplysin, and the protocols for single-cell RNA-seq and DNA meth-
ylation profiling are presented in the following sections.

3 Materials

Reagents

e QIAamp® DNA Micro genomic DNA isolation kit (Cat #
56304, Qiagen).

e RNAqueous-Micro™ (Cat # 1931, Ambion/Life Technolo-
gies).

e ArrayControl™ RNA Spike-in control RNAs (Cat #1780,
Ambion/Life Technologies).

e High-Capacity cDNA Archive Kit (Cat # 4322171, Applied
Biosystems/Life Technologies).

o TagMan® Universal PCR Master Mix (Cat # 4304437, Applied
Biosystems /Life Technologies).

e SYBR Green PCR Master Mix (Cat # 4309155, Applied Bio-
systems/Life Technologies).

o MEGAscript® T7 Kit (Cat # 1333, Ambion,/Life technolo-
gies).
e Quick Ligation™ Kit (Cat# M2200S, New England BioLabs).
— 10x Quick Ligation Reaction Buffer:
132 mM Tris—HCI.
20 mM MgCl,.
2 mM dithiothreitol.
2 mM ATPD.
15 % polyethylene glycol (PEG 6000) pH 7.6 at 25 °C.

e AMPure XP Reagent (Cat # A63880, Agencourt, Beckman
Coulter, Inc.).

e LA Taq™ (Cat # RR002M, Clontech) all buffers included.
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Table 1

Adaptors and primers for 454 and SOLID libraries

Primer name Primer sequence

Trsa 5-CGCAGTCGGTAC (T);3-3

454 libraries

A adaptor 5'-GCCTCCCTCGCGCCATCAG-3' and 5'-CCTGATGGCGCGAGGG-3
B adaptor 5'-GCCTTGCCAGCCCGCTCAG -3’ and 5-CTGAGCGGGCTGGCA-3'
A PCR 5'-GCCTCCCTCGCGCCATCAG-3’

B PCR 5'-GCCTTGCCAGCCCGCTCAG-3'

SOLID libraries
P1 adaptor

P2 adaptor

P1 PCR
P2 PCR

5'-CCACTACGCCTCCGCTTTCCTCTCTATGGGCAGTCGGTGAT-3'
and 5’-ATCACCGACTGCCCATAGAGAGGAAAGCGGAGGCGTAGT
GGTT-3’

5-AGAGAATGAGGAACCCGGGGCAGTT-3' and 5'-CTGCCCCGGG
TTCCTCATTCTCT-3'

5-CCACTACGCCTCCGCTTTCCTCTCTATG-3’
5-CTGCCCCGGGTTCCTCATTCT-3'

e MethylMiner™ (Cat # ME10025, Invitrogen /Life Technologies).

— Components of the kit include all buffers plus.
Dynabeads® M-280 Streptavidin.

MBD-Biotin Protein.
e End-It™ DNA End-Repair Kit (Cat# ER0720, Epicentre).

o E-Gel® SizeSelect™ 2 % Agarose (Cat # G6610-02, Invitro-
gen/Life Technologies).

¢ Agilent Bioanalyzer™ High Sensitivity DNA Kit (Cat #5067-
46206, Agilent Technologies).

e Agilent Bioanalyzer™ RNA 6000 Pico Kit (Cat #5067-1513,
Agilent Technologies).

e Primers: 0.2 pM scale HPLC purified, IDT, Integrated DNA
Technologies, Inc. (see Table 1 for sequences).

Equipment
e Agilent Bioanalyzer™ 2100 (Cat # G2947CA, Agilent Tech-
nologies).

e DynaMag™-2 magnet (microcentrifuge tube magnet) (Cat #
123-21D, Invitrogen, Life Technologies).

e Covaris S220 Focused-ultrasonicator.

e ABI 7700 Sequence Detection System (Applied Biosystems/
Life Technologies).
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e Qubit® 2.0 Fluorometer (Cat # Q32866, Invitrogen/Life
Technologies).

e M]J Research Thermo Cycler (Cat # PTC-100, MJ Research).

o E-Gel® iBase™ and E-Gel® Safe Imager™ Combo Kit (Cat #
G6465, Invitrogen /Life Technologies).

4 Methods

4.1 Single-Neuron
Identification and
Isolation

4.2 Single-Neuron
RNA Extraction

Aplysia californica has the largest neurons in the animal kingdom
with the cholinergic motoneuron R2 measuring up to 1.1 mm in
diameter (see refs. 24, 41 and Fig 2b). Many of the neurons in the
central nervous system of Aplysin are identified on the basis of
distinct function and phenotype [22, 23] and can be easily mechan-
ically isolated. In many cases, the same neuron can be visually
identified from animal to animal. If visual identification is not
possible, as in the L7 neuron, electrophysiological testing was
performed for identification [34, 41]. The illustrated examples of
the isolation of two identified neurons are shown in Figs. 2b and 3a
using a glass micropipette [41]. In both cases, the ganglia can be
pretreated with protease treatment to soften and remove the con-
nective tissues and expose neurons of interest. If visual identifica-
tion is possible, the easiest and most efficient way to isolate neurons
is to place the ganglia in cold (4-10 °C) ethanol for a few minutes.
This treatment quickly fixes the ganglia and prevents neuronal
injury during the isolation without affecting RNA quality and
integrity. Next, a pair of glass microelectrodes (like those used for
conventional microelectrode recordings) can be used to mechani-
cally remove individual neurons (Fig. 2b). The procedure takes
from 1 to 10-15 min to isolate a neuron of interest (it is a matter
of practice and skill).

An alternative and complementary method is to isolate living
neurons using the same protocols as for cell culture [41] (see
detailed description in Lovell and Moroz, 2006); this procedure is
illustrated in Fig. 3a. The later procedure can be applied to neurons
that require electrophysiological identification and characteriza-
tion. We have obtained comparable yields of RNA using either of
these procedures.

Importantly, as we indicated earlier, it is possible to isolate
individual neuronal processes, axons, and even growth cones for
transcriptome profiling of extrasomatic RNA. To facilitate the visu-
alization, neuronal processes can be electroporated using fluores-
cent dyes as described elsewhere [42].

Once single neurons and/or cell compartments are isolated, total
RNA is extracted (see Fig. 3a, b). We choose the RNA isolation kit
or method that has been experimentally proven best based on the
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4.3 Single-GCell RNA-
Seq Library for 454
Pyrosequencing

quality and quantity of RNA for a specific animal, tissue, or even
single cell [43] (see below for more details and notes). For single
neurons, the RNAqueous-Micro™ Kit produces excellent and
reproducible quality RNA. RNA quality is analyzed using an Agi-
lent 2100 Bioanalyzer™ on a 6000 Nano LabChip. For very small
quantities the 6000 Pico LabChip can be used. From the cell body
of a single L7 neuron, we extracted up to 100-200 ng of RNA (see
Fig. 3), and from the processes of sensory neurons in cell culture,
we extracted 20—40 pg of total RNA that was used to generate
sequencing libraries for the Roche /454 platform.

We show that the total RNA quantity from each neuron is linear
in relation to its cell volume (R* = 0.9052, see also Fig. 3). There-
tore, the concentration of RNA molecules is constant regardless of
cell size in these neurons. From the single R2 neuron shown in
Fig. 2b, 1.9 pg of total RNA was extracted (se¢ Note 1). Up to
250 ng of genomic DNA was extracted from the same identified
neuron, R2, which is the largest known neuron in the animal
kingdom. However, the procedure was successfully tested for the
entire spectrum of neuronal cell diameters from 30 to 300 pm in
Aplysin, squid (Loligo) axoplasm, and for clusters of 20-100 hippo-
campal neurons from CAl and CA3 regions of rat brain. Thus, the
presented method is not limited to neurons isolated from Aplysia,
and our protocol can also be easily adapted to samples with larger
amounts of material.

All commercially available RNA-seq library kits from Illumina,
SOLID, and the new Ion Torrent PGM sequencers require large
amounts of starting material (>1.0 pg) and are not feasible for
single cells. The general strategy for all these kits starts with
rRNA depleted or total mRNA isolated; the resultant RNA is
fragmented either chemically or by heat and then ligated with
RNA primers specific to a chosen sequencing technology, followed
by reverse transcription to generate cDNA by either template
switch reverse transcriptase or the traditional first- and second-
strand cocktail of enzymes. The resultant dsDNA is amplified,
purified, and sequenced.

Recently, two single-cell approaches to RNA-Seq were
published—Tang and colleagues [44, 45] and Linnarsson and col-
leagues [46]. Both protocols demonstrate single-cell sequencing
capabilities. Both protocols also start with capture of single cells
and direct processing to reverse transcription with no subsequent
RNA isolation, and we have used this method with success. How-
ever, after this point the two protocols deviate radically, with the
Tang protocol becoming a 100-step process over 6 days time that
has only been applied to 30 atypical large early embryonic cells
(10-100 times larger than most somatic cells) with no internal
controls. The Linnarsson protocol uses a template switch method
of generating cDNA and validates their method with spiked-in
controls.
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Fig. 4 Single-cell RNA-seq and its validation. (a) The diagram presents the workflow of the RNA-seq protocol
outlined in the text. Single Aplysia neurons were isolated, RNA extracted, and 454 sequencing libraries
constructed. (b) Absolute RT-PCR was used to generate the intracellular copy numbers for four transcripts of
interest. This copy number showed a linear correlation to transcript abundance (expression) in the sequence
data set. (c) In situ hybridization [42] was performed on one of the neuron-specific and quite abundant
transcripts (the neuropeptide FMRFamide) in the R2 neuron. The photo had been captured in 100 % ethanol.
Note, the white nuclei (blue asterisks) can be seen in many neurons. (d) Quantitative RT-PCR of transcripts of
interest (FMRFamide) displayed a correlation between the digital profile in the different single cells and their
corresponding quantitative RT-PCR expression. Expression profiles for both the frequency of sequencing reads
and the QRT-PCR displayed similar patterns. However, caution should be taken for interpretation of the RNA
data, since abundant transcripts known to be selectively transported to synaptic terminals and located on
neuronal somata can also be captured by RNA-seq (e.g., in contrast to R2, L7 does not express FMRFamide).
Thus, to test cell specificity of expression, a complementary in situ hybridization should be performed (c)

Here, we used an unbiased method of library construction for
transcriptional profiling that is both quantitative and qualitative,
preserves the direction of transcripts, and is applicable for single
neurons (see Fig. 4a). All materials and methods for this type of
RNA-seq library construction have been described [43]. The only
current modification to the protocol is the primers and adaptors
that are specific for 454 sequencing technology (see Table 1).
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4.4 Validation of
Single-Cell RNA-Seq

4.4.1 Spike-in RNA
Controls (External Control)

4.4.2 Protocol for
Absolute Real-Time PCR
(Copy Number
Determination)

All together for these single-cell 454 specific libraries, we used one
cholinergic R2 neuron, one L7 motor neuron, three serotonergic
MCC neurons, and a cluster of approximately 200 sensory neurons
to validate our method’s applicability.

Briefly, library construction starts with total RNA reverse tran-
scribed to cDNA with an oligo-dT primer, and then a second strand
is generated (see Fig. 4a). The double-stranded ¢cDNA is fragmen-
ted with a restriction enzyme, and then 454-specific adaptors are
sequentially ligated onto the double-stranded ¢cDNA fragments,
which are finally amplified. Fragmented DNA with ligated adaptors
is processed through an emulsion-based clonal amplification
(emPCR) then captured onto beads as required for subsequent
sequencing steps. DNA-captured beads are placed on a PicoTiter-
Plate device for pyrosequencing using the 454 GS-FLX platform.
We validated both the quantitative aspect with absolute RT-PCR
with spiked-in controls and directionality of sequencing (see Sub-
heading 4.1, 4.2, 4.4 and Fig. 4b—d).

RNA-seq, also called “Whole Transcriptome Shotgun Sequenc-
ing,” can, by sheer brute force of high sampling, detect RNAs
from very low abundance classes (or a rare subpopulation of cells
contributing to the sample) and do it unambiguously. Fundamental
to all RNA-seq experiments is a validation of quality, quantification,
and directionality of the transcription output for a given sample/
single cell to substantiate the protocols. Validation of our single-cell
RNA-seq has been performed with two types of controls: external
(six spiked-in RNAs of known concentration) and internal (absolute
copy number of four cloned and characterized transcripts). We also
performed a correlation of sequenced digital output across differ-
ent cell types with the results of quantitative RT-PCR. Then we
used in situ hybridization to confirm cell-specific expression
profiling, relative abundance, and expression of predicted antisense
transcripts.

For the external controls, sequencing was performed with six non-
animal oligonucleotides (ArrayControl™ RNA Spike-in control
RNAs) spiked-in at various concentrations to the RINA of a single
L7 motoneuron at the beginning of the library construction. As a
result, we demonstrated a linear correlation between the quantities
of each spiked-in sequence added at the beginning of the protocol
and the number of reads generated from RNA-seq data (see
Table 2). Frequency (or “expression level”) is the number of
reads divided by the total number of reads in a specific library.

An internal copy number for four specific transcripts (see Table 3)
was generated using absolute quantification with the TaqMan®
custom gene expression assay from three different individual R2
neurons. The specific transcripts were chosen based on their
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External controls: Spike-in controls starting copy numbers and resulting read frequencies

Spike number Starting copy number Reads Frequency (468,723 total)
Spike_1 2.50E*%8 5,268 1.13E72
Spike_2 2.50E+%7 3,830 8.12E7%
Spike_3 1.87E*°¢ 218 4.65E7%*
Spike_4 1.67E%¢ 109 2.337%
Spike_5 1.83E+** 15 3.20E %
Spike_6 1.27E*2 1 2.13E7%
Table 3

Primer and probe sequences for absolute and quantitative real-time PCR

Accession
Transcript number Forward primer Reverse primer Probe
Custom TagMan
FMRFamide P08020 5-GATGACGATG 5-CCCAAACCTCA 5-FAM-ACCATCAC
0045477209 TGCAGGATC TGAACCGTTTA CAATATCC-3'
Custom TGA-3' TTTAC-3'
TagMan
b-Tubulin AAP13560 5 -TGGATGTCG 5-CCACCCAAGG 5-FAM-CCTGCA
0045477646 TCAGGAAAG AGTGTGTCAA GACAATCACA-3'
Custom AGTCT -3’ TT-3'
TagMan
MIP AF454399.1 5-GCTATGGCTC 5-CTTGTGTCCAGA 5-FAM-TCCCACGA
185429001 CGAAGTTT GCCAATTGTTC-3’ GTAATTCT-3’
Custom TTCG-3’
TagMan
Shab S68356 5-GGGCTCGCT 5-CCCCTTGGT 5 FAM-CCTGTCGA
0016112793 CATCAGCAT-3' GGTGATGGT-3’ TCATCCCC-3’

Custom TagMan

abundances in a single R2 neuron. The intracellular copy numbers

for four transcripts of interest also showed a linear correlation to

their abundance (expression) in the sequence data set (see Fig. 4b).
Protocol for Absolute RT-PCR is the following (see Note 3):

1. Single cells R2; L7, MCC, and sensory cluster had their size
measured and were then isolated.

2. Total RNA was extracted from these single cells using RNAqu-
eous-Micro™ as described in Subheading 4.2.
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4.4.3 Localization by In
Situ Hybridization for RNA-
Seq Validation

3. cDNA synthesis was produced with random hexamers using
the High-Capacity cDNA Archive Kit.

4. Primers and probes were tested for 100 % efficiency by ABI and
came premixed in a 20x solution (see Table 3 for sequences).

5. Two-Step RT-PCR was performed where the RT and PCR
were done separately. The PCR was performed using TagMan®
Universal PCR Master Mix on an ABI 7700 Sequence Detec-
tion System.

6. The linear dynamic range of the input RNA (cDNA) from 1 ng
tol0 pg was determined. All samples and standards were per-
formed in quadruples.

7. The PCR conditions were the manufacture’s recommendations
which were:

One cycle at 95 °C for 10 min.

Followed by 40 cycles.
95°C for 15 s.

60 °C for 1 min.

8. The negative control was a cell proven by in situ hybridization
to not contain the tested sequence.

9. The standard curve was generated in the following way:

(a) A plasmid that contained the sequence of interest was tran-
scribed with MEGAscript®™ T7 Kit to generate cRNA.

(b) The concentration of the cRNA was measured with a 2100
Bioanalyzer (Agilent Technologies).

(c) A known account of cRNA was added for cDNA synthesis
using the same protocol as the samples.

(d) Once the ¢cDNA was produced, dilutions were made to
generate 30-300,000 copy numbers based on the starting
cRNA concentration.

(e) Sample copy number was calculated from the standard
curve and standard deviation generated.

(f) Expression is the number of reads for the gene of interest
divided by the total number of reads for that specific
sequencing dataset.

(g) R* were generated for three individual R2 neurons Fig. 4b.

In situ hybridization (ISH) is a well-established method that uses a
labeled complementary RNA (cRNA) strand (i.e., probe) to local-
ize a specific RNA sequence at single-neuron resolution. Thus, we
used in situ hybridization to further confirm neuron-specific
expression profiling of more than 50 selected genes selected from
corresponding digital RNA-seq profiles (se¢e Note 2). Finally,
observed directionality of the specific genes of interest is shown to
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4.4.4 Protocol for
Quantitative RT-PCR for
Identified Neurons

4.4.5 Sense and
Antisense Digital Profiling

be neuron specific and differential (confirmed by in situ hybridiza-
tion, see examples of the multicolor in situ hybridization protocols
used in [42]). Numerous expression patterns of selected mRNA
transcripts have been mapped to individual cells in the central
nervous system (CNS) of Aplysia as we reported elsewhere [34,
42]. The relative abundance of select transcripts perfectly correlates
with their digital expression profiles (see Fig. 4b—d).

For genes of interest, a correlation between their calculated digital
expression profiles in the indentified cells with their expression
levels using quantitative RT-PCR (QRT-PCR) must be performed
to confirm the efficiency of single-cell RNA-seq. For example,
expression of the transcript encoding FMRFamide, an R2-specific
neuropeptide marker, was confirmed by absolute RI-PCR
(Fig. 4d), in situ hybridization (Fig. 4c), and number of sequence
reads.

The key steps for the QRT-PCR follow (see Note 3 as well as
[47]):

1. Single-neuron isolation and RNA extraction are described in
Subheadings 3.1 and 3.2

2. ¢cDNA is generated as described in the Subheading 4.3.

3. Sequences of the transcript of interest can be loaded into
Primer Express® software (Applied Biosystems) to design spe-
cific primers (amplicon lengths are between 75 and 125 bp).

4. Two-step RT-PCR does the RT and PCR separately with the
SYBR Green PCR Master Mix on an ABI 7700 Sequence
Detection System (following the same PCR setup as in Sub-
heading 4.4.2).

5. The linear dynamic range of the input RNA (cDNA) is
10 pg-1 ng.

6. All primer sets are tested for optimal dissociation curves with
amplification efficiencies between 85 and 100 % (all primer sets
not meeting the standards should be redesigned).

7. We usually normalized all runs to Aplysin 18s RNA as an
endogenous control.

8. The relative standard curve method was employed for analysis
and an expression ratio calculated for each sample pair.

9. Ideally all data should be performed in technical triplicate and
from at least two biological replicates.

The library construction protocol presented here preserves direc-
tionality and allows us to measure sense and antisense by digital
profiling, while the external spiked-in controls allow us to monitor
the quality of the library. We also confirmed the directionality with
the spike-ins and only 0.7 % were sequenced in the antisense
direction.
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Fig. 5 Neuron-specific expression of sense and antisense transcripts in identified neurons. The library
construction protocol reported here preserves directionality and allows quantification of sense (red) and
antisense (blue) as revealed by RNA-seq for two indentified neurons: the gill motoneuron L7 and feeding
interneuron MCC. Differential expression is demonstrated by the abundance of reads for L7-specific secretory
peptide (confirmed by in situ hybridization for the same transcript in L7, see inser) compared to the
interneuron MCC which does not express this gene. Remarkable transcriptional complexity is evident even
from a small region of the genome shown here

In contrast, when 317 known Aplysia full-length cDNAs (see
Note 4) were mapped to all the single-neuron transcriptomes,
94.12 % were in the sense orientation and 5.88 % were antisense.
These antisense reads were not randomly distributed and were only
present for approximately 44 % of the full-length Aplysin cDNAs
examined. Antisense reads aligned to specific genome regions on
the cDNA in one neuron were absent from others. While antisense
reads matching specific cDNAs appeared independently in samples
derived from different neuronal types and aligned to the same
sections along the cDNAs, the percent of antisense was also variable
between cells. For example, Fig. 5 demonstrates differential expres-
sion and complex patterns of abundance and directionality of spe-
cific transcripts between two neurons: the peptidergic motoneuron
L7 vs. serotonergic interneuron MCC (the red-colored reads are
antisense and the blue-colored reads are sense).
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4.5 Single-Cell
Enriched Methylated
Genomic DNA Library
(MethylMiner™)

4.5.1 Introduction to DNA
Methylation Protocols

Determining the epigenetic signature of a single cell is an enormous
challenge. It would be reasonable to assume that every neuron,
because of its unique properties and wiring, might have its own
unique transcriptome as well as methylome. Aplysia’s large neurons
are fully accessible for direct DNA methylation profiling at the entire
genomic scale (single-neuron methylome, see Note 5). In general,
itis possible to use the same set of neurons as described for RNA-seq
experiments. Specifically, we outline here an enrichment method
of 5-methylcytosine (5-mC). It is a more practical first step for
methylation profiling, in contrast to bisulfite sequencing, because
of the limited amount of genomic DNA even from large Aplysia
neurons (5-250 ng). The bisulfite sequencing technique relies on
the conversion of every unmethylated cytosine residue to uracil,
which is then sequenced and recognized as a thymine. If conversion
is incomplete the result is false positive calls for methylation sites.
A major challenge in bisulfite sequencing is the degradation of DNA
that takes place at the same time as the conversion. The conditions
necessary for complete conversion, such as long incubation times,
elevated temperature, and high bisulfite concentration, can lead to
the degradation of ~90 % of the sample DNA. Since the starting
amount of genomic DNA in single cells is limited, the extensive
degradation associated with bisulfite sequencing can be problem-
atic. A final concern with bisulfite sequencing is that the treatment
greatly reduces the level of complexity in the sample to mostly three
bases making molecular manipulations more difficult.

Here we present an enrichment capture technique for methy-
lated (5-mC) DNA using the MethylMiner™ approach followed by
high-throughput sequencing which is adapted to single neurons
(see Fig. 6 and Note 6).

The most important advantage to the MethylMiner™ enrich-
ment is that, unlike bisulfite treatment, there are no harsh denatur-
ing conditions causing severe degradation and loss of DNA.
Genomic DNA is isolated from single cells then fragmented to
150 bp. Methylated DNA is enriched from fragmented genomic
DNA via binding to the methyl-CpG binding domain of human
MBD2 protein, which is coupled to paramagnetic Dynabeads®
M-280 Streptavidin via a biotin linker from the MethylMiner™
kit. It should be noted that Aplysia has the MBD protein (Acc#
ADM34183.1) which shares 98 % identity with the binding domain
of the human MBD2 used in this kit (see Fig. 6). The enriched
gDNA is eluted with one high-salt elution step. Resultant gDNA is
ligated with the appropriate P1 and P2 SOLiD adaptors and ampli-
fied. The products were sequenced directly using SOLiD technol-
ogy (see Note 7).
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Fig. 6 Single-cell Enriched Methylated Genomic DNA Library constructed using the MethylMiner™ approach.
The diagram presents the workflow of the reported MethylMiner™ enriched sequencing library protocol.
Genomic DNA is first isolated from single neurons, then fragmented to 150 bp. Methylated DNA is enriched
from fragmented genomic DNA via binding to the methyl-CpG binding domain of human MBD2 protein, which
is coupled to paramagnetic Dynabeads® M-280 Streptavidin via a biotin linker from the MethylMiner™ kit.
The enriched gDNA is eluted with one high-salt elution step. Resultant gDNA is ligated with the appropriate P1
and P2 SOLID adaptors and amplified. At this point this product can be directly sequenced for regional
mapping, bisulfite sequenced for single-nucleotide resolution or used for absolute RT-PCR for copy number
determination of genes of interest

452 Library 1. Genomic DNA was isolated from single cells using a QIAamp™
Construction DNA Micro genomic DNA isolation kit (se¢ Note 8).

2. Isolated genomic DNA was fragmented to 150 bp with a
Covaris $220 Focused-ultrasonicator (see Note 9).

3. End repair of fragmented gDNA.

34.0 uL DNA to end repair

5.0 uL 10x end-repair buffer
5.0 pL dNTP mix

5.0 uL ATP

1.0 pL End-repair enzyme mix

50.0 pL Total volume
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4. Mixture is incubated 20 min at room temperature.

5. The mixture is purified with 1.8 volumes of AMPure XP
Reagent (90.0 pL) as described above and eluted with 35 pL
of nuclease-free water. This fragmented DNA is the template
for the methylation enrichment.

6. Methylated DNA was enriched following manufacturer’s direc-
tions (MethylMiner™).
(a) Initial bead wash of the Dynabeads®™ M-280 Streptavidin.
(i) 10.0 pL of beads were added to the DNA for a final
volume of 100.0 pLL

(ii) Tubes were placed on a magnetic rack for 1 min to
concentrate the beads, and then the liquid was dis-

carded.

(iii) An equal volume of 100.0 pL of 1 x bind /wash bufter
was added to the beads, the beads were resuspended by
pipetting, and then the above step was repeated.

(b) The Dynabeads® M-280 Streptavidin capture with the
MBD-Biotin Protein.
(i) Add 7.0 pL of MBD-Biotin Protein to 100.0 pL of 1 x
bind /wash buffer.

(ii) Transfer the diluted MBD-Biotin Protein to the tube
of resuspended beads and mix on a rotating mixer at
room temperature for 1 h.

(iii) Wash the coupled MBD-beads as in steps (b) (ii)
(c) Methylated DNA capture on MBD-beads.

(i) Transfer the DNA /buffer mixture to the tube contain-
ing the MBD-beads and mix overnight at 4 °C.
(d) Removal of non-captured DNA from the Beads.

(1) Place the tube on the magnetic rack for 1 min then
remove the supernatant.

(ii) Wash the beads with 200.0 pL of 1 x bind /wash buffer
(see Note 10).

(iii) Mix the beads on a rotating mixer for 3 min.
(iv) Place the tube on the magnetic rack for 1 min then
remove the supernatant (se¢ Note 11).
(e) Elution of the captured methylated DNA.

(i) The enriched methylated DNA is eluted in 200.0 pL of
the high-salt elution buffer (2,000 mM NaCl)
provided in the kit (see Note 12).

(if) Beads are incubated on a rotating mixer for 3 min.

(iii) Place the tube on the magnetic rack for 1 min then
remove the supernatant.
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7.

8.

9.

10.

11.

(iv) Steps 6 (¢) (i-iii) are repeated and supernatant com-
bined with first elution.

(v) The enriched methylated DNA from the two high-salt
elutions is ethanol precipitated.
Sequencing adaptor ligation.

(f) Resultant gDNA is ligated with P1 and P2 SOLiD adaptors
and amplified.

10.0 pL 10x Quick Ligation Reaction Buffer

5.0 pL Quick T4 DNA Ligase

10.0 pL Adaptors P1 /P2 (mix 10 pM each)
(see Table 1)

75.0 pL. dsDNA

100.0 pLL Total volume

(g) This mixture is incubated for 10 min at room temperature.

(h) The ligation mixture is purified with 1.8 volumes of
AMPure XP Reagent (38 pL) as described above and eluted
with 35.0 pL of nuclease-free water.

PCR amplification is performed on the adaptor-ligated purified
dsDNA with LA Taq™.

50pL  10x LA PCR Buffer II (Mg?* plus)

8.0 uL  dNTP Mix (2.5 mM each)

2.0 pL.  Primers mix A and B (10 pM each)

35.0 pL  Ligated dsDNA

0.5 pL  Takara LA Taq™ DNA Polymerase (5 U/pl)
50.0 pL.  Total volume

The above mixture was amplified with the following conditions
for eight cycles:

95 °C for 30 s.
8 cycles:

95 °C for 30 s.

58 °C for 30 s.

72 °C for 1 min.
10 °C hold.

The amplified PCR product is visualized on a 2 % agarose gel to
check for adequate concentration.

The amplified PCR product is purified with 1.8 volumes of

AMPure XP Reagent (90.0 pL) as described above and eluted
with 20.0 pL of TE.
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12. The appropriate size fractionation is performed on an E-Gel®
SizeSelect™ 2 % Agarose.

13. Samples were sequenced by SOLiD technology.

5 Data Analysis

As for Aplysin neurons, initial annotation of the presented data can
be viewed using the Aplysia genome browser which outlines ongo-
ing collaborative efforts in the analysis of this newly sequenced
genome. The Aplysin genome consortium was formed in 2004
(http: //www.genome.gov/Pages /Research /Sequencing /SeqPro-
posals/AplysiaSeq.pdf), and the Aplysia genome sequencing was
performed as a collaborative effort between the Broad Institute,
Columbia University (E.R. Kandel and J. Ju’s laboratories), and
our lab at the University of Florida. The initial Aplysia draft (San-
ger) genome is located on the UCSC browser http://genome.ucsc.
edu/. We created a mirror of the UCSC browser with an updated
assembly  (http://128.227.123.35:8889 /cgi-bin/hgGateway),
and ongoing sequence data is added as tracks to the browser. For
example, one can now view the methylation and expression status at
the same time for a given gene of interest (Fig. 7). Globally,
quantification of methylation reads can be handled in a manner
similar to RNA-seq.

Even a single test with these reported protocols will generate a
massive data set and require substantial bioinformatics efforts for
efficient integration and interpretation of both RNA-seq and methy-
lome results (which certainly should be a subject for separate publica-
tions under overall concepts and scope of the ongoing ENCODE
projects http://www.nature.com/encode /?gclid=CMmLjtWlq7M
CFQvznAodKEEAiIQ# /thread). Although space restriction prevents
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Fig. 7 Data analysis of both expression and methylation profiling. RNA-seq and methylation sequence data
are loaded as tracks on the UCSC browser http:/genome.ucsc.edu/. For a specific gene, the correlation
between expression and methylation can be viewed



344 Leonid L. Moroz and Andrea B. Kohn

a detailed presentation and computational data analysis, careful
selection of cells and design of time-course series is required for
integration of transcriptional data, chromatin states, and reconstruc-
tion of gene regulatory circuits (se¢ Note 13).

6 Future Directions

To the best of our knowledge, nobody has yet been able to achieve
integrated transcriptome /methylome profiling from any single cell
or identified neuron. Nobody was able to follow up the entire
dynamics of aging at the level of any functionally characterized
neuron. Technically, it is very difficult using mammalian neurons
[44, 46, 48], but now it is entirely possible using selected inverte-
brate models such Aplysia [24, 34, 49]. Although the presented
protocols have been successfully validated, one of the major bottle-
necks has been the prohibitive cost of sequencing required for
multiple time points and biological replications. However, advances
in next generation sequencing make these types of experiments
achievable even within the logistics of individual laboratories.
Indeed, in addition to the more conventional I/lumina approach
with HiSeq2500, it is now possible to employ novel state-of-the-art
sequencing platforms such as a cost-efficient semiconductor
sequencer (lon Torrent Proton) that can be fully adapted to single-
neuron RNA-seq applications and DNA methylation profiling. This
innovative approach allows one to perform multiple single-neuron
RNA-seq experiments at the lowest possible cost today (<$100
cell) with just under 2—-3 days turnaround time, from cell sampling
to sequencing and initial annotation. Ideally, experimental design
can also target both transcriptome and methylome profiling from
the same single neuron—which is currently technically possible
using Aplysia preparations.

It also should be noted that emerging single-molecule real-
time sequencing (Pacific Biosciences) will allow one to map
distribution of 5mC and 5hmC ar single-nucleotide resolution.
Currently, the platform is relatively expensive for the entire
genome-scale coverage. However, it can be a complementary
approach to target DNA methylation of specific genes and their
regulatory regions.

7 Conclusion

Itis recognized that at least several thousand genes dynamically and
persistently change their expression in virtually any neuron in
memory-forming circuits to maintain long-term plasticity or com-
pensatory changes in aging. However, the enormous heterogeneity
of neurons and unprecedented complexity of their connectivity
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currently prevent reliable identification of individual neurons in
mammalian circuits. Due to the very small sizes of mammalian
neurons (1040 pm in diameter), the equally considerable chal-
lenge is an ability to perform efficient single-cell transcriptome or
epigenomic profiling. Although such an analysis is technically diffi-
cult, if not impossible, in vertebrate preparations, it can be success-
fully completed today using the simpler nervous systems of
invertebrates such as Aplysin, where most of the neurons and
synaptic connections in the circuits mediating major forms of
learning have been identified. Just as important as the technical
advantages offered by the neuroanatomy of Aplysia is the extensive
background information available on the behaviors mediated by its
well-studied neurons. Thus, we are confident that Aplysia ofters a
powerful experimental model to study cell and epigenomic biology
of'aging at a level that is difficult to achieve elsewhere.

However, the presented approach is not constrained by low
input RNA abundance and can be applied to other cells and smaller
cell populations such as 20-100 hippocampal neurons, axoplasm
from Loligo, and embryonic cells, as proven in our experiments.
Thus, since the protocol we presented is not limited in its applica-
tions to Aplysin neurons, we further advocate this model as an
efficient preparation to couple a truly integrative analysis of geno-
mic functions with real-time physiological measurements from the
very same neurons as they learn and remember, age, or respond to
induced injury.

Here, we also would like to comment on the constantly grow-
ing concerns about the so-called translational value of Aplysia
research or research on related invertebrate species. This is also a
common critical point from major funding agencies who tend to
disfavor most invertebrate models (save Drosophiln and C. elegans)
vs. mammalian work. The major complaint to the comparative/
invertebrate models research community is that their translational
value to vertebrates and in particular to humans might not be
justified. This view is detrimental for basic research and overlooks
the fact that separation between deuterostome (including verte-
brates) and protostome (including molluscs) lineages occurred
within a relatively short evolutionary interval, possibly less than
50-100 million years between each other in the later Ediacaran
period (it is ended 542 million years ago), while fishes (vertebrates)
and human lineages are divided by at least 450-500 million years of
independent evolution started during (or after) the “Cambrian
explosion” [50, 51]. As a result, the major molecular and genomic
blocks underlying bilaterian organization and epigenetic regulation
are remarkably similar and highly conservative despite the large
evolutionary distances. In fact, even prebilaterian animals, such as
the sea starlet anemone Nematostelln or the placozoan Trichoplax,
have greater chromosome synteny with humans than flies
and nematodes with humans [52, 53]. Ironically, Drosophila and
C. eleganslost a significant part of DNA methylation machinery due
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to the rapid evolution in these lineages and short life cycles, whereas
Aplysin generally preserved this machinery from a common animal
ancestor [1, 34, 43, 54]. Moreover, Aplysia shares more common
genes with humans (including those involved in neurological dis-
orders) than both flies and nematodes [34].

In summary, the current volume is dedicated to methods in
biology of aging that are not restricted to vertebrates and humans.
Thus, Aplysia has been specifically chosen to address questions in
neurobiology of aging that currently are technically difficult, if not
impossible, to address in humans. For example, it is impossible to
work on identified neurons in humans, and there are no reliable
protocols for isolation of both DNA and RNA from the very same
neuron from intact vertebrate/human brains immediately after
physiological tests. Yet, the same procedures are very straightfor-
ward in Aplysia. Considering that the basic DNA composition and
the presence of 5-mC and 5-hmC in Aplysia are comparable to
what we know in vertebrates [55], the same basic chemistry should
work on mammalian models as well. In fact, previous and existing
molecular information [19, 56] indicate significant conservation of
both signaling and epigenetic mechanisms between Aplysia and
vertebrates.

8 Notes

1. With Aplysia’s large neurons, it is possible to isolate both RNA
and DNA from the same cell with the AllPrep DNA/RNA/
Protein Mini Kit from Qiagen. However, when using an all-in-
one kit, the yield is usually sacrificed.

2. Digital profiling or RNA-seq refers to quantification of
sequencing reads. Frequency or expression is calculated by
dividing the number of reads of a specific transcript by the
total number of reads in a specific library.

3. The RT-PCR protocol followed manufactures’ recommenda-
tions and is applicable to most RT-PCR machines.

4. Aplysia californica tull-length ¢cDNAs are all NCBI reported
clones and sequences as well as an additional set of unreleased
cDNAs cloned in our lab.

5. The large Aplysia neurons can go through up to 16 rounds of
duplication generating 50-250 ng of gDNA and over 1 pg of
RNA. The polyploidy might be viewed like a “photocopy” or
“nature PCR machine” multiplying the entire genome comple-
ment and thus generating substantial amounts of genomic
DNA from a single neuron. The functional significance of
neuronal polyploidy is not clear in Aplysia. It was determined
by histochemical measures that the amount of gDNA in large
neurons of Aplysin correlates to the number of genomic
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Fig. 8 Methylation in polyploidal neurons occurs in all DNA copies. In this
illustrated example, after bisulfite sequencing, bands from the amplified PCR
reactions were sequenced for DNMT1 gene. The starred cytosines in the sample
chromatogram show no background from other nucleotides, thus indicating all
the genome copies in Aplysia polyploidal neurons are equally methylated. If
some of the cytosines were not methylated, there would be multiple peaks in the
chromatogram indicating a mixed population. However, this is not the case here
because there are no background peaks in any of the cytosines marked

duplication and can reach 100,000 genome copies per cell
[57]. Although the physiological changes that accompany a
polyploidy state are poorly understood, there are several poten-
tial advantages to polyploidy. Increase in cell size due to poly-
ploidy might provide a metabolic benefit to support extensive
branching of axodendritic processes innervating very large
areas. A gene copy redundancy might, in principle, protect
polyploid cells from deleterious mutations. However, it is
important to know whether all genomic copies in the same
Aplysia neuron are equally methylated.

To address these questions we looked at the epigenetic mark
of 5-mC DNA methylation. Will all copies of the same genome
carry the same epigenetic mark of 5-mC DNA methylation? We
investigated selected genes involved in synaptic function. An
example of the methylation status of DNMT in polyploidal neu-
ronsis shown in Fig. 8. Here bisulfite sequencing of'a band from a
PCR product was performed. The starred cytosines in the sample
chromatogram show no background from other nucleotides, thus
indicating all the copies of the genome in polyploidal newrons are
equally methylated. If some of the cytosines were not methylated,
there would be multiple peaks in the chromatogram indicating a
mixed population, but this is not the case here because there are
no background peaks in any of the cytosines marked. Therefore,
we conclude that in Aplysia all the copies of the genome in
polyploidal neurons have the same methylation status.

6. We also think that novel commercial kits exploring similar
approaches (e.g., EpiXplore from Clontech) can be adapted
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10.
11.

12

13.

for integrated RNA-seq/methylome profiling. However, their
applicability for small amounts of starting material needs to be
validated separately.

. A potential limitation with a simple MethylMiner™ enrichment

is the lack of single-nucleotide resolution. In principle, bisulfite
sequencing can be conducted after MethylMiner™ enrich-
ment. Nevertheless bisulfite sequencing may require more
material (see Fig. 6) and additional control experiments need
to be performed regarding compatibility between MethylMiner
enrichment and bisulfite treatment. For example, it is true that
bisulfite conversion can degrade DNA, but magnetic bead
capture of methylated DNA might also lead to some aspecific
binding. Thus, a combination of protocols with amplification
after capture of methylated DNA and following bisulfite treat-
ment can be tested for further single-nucleotide resolution
applications. Here, a complementary methyl-sensitive PCR val-
idation for selected genome regions would also be useful.

. We like the QIAamp® DNA Micro genomic DNA isolation kit

because the there is a very low void volume for the columns,
thus allowing for low volumes (15-20 pL) to elute samples
compared to 100-200 pL for most other Kkits.

. . . . ®
. Other sonicators besides a Covaris such as a Bioruptor™ can be

used to fragment gDNA.
This step removes residual non-captured DNA.

This saved liquid is a non-captured DNA wash fraction.

. We chose to do one high-salt elution to capture all methylated

DNA in one fraction. Another option is a multi-fraction elution
with a stepwise NaCl gradient that separates distinct popula-
tions based on the number of methylation sites per molecule.

It is important to remember that separate examination of gene
expression arrays from DNA methylation profiles can lead to
erroneous and misleading conclusions. The interpretation of
the data can also be biased depending on whether you
approach this integration from the gene expression perspective
or you do the methylation first and then search for its relevance
to gene expression. The most typical questions are: Does a
specific change in methylation have an impact on gene expres-
sion? Likewise can a change in gene expression be due to
alterations in DNA methylation? To address these questions,
a carefully selected series of experiments with multiple time
points should be designed to follow the time course of dynamic
genomic organization. Ideally, these should be complemented
by capture of nascent RNAs at given time intervals. Similarly,
tools of reverse genetics (e.g., RNAI or injections of relevant
molecular constructs) should also be applied. Currently, none
of these integrative studies have been performed at the level of
single identified neurons. However, the implementation of
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presented and relevant single-cell protocols on relatively simpler
models with functionally characterized neurons would be
critical for progress in the field.

Finally, epigenetic modifications in neurons can be both
stable and dynamic as a result of programmable changes during
development, hormonal or transmitter stimulation, and
activity-dependent processes that highly transient in nature
[58]. To specifically identify an age-related event in senescent
neurons, all of these factors have to be considered together
with some environmental challenges or manipulations to show
that the epigenetic landscape can change over time given gene-
environment interactions. It is achievable using accessible Aply-
sinneurons but, because of enormous heterogeneity and lack of
identified neurons, similar tests are extremely challenging using
neural circuits in the mammalian brain. Combined, these
remarks emphasize the critical importance of Aplysia and
related species as novel and powerful models in the biology of
aging and fundamental neuroscience. We would like to stress
this vision and contrast it to growing concerns about the trans-
lational value of Aplysia that favors short-term applied research
over long-term basic research about the integrative genomic
biology of aging, circuit organization, and memory in particular.
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