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2.1	 �Biology of Nucleic Acids

Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are 
macromolecules that convey genetic information. Both DNA 
and RNA are made up of nucleotides, molecules that in turn 
are composed of a nitrogenous base, a sugar, and one or more 
phosphate groups. There are five nitrogenous bases found in 
nucleic acids: adenine, guanine, cytosine, thymine, and uracil. 
Adenine, guanine, and cytosine are found in both DNA and 
RNA; thymine is found only in DNA and uracil is found only 
in RNA. A second difference between DNA and RNA is the 
sugars that are incorporated into the nucleotides. The sugar in 
the nucleotides of DNA is deoxyribose, RNA nucleotides con-
tain ribose. Finally, DNA molecules are double-stranded, 
while RNA molecules are usually single-stranded.

2.1.1	 �Composition and Structure of DNA

DNA is formed by the linear polymerization of nucleotides. 
The four nitrogenous bases found in DNA are either purines 
(adenine or guanine) or pyrimidines (cytosine or thymine), 
and the backbone of the DNA polymer is formed by linkage 
of these bases via deoxyribose and phosphate groups 
(Fig. 2.1). The informational content of DNA is governed by 
the sequential arrangement and primary structure of the 
nucleotide polymer. The DNA strand is polar, with no nucleo-
tide attached to the 5′ position of the deoxyribose at one end 
(referred to as the 5′ end), and no nucleotide attached to the 3′ 
hydroxyl group at the other end (referred to as the 3′ end).

The DNA within the eukaryotic nucleus is arranged in a 
double-stranded helix composed of two strands of opposing 

polarity. The helix is stabilized by the formation of hydrogen 
bonds between complementary bases (A-T and G-C), by pi 
bonding that occurs when the bases are stacked together, and 
by the association of proteins [1, 2]. In eukaryotic cells, most 
of the DNA is in the B-form, a right-handed helix with bases 
on the inside where they are protected from damage by oxi-
dating or alkylating agents. The Z-form of DNA occurs when 
a left-handed helix is formed, and is usually associated with 
portions of the DNA that are highly methylated and are not 
transcribed actively. Enzymatic reactions within the nucleus 
are responsible for conversion of DNA from the B-form to 
the Z-form and vice versa [3].

The DNA comprising the human genome is segmented into 
46 discrete structural units, termed chromosomes. The DNA 
in each eukaryotic cell must be compressed to fit within the 
nucleus, which is only about 10 μm in diameter. Chromosomal 
DNA is condensed by the formation of nucleosomes, which 
consist of a group of small basic proteins (histones) with 160–
180 base pairs of DNA wrapped around them [4]. Formation 
of nucleosomes is not sequence-dependent and it occurs in 
mammalian, bacterial, and viral DNA [5]. Nucleosomes are 
wound into a left-handed helix for further condensation of the 
DNA, and higher orders of structure include supercoils and/or 
rosettes [2]. Ultra-condensed DNA (heterochromatin) is inac-
tive metabolically, and is found primarily in the periphery of 
the nucleus, while less condensed DNA (euchromatin) is read-
ily accessible by transcription machinery and is located in the 
center of the nucleus [6].

2.1.2	 �Gene Organization

The majority of genes that are transcribed into mRNA and 
translated into cellular proteins exist as two copies in the 
nucleus of each cell, one maternal and one paternal copy. 
Some genes are present at a high copy number (100–250 
copies) within the genome, including the genes that encode 
transfer RNA (tRNA), ribosomal RNA (rRNA), and the his-
tone proteins [7]. These tandemly repeated genes are present 
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on several chromosomes and associate in the nucleus to form 
a nucleolus [8, 9]. Highly repetitive sequences with thousands 
of copies, called satellite DNAs, are found at the telomeric 
ends of chromosomes and around the centromeres [10]. It is 
likely that the centromeric sequences play a role in the estab-
lishment and maintenance of chromosome structure. Telomeric 
repeats are involved in completing replication of chromosome 
ends [11], and it has been demonstrated that the length of the 
telomeric repeat sequences decreases with life-span of cul-
tured human cells [12]. The evidence of telomeric shortening 
in normal cells along with observations that immortalized or 
transformed cells display limited telomere degeneration has 
led to the hypothesis that telomeric shortening is involved in 
the cellular aging process [12]. Other repetitive sequences, 
such as the Alu sequences, are found throughout chromo-
somes; their function is largely unknown, but a role in regula-
tion of gene function has been proposed [13].

Simple polymorphic repetitive elements composed of 
dinucleotide or trinucleotide repeats are present in the human 
genome and have been associated with cancer and other dis-
eases such as myotonic dystrophy, Fragile X syndrome, 
Huntington disease, and spinocerebellar ataxia [13, 14]. 
Symptomatic problems arise when the affected DNA is inap-
propriately methylated and inactivated (as in Fragile X syn-
drome) [15], or when the repeats cause detrimental changes 
in the encoded protein (as in Huntington disease) [16].

2.1.3	 �DNA Replication and Cell Division

In order for the DNA in a cell to be replicated prior to cell divi-
sion it must be single-stranded. This is accomplished by an 
enzyme (helicase), which denatures the DNA and allows 
DNA-binding proteins to associate with the DNA and prevent 

reformation of the DNA helix [17]. A small strand of RNA 
10–20 nucleotides in length acts as a primer, initiating synthe-
sis of new complementary strands of DNA from multiple 
replication starting points. Deoxynucleotide triphosphates 
(dNTPs) are added to the primer by DNA polymerase, the 
RNA primers are removed, the gaps are filled in with dNTPs 
by DNA polymerase, and the nucleotide strands are joined by 
DNA ligase. The enzymatic action of topoisomerase removes 
twists generated during denaturation of the helix and allows 
the helix to re-form [18]. DNA replication is complete when 
the telomerase enzyme has added the nucleotide repeats to the 
telomeres at the 5′ end of the DNA strands.

As a new strand of DNA is synthesized, dNTPs are 
selected based on hydrogen bonding to complementary 
dNTPs in the template strand, which results in an error rate 
of 1 in 104–105 [2]. Eukaryotic cells employ a proofreading 
mechanism that removes mispaired dNTPs in the strand 
before the next dNTP is added, which decreases the error 
rate to 1  in 106–107 [2, 19]. Prior to cell division, another 
error correction system recognizes and repairs mismatched 
nucleotides and decreases the error rate further to 1 in 108–
109 [2, 19]. Several inherited disorders are due to dysfunc-
tional DNA damage-repair, including ataxia telangiectasia, 
Fanconi anemia, and xeroderma pigmentosum [20].

The DNA within the nucleus of a eukaryotic cell can be 
replicated completely in about 8 h, during the S phase of the 
cell cycle. Resting cells (G0) receive a mitotic stimulus, 
which causes transition into the G1 phase, where the cell 
prepares for DNA synthesis (S phase). The G2 phase occurs 
after replication but before division, and mitosis (M) 
involves actual nuclear and cellular division. The cell cycle 
is pivotal in cellular and organismal homeostasis, so it is 
tightly controlled by phosphorylation and dephosphorylation 
of kinases and cyclins, and by two major checkpoints [21, 
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22]. The first checkpoint occurs between G1 and S, and can 
prevent cells with damaged or unrepaired DNA from enter-
ing S phase. The second checkpoint occurs between G2 and 
M, and can prevent the initiation of mitosis [21].

2.1.4	 �Structure and Composition of RNA

RNA, or ribonucleic acid, is a linear polymer of ribonucleo-
tides linked by 5′–3′ phosphodiester bonds (Fig. 2.1). RNA 
differs from DNA in that the sugar group of RNA is ribose, 
rather than deoxyribose, thymine is replaced by uracil (U) as 
one of the four bases, and RNA molecules are usually single-
stranded. The extra hydroxyl group present on the ribose 
causes RNA to be more susceptible to degradation by nucle-
ases than DNA. Single-stranded RNA molecules form com-
plex secondary structures, such as hairpin stems and loops, 
via Watson–Crick base pairing between adenine and uracil, 
and between guanine and cytosine.

RNA molecules are classified by function and cellular loca-
tion, and there are three major forms of RNA in eukaryotic 
cells. Ribosomal RNA (rRNA) is the most stable and most 
abundant RNA. rRNA is highly methylated, and complexes 
with proteins to form ribosomes upon which proteins are syn-
thesized [23]. In eukaryotic cells, two major species of rRNA 
are present, 28S and 18S, as well as two minor species of 5.8S 
and 5S. Transfer RNA (tRNA) is responsible for carrying the 
amino acid residues that are added to a growing protein chain 
during protein synthesis. All tRNAs form secondary structures 
consisting of four stems and three loops, and many bases 
found in tRNA are modified by methylation, ethylation, thio-
lation, and acetylation [24, 25]. Messenger RNA (mRNA) 
mediates gene expression by carrying coding information 
from the DNA to the ribosomes, where the mRNA molecule is 
translated into protein. Messenger RNA is the most heteroge-
neous type of RNA, and also has the shortest half-life.

Many other RNA species exist in eukaryotic cells. 
Heterogeneous nuclear RNAs (hnRNA) are the precursors to 
mature mRNA [26]. Small nuclear RNAs (snRNAs) associ-
ate with proteins to form small nuclear ribonucleoprotein 
particles, which participate in RNA processing [27]. Small 
interfering RNAs (siRNAs) and microRNAs are double-
stranded RNAs 21–25 nucleotides in length involved in regu-
lation of gene expression at the translational level [28].

2.1.5	 �Transcription of RNA

Even simple eukaryotic organisms, such as yeast, contain a 
large number of genes (~2000), and higher eukaryotes, such 
as mammals, have ~20,000–25,000 protein encoding genes 
[29]. Clearly, the proteins encoded by all genes are not 
expressed simultaneously at any given time. Transfer of 
genetic information from DNA to protein begins with syn-

thesis of RNA molecules from a DNA template by RNA 
polymerase, a process termed transcription. The RNA poly-
merase holoenzyme works processively, building an RNA 
chain with ribonucleoside triphosphates (ATP, GTP, CTP, 
UTP) [30]. Initiation of transcription involves association of 
the transcription machinery (RNA polymerase and transcrip-
tion factors) with the DNA template and the synthesis of a 
small ribonucleotide primer from which the RNA strand will 
be polymerized [31]. Initiation of transcription is not ran-
dom, but occurs at specific sequences called promoters that 
are located at the 5′-end of genes. Every gene initiates tran-
scription independently at its own promoter, therefore the 
efficiency of the process varies greatly depending on the 
strength of the promoter. Once RNA polymerase binds to a 
promoter, the DNA helix is opened and an RNA primer is 
synthesized. Elongation occurs as the RNA polymerase 
moves along the DNA strand, opening the DNA helix and 
conducting DNA-directed RNA synthesis until the gene is 
transcribed [30]. Termination of transcription is poorly 
understood in eukaryotes, but takes place at sites that include 
a stretch of Ts on the non-template strand of the gene [32].

2.1.6	 �RNA Processing

The majority of eukaryotic RNAs require extensive modifica-
tions before they attain their mature structure and function. 
RNA strands may be modified by (1) the removal of RNA 
sequences, (2) the addition of RNA sequences, or (3) the cova-
lent modification of specific bases. The long, relatively unsta-
ble mRNA precursor strand (hnRNA) is synthesized and 
remains in the nucleus where it is subjected to several stabil-
ity-enhancing processes. With the exception of mitochondrial 
mRNAs, the 5′-ends of eukaryotic mRNA precursor mole-
cules are capped, which involves removal of the terminal 
phosphate group of the 5′-nucleoside triphosphate and subse-
quent linkage of the 5′-diphosphate group to a GTP molecule 
[33]. The cap structure is covalently modified by methylation 
of the newly added guanine. The hnRNA is also modified at 
the 3′ end by the addition of a poly-A tail, a string of 50–250 
adenine residues. The poly-A tail serves to extend the life of 
the mRNA by protecting the 3′-end of the molecule from 
3′-exonucleases, and may also act as a translational enhancer 
[34]. The mRNA molecule is stabilized further by the associa-
tion of a ~70 kDa protein with the poly-A tail [35].

The majority of protein-encoding eukaryotic genes con-
tain intervening sequences, termed introns, which do not 
encode any portion of the protein. These introns, which may 
be between 65 and 10,000 nucleotides in length, are main-
tained during transcription of the hnRNA molecule, resulting 
in production of a long hnRNA that must be modified in order 
to become a continuous template for synthesis of the encoded 
protein. Maturation of the hnRNA requires a splicing event in 
which the introns are removed in conjunction with the joining 
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of the coding sequences, termed exons. Three short consen-
sus sequences are necessary for splicing to occur; two are 
found at the intron–exon boundary at both the 5′ and 3′ of the 
intron and the third is found within the intron near the 3′-end 
[36]. The consensus sequences mark splice sites and act as 
targets for the spliceosome, a large multisubunit protein com-
plex comprised of 45 proteins and thousands of snRNA [36]. 
The spliceosome catalyzes removal of introns and rejoining 
of exons, ultimately resulting in the formation of a protein-
encoding mRNA. Some genes encode for more than one pro-
tein, which is accomplished by alternative splicing of the 
primary hnRNA transcript. One mechanism of alternative 
splicing involves removal of one or more exons during splic-
ing when the spliceosome ignores one or more intron–exon 
boundaries [37]. Alternative transcripts may also be gener-
ated by the use of a secondary polyadenylation site [38].

RNA processing is not limited to mRNA.  Eukaryotic 
tRNAs are modified posttranscriptionally, as are eukaryotic 
rRNAs [39]. Introns present within rRNAs are classified as 
Group I or Group II introns. Group I introns are removed as 
linear molecules by a self-splicing mechanism that requires 
magnesium and guanosine as cofactors [40]. Group II introns 
are also self-splicing, are removed as a lariat structure, and 
require spermidine as a cofactor [41].

2.2	 �Basic Molecular Analysis 
and Interpretation

Investigations into the molecular mechanisms of disease 
depend on the analysis of cellular and often times microbial 
DNA and RNA to identify and characterize the genes 
involved. Target genes can be identified, localized to specific 
chromosomes, amplified by cloning, and subjected to 
sequence analysis. DNA analyses are used practically in the 
identification of individuals for forensic or parentage testing, 
detection of gene mutations, amplifications, and deletions, 
associated with disease and RNA analyses to characterize 
gene expression in various forms of human cancer.

2.2.1	 �Isolation of Nucleic Acids

In theory, nucleic acids can be isolated from any tissue that 
contains nucleated cells. Common starting material for 
nucleic acid isolations include blood and other body fluids, 
cultured cells, buccal swabs, and a variety of fresh, frozen, or 
formalin-fixed, paraffin-embedded (FFPE) tissue specimens. 
Although isolation may need to be optimized for any particu-
lar tissue type or sample and application, there are basic 
steps in the extraction process that are universal: the cells 
must be lysed, proteins and cellular debris must be removed, 
and the nucleic acid must be made available in solution.

FFPE tissue is the most common specimen type used when 
interrogating solid tumors for somatic changes in the clinical 

setting. FFPE tissue is readily available following tumor 
resection or biopsy, is easily stored at room temperature and 
the tissue being used for molecular analysis can be viewed 
microscopically to determine the precise histological diagno-
sis and to determine the adequacy of the specimen (percent 
tumor cells, exclude excessive necrosis, etc.). Nucleic acid 
derived from FFPE tissue, however, can be very problematic 
because the fixation process degrades nucleic acid and creates 
cross-links between nucleic acids and proteins. Molecular 
analysis of FFPE tissue, therefore, requires special attention 
during isolation and the design of downstream molecular 
applications. For example, the majority of an FFPE DNA 
sample is fragmented to 100-200 bp and will not work at all 
in most assays designed for high quality DNA. Assays spe-
cifically designed to detect these smaller fragments must be 
used in when FFPE-derived DNA is needed.

Before nucleic acids can be separated from the rest of the 
cellular contents, the cells must be lysed. This is often accom-
plished in some type of lysis buffer that can contain agents 
such as proteinase K and sodium dodecyl sulfate which are 
needed to digest structural proteins and to disrupt the cellular 
and nuclear membranes. Some samples such as solid tissues 
often require additional steps first, such as mincing, homoge-
nization, or freezing the sample in liquid nitrogen followed by 
pulverization with a mortar and pestle to obtain a complete 
lysis. After the sample has been adequately lysed, the protein 
component in the sample must be removed. This can be 
accomplished in several ways, including: (1) adding a phenol–
chloroform–isoamyl alcohol mixture to the sample which 
contains an organic phase and an aqueous phase whereby pro-
teins and lipids dissolve into the organic phase and nucleic 
acids are retained in the aqueous phase of the mixture; (2) pre-
cipitation of proteins; (3) absorbance of nucleic acids to a col-
umn or magnetic bead and washing away proteins.

After the DNA has been separated from the rest of the 
other cell components, it must be transferred to a suitable 
buffer such as tris–EDTA (TE) or deionized water. This can 
be accomplished by adding ethanol or isopropanol which 
causes the DNA to precipitate out of solution. The DNA can 
then be pelleted by centrifugation, and resuspended in deion-
ized water or a buffer. Alternatively, nucleic acids can be 
eluted directly from columns or magnetic beads in some of 
the more automated methods.

Due to the time involved and the toxicity and waste dis-
posal issues associated with phenol, many laboratories choose 
other isolation protocols that remove proteins by other means. 
After lysis of the cells a protein precipitation solution can be 
added followed by centrifugation to separate the DNA from 
the cellular proteins. DNA can then be further purified by the 
use of silica gel particles in suspension or bound in a column. 
These silica columns can be purchased from numerous com-
panies and are available in a wide range of formats and sizes, 
including the popular spin columns which rely on centrifuga-
tion to move solutions through the column. DNA binds to the 
silica gel as it passes through the column, allowing unwanted 
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salts and contaminants to wash through. After the DNA is 
bound to the column it can be washed and then eluted off the 
column with water or a low salt buffer such as TE. Similar 
methods have been developed using magnetic beads capable 
of binding DNA in solution. DNA can be purified by binding 
it to these beads in a tube. When these tubes are placed next 
to a magnet, the beads can be held in place on the side of the 
tube while the original solution and contaminants are 
removed. This process can then be repeated with wash solu-
tions and finally an elution buffer that is often heated to facili-
tate removal of the DNA from the beads.

Although these alternative methods can be faster, they are 
often more expensive and can result in lower yield and slightly 
lower quality DNA. However, this is not generally a problem 
for most molecular techniques commonly used today. Another 
improvement on traditional nucleic acid isolation methods 
has been the introduction of automated isolation systems 
which can greatly reduce the hands-on time needed for isolat-
ing DNA. Once loaded, these instruments can go through the 
entire DNA isolation procedure, often using some form of 
magnetic separation. Although these automated systems are 
much more expensive than manual methods, the time they 
save will often make these systems a valuable investment for 
laboratories that process larger numbers of samples.

RNA isolation methods are similar to those for 
DNA.  However, when isolating RNA extra care must be 
taken to avoid RNA degradation due to its susceptibility to 
RNA-digesting enzymes (RNases). To avoid RNase diges-
tion of the sample, it is often necessary to work quickly and 
to work in a clean area. Care should be taken to ensure that 
all solutions purchased for use in these extractions have been 
designated as “RNase-free” or treated with special chemicals 
such as diethylpyrocarbonate (DEPC) that inactivate RNases.

2.2.2	 �Use of Enzymes in Molecular Biological 
Techniques

DNA or RNA isolation techniques only produce the starting 
material needed for molecular evaluation of nucleic acid. 
Almost every method used to examine DNA or RNA relies 
heavily on the use of enzymes, often isolated from various 
microbial species. These enzymes can be exploited to per-
form various tasks such as selectively cutting DNA or RNA 
into smaller pieces or digesting them completely, modifying 
the ends of DNA strands to remove or add phosphate groups, 
ligating two strands of DNA together to form one, and repli-
cating nucleic acids.

2.2.2.1	 �Nucleases
Nucleases make up a diverse group of enzymes that are able to 
cleave or digest nucleic acids. This group of enzymes can be 
divided into various classifications based on the type of nucleic 
acid they use as substrates and the way in which they digest. 

Exonucleases begin digesting nucleic acids at the ends while 
endonucleases make internal cuts in a nucleic acid molecule. 
Restriction endonucleases make up a very large group of 
enzymes found in bacteria that recognize very specific 
sequences of DNA, often six base pairs in length. For example, 
the restriction endonuclease EcoRI (isolated from E. coli) rec-
ognizes the sequence GAATTC and makes a single cut within 
this recognition site. If the sequence of a particular piece of 
DNA is unknown, observing the digestion patterns of various 
restriction enzymes can provide valuable information about its 
sequence. For example, if a particular mutation occurs within 
the recognition sequence of a specific restriction enzyme, that 
enzyme may not cut when the mutation is present.

When complete digestion of DNA or RNA is desired, for 
example when DNA is being isolated and contaminating 
RNA is not desirable, RNase can be used to selectively digest 
the RNA, leaving a pure population of DNA.  In the same 
way, DNases can be used to digest unwanted DNA mole-
cules in an isolation of RNA.

2.2.2.2	 �DNA Ligases, Kinases, and Phosphatases
In addition to digesting DNA, enzymes are also available which 
facilitate the joining or ligation of two or more DNA fragments. 
Enzymes with this capability are called DNA ligases and com-
mercially, T4 DNA ligase is widely available and most often 
used in molecular laboratories. Since DNA ligases work by 
creating a phosphodiester bond between the 5′ phosphate and 
3′ hydroxyl termini of two DNA strands, the presence of the 5′ 
phosphate is essential. DNA phosphatases, such as calf intesti-
nal phosphatase or shrimp alkaline phosphatase, remove the 
phosphate group on the 5′ end of a DNA strand, preventing 
ligation; a DNA kinase, T4 polynucleotide kinase, can restore 
the 5′ phosphate in order to allow ligation.

2.2.2.3	 �Polymerases
DNA and RNA polymerases are enzymes that synthesize new 
strands of DNA or RNA, normally using a preexisting strand of 
DNA (or RNA) as a template. Reverse transcriptase is another 
polymerase that is unique in its ability to use RNA as a tem-
plate for synthesizing DNA. DNA polymerases are essential 
for the polymerase chain reaction (PCR), a technique described 
below that has revolutionized molecular biology.

2.2.3	 �Electrophoretic Separation  
of Nucleic Acids�

Gel electrophoresis of DNA is widely used in procedures 
such as Southern blotting and PCR in which separation or 
sizing of a population of DNA fragments is an essential step 
in the analytical process. In some cases, a significant amount 
of information can be gleaned from relatively simple electro-
phoretic procedures that take advantage of the various proper-
ties of DNA molecules (i.e., charge, size, and conformation). 
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Gels employed in electrophoretic techniques are generally 
composed of agarose or polyacrylamide, which act as a 
matrix through which DNA (or RNA) will travel when an 
electric current is passed through the gel. Generally, larger 
fragments of DNA will migrate more slowly through the gel 
and smaller fragments will migrate more quickly. DNA of a 
given size will travel through the gel at the same rate and form 
a band that is visualized by staining the gel with a dye such as 
ethidium bromide, which binds to DNA and fluoresces when 
viewed under UV light (Fig. 2.2). Agarose gels are useful in 
most traditional molecular techniques for visualizing DNA 
greater than 100 base pairs. However, when smaller DNA 
fragments are to be analyzed, special agarose formulations or 
polyacrylamide gels are needed for proper resolution and 
visualization.

When larger fragments of DNA need to be resolved, a 
technique called pulsed-field gel electrophoresis can be uti-
lized. Conventional gel electrophoresis techniques are not 
useful for separation of extremely long pieces of DNA, 
because the constant current eventually unravels the DNA 
strands completely so that they travel, end first, through the 
gel at a rate that is independent of their length. Pulsed-field 
gel electrophoresis (PFGE) overcomes this challenge by 
periodically switching the orientation of the electric fields 

with respect to the gel, thus preventing the DNA strands 
from losing secondary structure and allowing long strands to 
be size-differentiated [42]. PFGE is often used in the identi-
fication of pathogens [43], i.e., differentiating between 
strains of bacteria (Fig.  2.3). Other applications include 
chromosomal length polymorphism analysis, and large-scale 
restriction and deletion mapping in DNA that is hundreds or 
thousands of kb in length. The effectiveness of PFGE is 
dependent on high-integrity starting material, and DNA that 
is degraded or sheared will not yield informative results. 
High quality DNA is often generated by embedding the cells 
of interest in agarose plugs, lysing cell membranes with 
detergent, and removing proteins enzymatically, leaving 
intact DNA which can be digested by restriction enzymes in 
situ and easily loaded into a gel apparatus [42, 44]. In a typi-
cal analysis, PFGE will produce a pattern of DNA fragments 
that range in size from 10 to 800 kb.

Electrophoresis of RNA to check the quality of a sample 
or for blotting techniques is typically accomplished by elec-
trophoresis through a 1–2 % agarose gel containing formal-
dehyde, which maintains the denatured state of the RNA 
strands. When secondary structure of an RNA molecule is to 
be investigated, samples are subjected to non-denaturing 
polyacrylamide gel electrophoresis.

Fig. 2.2  Agarose gel 
electrophoresis of human 
genomic DNA.

Fig. 2.3  Pulse field gel 
electrophoresis for strain 
typing of Staphylococcus 
aureus.
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2.2.4	 �Denaturation and Hybridization

The majority of techniques used in molecular analyses 
require single-stranded nucleic acids as starting material. 
Prior to hybridization with a complementary nucleotide 
sequence such as an oligonucleotide primer or a nucleic acid 
probe, double-stranded DNAs and single-stranded RNAs 
must be denatured to generate single strands and eliminate 
secondary structure. Denaturation of nucleic acids is rapid, 
and can be induced by various conditions, including extremes 
of pH (pH < 4 or pH > 10), hydrogen-bond disrupting agents 
(such as urea or formamide), or heat [45]. Heat is the most 
commonly used means of disrupting the hydrogen bonds that 
occur between complementary strands of double-stranded 
DNA to produce single-stranded DNA. The melting temper-
ature (Tm) of a specific double-stranded DNA sequence is 
reached when the disruption of the hydrogen bonding in a 
population of DNA causes 50 % of the DNA to become 
single-stranded. Since more hydrogen bonding occurs 
between G and C as compared to A and T, the Tm will be 
greater for DNA containing a larger percentage of G and C 
nucleotides. The denaturation process is easily monitored by 
spectrophotometry, since the absorbance of the DNA at 
260 nm increases as denaturation progresses [45].

Hybridization of nucleic acid strands is a relatively slow 
process and the rate is governed by the relative concentration 
of strands with complementary sequences and by the tem-
perature. When two complementary strands are aligned 
properly, hydrogen bonds form between the opposing com-
plementary bases and the strands are joined. Target nucleic 
acid sequences can hybridize to a complementary DNA 
(cDNA) or RNA strand, or to other complementary sequences 
such as oligonucleotide primers or nucleic acid probes. 
Hybridization between two complementary RNA molecules 
is strongest, followed by RNA–DNA hybrids, and DNA–
DNA hybrids [46].

2.2.5	 �Concepts and Applications of Southern 
Blotting

Southern blotting is a technique that relies heavily on the 
concepts of denaturation and hybridization of DNA. Southern 
blotting has been used in clinical or forensic settings to iden-
tify individuals, determine relatedness, and to detect genes 
associated with genetic abnormalities or viral infections. 
Southern blot analysis is also used in basic scientific research 
to confirm the presence of an exogenous gene, evaluate gene 
copy number, or to identify genetic aberrations in models of 
disease. Although this technique has been replaced to a large 
extent by newer, faster techniques, it still has its place in a 
molecular laboratory.

The first step in successful Southern blotting is to obtain 
DNA that is reasonably intact (Fig. 2.4). DNA that has been 

degraded by excessive exposure to the elements or mishan-
dling will not produce a good quality Southern blot because 
it cannot be fragmented uniformly prior to the blotting pro-
cedure. The test DNA must be fragmented with restriction 
enzymes, which cut the double strands of DNA at multiple 
sequence-specific sites, creating a set of fragments of spe-
cific sizes which represent the regions of DNA between 
restriction sites. The fragmented DNAs are size-fractionated 
via agarose gel electrophoresis and are subsequently dena-
tured, which enables them to later be hybridized to comple-
mentary nucleic acid probes. The DNA from the gel is 
transferred to a solid support such as a nylon or nitrocellu-
lose membrane via capillary action or electrophoretic trans-
fer and is bound permanently to the membrane by brief UV 
crosslinking or by prolonged incubation at 80 °C. Blots at 
this stage may be stored for later use or may be probed 
immediately. For detailed protocols, the reader is referred to 
other sources [46, 47].

Interpretation of the Southern blot is easy when the ques-
tion is whether or not a gene is present in a particular sample, 
as long as appropriate positive and negative controls are 
included (a sample of DNA known to be positive and a sam-
ple of DNA known to be negative). The presence of multiple 
copies of a gene indicates gene amplification, which may 
occur in oncogenes during cancer development [48, 49]. 
Amplifications are obvious on a Southern blot as a band or 
bands that are more intense than the normal single-copy con-
trol; numerical values that reflect intensity may be assigned to 
bands using a densitometer. Structural aberrations in a gene 
of interest can be detected by Southern blotting, including the 
insertion or deletion of nucleotides or gene rearrangements 
(Fig. 2.4). When nucleotides are mutated, inserted, or deleted, 
the ladder of fragments produced may be abnormal due to the 
obliteration of restriction sites, the generation of novel restric-
tion sites, or alterations in fragment size due to an increase or 
decrease in the number of nucleotides between restriction 
sites. The majority of these aberrations are apparent on 
Southern blots as abnormal banding patterns. The Southern 
blot remains a useful and reliable way to obtain definitive data 
on gene structure.

2.2.6	 �Polymerase Chain Reaction (PCR)

The development of PCR has increased the speed and accu-
racy of DNA analysis, and has resulted in the rapid develop-
ment of new and creative techniques for detecting, replicating, 
and modifying DNA. Since it was described originally [52, 
53], PCR has evolved to encompass an enormous array of 
specific applications. This section will cover the basic con-
cepts of PCR and several applications that are useful in 
molecular analyses of cancer. For a complete technical 
description of PCR techniques, the reader is referred to a 
more detailed source [50].
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2.2.6.1	 �Principles of PCR
Every PCR reaction must contain several key components: a 
small amount of target DNA to be used as a template; a ther-
mostable polymerase, such as Taq polymerase that is not 
denatured at high temperatures; a pair of single-stranded 
DNA oligonucleotide primers; and deoxynucleotides 
(dNTPs), the building blocks for the DNA to be amplified. 
The DNA may be genomic DNA isolated directly from 
experimental or patient material, or it may be cDNA that has 
been synthesized from an RNA template by reverse tran-
scriptase. The target for any PCR reaction is dictated by the 
specific oligonucleotide primers used. Two primers are 
designed to anneal to sites at either end of the region of inter-
est, on opposite template strands (Fig. 2.5). The primers are 
extended in the 5′–3′ direction by DNA polymerase to yield 
overlapping copies of the original template. PCR is a cyclic 
process, consisting of three steps: denaturation of template 
(94  °C), annealing of primers (temperature is sequence 
dependent; often between 50 and 60 °C), and extension of 
primers (72  °C). The three steps are repeated, with each 
cycle resulting in amplification of the target sequence. By the 
end of the third cycle, a new double-stranded molecule is 
formed in which the 5′- and 3′-ends coincide exactly with 

the primers [51, 52]. The copies that are produced of this 
targeted DNA sequence are referred to as the amplicon. 
These double-stranded molecules accumulate exponentially 
during subsequent cycles of PCR, so that the majority of 
products are of a defined size and are seen clearly as a sharp 
band upon electrophoretic separation. Due to the incredible 
sensitivity of PCR, even a miniscule amount of DNA can be 
amplified, which makes it a powerful tool but also mandates 
that precautions are taken to avoid introduction of contami-
nating DNA which could result in misinterpretation.

2.2.6.2	 �Design of Primers for PCR
When constructing primers for PCR, it is important to keep in 
mind a few basic concepts. Primer length can influence target 
specificity and efficiency of hybridization. As a general guide-
line, primers should be 20–30 nucleotides in length. Whenever 
possible, both primers should be the same length because 
primer length is considered when calculating an appropriate 
annealing temperature. The base composition of the primers is 
also important, since annealing temperature is governed in 
part by the percent G + C content of the primers. Ideally, G + C 
content is between 40–60 %, and the percent G + C should be 
the same in any primer pair. A simple formula can be used to 

5’ 3’

3’ 5’

5’ 3’

3’ 5’

Control DNAa
Test DNA

5’---G GATCC---3’
3’---CCTAG G---5’

5’---GCATCC ---3’
3’---CGTAGG---5’

BamH1 Site

Southern Blot

DNA

Restriction Enzyme
Digestion

mutation

Gene of Interest

2.6 kb 1.0 kb 3.6 kb

The G to C transversion obliterated
one of the BamH1 restriction sites
in both copies of the gene of
interest. When Southern analysis
was performed using a full-length
cDNA probe, the 1.0 kb and 2.6 kb
fragments were lost and replaced
with a 3.6 kb fragment.

2.6 kb

1.0 kb

3.6 kb

Fig. 2.4  Southern blotting. Variations in 
DNA sequences that alter restriction 
endonuclease recognition sites can be 
detected by Southern blotting (a). After 
digesting genomic DNA with restriction 
endonucleases, the DNA is subjected to 
agarose gel electrophoresis and then 
transferred to a membrane. The agarose gel 
can be imaged before (b) and after (c) the 
transfer has taken place to confirm adequate 
amounts of digested DNA and proper 
transfer of the DNA from the gel to the 
membrane. The membrane is then incubated 
with radiolabeled or chemiluminescent 
DNA probes which hybridize to specific 
DNA fragments. Exposing the membrane to 
film allows for visualization and sizing of 
these fragments (d).
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calculate an appropriate annealing temperature for any given 
primer: Tm = 69.3 + 0.41(%G + C) − (650/L), where L = primer 
length in bases [53]. Repetitive or palindromic sequences 
should be avoided in a primer to avoid self-hybridization, and 
primer pairs should not contain sequences complementary to 
each other to avoid primer dimers.

2.2.6.3	 �The Role of Polymerase in PCR
A DNA polymerase enzyme is essential for the primer exten-
sion step of PCR.  Early PCR experiments employed the 
Klenow fragment of E. coli DNA polymerase I, but this 
enzyme is heat labile and must be replenished with each 
amplification cycle. The developments of thermostable DNA 
polymerase and commercially available thermal cyclers have 
greatly improved the efficacy of PCR methodology. Taq DNA 
polymerase was isolated from Thermus aquaticus, and is char-
acterized by its 5′–3′ exonuclease activity, thermostability, 
and optimum performance at 70–80 °C [54, 55]. Temperature, 
pH, and concentration of Mg++ influence the activity of Taq 
polymerase. Lower divalent cation (Mg++) concentrations 
decrease the rate of dissociation of enzyme from template by 
stabilizing the enzyme-nucleic acid interaction [56]. The opti-
mum pH for a given PCR reaction will be between 8.0 and 
10.0 (usually ~8.3), but must be determined empirically. While 
Taq DNA polymerase is ideal for routine PCR, there are many 
other DNA polymerases with unique qualities which make 
them useful for special PCR applications such as amplification 
of long stretches of DNA or high-fidelity amplification [56].

2.2.6.4	 �Detection of PCR Products
Once the PCR is complete, the products must be analyzed 
and interpreted. Amplification products of routine PCR reac-
tions can be separated by standard agarose gel electrophore-
sis and visualized by staining with ethidium bromide or other 

DNA dye. When finer resolution is needed, such as in the 
analysis of very small (<100 bp) products, polyacrylamide 
gel electrophoresis is standard. In addition, newer technolo-
gies such as bead arrays, microarrays, and capillary electro-
phoresis can be used to detect PCR products (Fig. 2.6).

2.2.6.5	 �Contamination Issues
Due to the extreme sensitivity of PCR, care must be taken to 
avoid exposing PCR reagents, set-up areas, and equipment to 
DNA that is not intended to be a part of the PCR reaction, 
especially amplicons from previous PCR runs. Unwanted 
false-positive results can occur if issues of contamination are 
not addressed. One laboratory practice that is often used to 
avoid this type of contamination issue is designating separate 
pre- and post-PCR work areas. After a PCR run is complete, 
all handling of the amplicon, such as for gel electrophoresis, 
is performed in an isolated work area with equipment that is 
designated for post-PCR use only. Pipettes, pipette tips, and 
buffers, for example, used in post-PCR handling should not 
be outside of the area designated for post-PCR work. Gloves 
used in this area should also be discarded before returning to 
other work areas in the lab. Additionally, the use of filtered 
pipette tips, especially in the pre-PCR work area, can help in 
eliminating PCR contamination issues.

2.2.7	 �Modifications and Improvements 
of PCR

Many variations to the original PCR procedure have been 
developed to improve its utility, ease, sensitivity, and specificity. 
Many companies now offer PCR master mixes which contain a 
DNA polymerase and dNTPs in buffers optimized to amplify 
most target sequences. This often eliminates the need for exten-

Genomic
DNA template

94∞C denaturation
double-stranded DNA template

becomes single-stranded

~55∞C annealing
primers anneal to template DNA

72∞C extension
polymerase uses dNTPs

to extend primers

30-40
cycles

Taq DNA
Polymerase,
Primers,
dNTPs

Fig. 2.5  The polymerase 
chain reaction (PCR). 
Specific sequences of DNA 
are amplified by PCR using 
pairs of oligonucleotide 
primers. Genomic DNA, 
primers, Taq DNA 
polymerase, and 
deoxynucleotides (dNTPs) 
are combined in a suitable 
buffer and subjected to 
repeated cycles of 
alternating temperatures 
which denature the template 
DNA, allow for primer 
annealing to the template 
and finally extend the 
primer to create a new 
strand of DNA.
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sive optimization of PCR components and cycling conditions 
and simplifies PCR set-up by only requiring the addition of a 
DNA template and primers to the master mix. In order to elimi-
nate some types of PCR contamination, some master mixes are 
available that contain the enzyme uracil N-glycosylase (UNG) 
and the nucleotide dUTP along with the normal dNTPs needed 
for PCR. If a PCR is contaminated by an amplicon from a pre-
vious PCR made with dUTP, a pre-amplification incubation 
will degrade the contaminating amplicon, preventing it from 
being used as a template in the current PCR.

2.2.7.1	 �Hot Start PCR
Hot start PCR was developed to reduce background from 
nonspecific amplification by preventing polymerization of 
new DNA during the set-up and the initial phase of the reac-
tion when nonspecific binding may occur between primers 
and other DNAs in the mixture [57, 58]. Hot start may be 
achieved by limiting the initial Mg++, dNTP, or enzyme con-
centration, or by separating the components with a barrier, 
such as wax beads that melt as the mixture is heated. 
Alternatively, hot start polymerases bound by antibodies or 

Fig. 2.6  Methods for analysis of DNA amplified by PCR. Gel electro-
phoresis separates DNA fragments based on size since smaller DNA 
fragments migrate at a faster rate through the gel (a). When DNA of an 
unknown size is run alongside a “ladder” containing DNA fragments of 
known sizes, the length of the unknown DNA can be estimated. More 
precise sizing of DNA can be made when using capillary electrohoresis 

(b), in which fluorescently labeled DNA (black peak) is moved through 
thin capillary tubing along with a DNA sizing standard (red peaks) to 
obtain higher resolution than possible with standard gel electrophore-
sis. Alternatively PCR-amplified DNA can be analyzed based on 
sequence due to its ability to hybridize with probes in microarrays and 
bead arrays (c).
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other molecules are enzymatically inactive until a high tem-
perature incubation (immediately preceding normal PCR 
cycling) activates the polymerase, thereby preventing prema-
ture or nonspecific DNA amplification in the time between 
mixing the components of the reaction and the PCR cycling.

2.2.7.2	 �Touch-Down PCR
Touch-down PCR was developed to enhance amplification 
of the desired target sequences while reducing amplification 
of artifacts [59, 60]. The initial cycle begins with an anneal-
ing temperature that is greater than the expected Tm of the 
primer and the annealing temperature is lowered progres-
sively with each cycle. As a result, the desired amplicon will 
accumulate preferentially while the amplification of unde-
sired products is minimal.

2.2.7.3	 �Nested PCR
Performing nested PCR can increase both the sensitivity and 
specificity of amplification [52]. The amplification product(s) 
generated in the first PCR reaction are used as the template 
for a second PCR reaction, in which primers are used that are 
internal, or nested, within the first primer pair. Nonspecific 
products that are produced within the first round of PCR are 
not likely to contain sequences complementary to the nested 
primers, so that spurious products are eliminated during the 

second round of PCR. Extremely rare target sequences can 
be detected using nested PCR, since the first round of PCR 
effectively amplifies the specific template for the second 
round of PCR. Due to the sensitive nature of nested PCR, 
special care must be taken to avoid contamination.

2.2.7.4	 �Long-Distance PCR
It is possible to amplify sequences as large as 50 kb using 
long-distance PCR (LD-PCR) [61]. One step toward suc-
cessful LD-PCR is the use of thermostable, long-life poly-
merases that are capable of generating long strands of 
cDNA.  The first LD-PCR was accomplished by using a 
5′-endonuclease-deficient, N-terminal deleted variant of Taq 
DNA polymerase in combination with Pfu DNA polymerase 
in a 180:1 ratio [62]. Many special DNA polymerases capa-
ble of performing well in LD-PCR are now available com-
mercially. Other prerequisites for successful LD-PCR are 
high quality DNA for use as template, and carefully con-
structed primers with matching melting temperatures.

2.2.7.5	 �Reverse Transcriptase PCR (RT-PCR)
Specific RNA sequences can also be detected using PCR. An 
enzymatic reaction using reverse transcriptase creates a 
complementary DNA (cDNA) copy of the RNA, which can 
then be amplified using standard PCR conditions. RT-PCR is 
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a useful tool for detecting the presence or absence of mRNAs 
for specific genes and can be performed quantitatively or 
semiquantitatively to detect variations in gene expression 
between samples.

2.2.7.6	 �Multiplex PCR
Often it is desirable to amplify more than one target sequence 
at a time. The use of more than one pair of PCR primers in a 
single reaction is often possible, although these multiplexed 
reactions become increasingly difficult to optimize with 
increasing numbers of amplicons. Designing primers with 
similar melting temperatures helps ensure successful multi-
plexed PCRs and using Mg++ concentrations that are higher 
than normal PCRs is usually necessary.

2.2.7.7	 �Quantitative PCR
Quantitative PCR provides a quick and simple alternative to 
Southern blot analysis for the evaluation of gene copy number 
or gene expression levels [63]. The underlying premise for 
quantitative PCR is that the accumulation of amplified prod-
ucts occurs exponentially and follows a predictable curve. The 
overall profile of product accumulation throughout the course 
of a reaction may be reproducible enough to extrapolate the 
amount of starting material. Accurate quantification requires 
that the analysis be done during the exponential (sloped) part 
of the amplification curve, and not during the plateau phase 
when the DNA amplification rate has leveled off. Accurate 
quantitative PCR experiments using traditional (endpoint) 
PCR methods must include control template fragments, which 
may be synthesized or may be isolated from other sources. 
The control fragments should have priming sites and second-
ary structure that is identical to the test DNA, but should be 
sufficiently different in size that they can be discriminated 
upon electrophoretic separation. In a typical quantitative PCR 
reaction, replicate tubes are prepared with a fixed concentra-
tion of test DNA; then known quantities of control DNA are 
added in a range of concentrations, PCR is conducted, and the 
samples are subjected to gel electrophoresis. When one tem-
plate is in excess, it will yield a greater abundance of PCR 
product; but when the concentration of both the control and 
test templates are equal, amplification will occur at equal rates, 
ultimately producing two bands of equal intensity on the gel. 
Quantitative approaches to PCR are useful when careful atten-
tion is paid to experimental reproducibility [63, 64]. Although 
this method can achieve quantitative results, it is rather tedious 
and has been replaced in most situations by one of the most 
useful modifications of the basic PCR method: real-time PCR.

2.2.8	 �Real-Time PCR

Previously, DNA amplified by PCR was analyzed in a post-
PCR process. Newer technologies allow users to observe the 
amplification of DNA as each cycle occurs, in real-time. 

Real-time PCR eliminates the need for post-amplification 
analysis, often saving hours of analytical time and minimiz-
ing the risk of contamination. Real-time PCR also increases 
the ease with which quantitative results can be obtained and 
thus be applied to gene dosage and expression analysis. For 
this reason the term “quantitative PCR” (qPCR) has become 
synonymous with real-time PCR.

Real-time PCR is made possible by the use of fluorescent 
signals which increase as the target sequence is amplified. 
This can be accomplished in several ways, but the two main 
methods include the addition of SYBR Green (or similar dyes 
that emit fluorescence in the presence of double-stranded 
DNA) to a standard PCR and using fluorescent probes spe-
cific for sequences between PCR primers.

SYBR Green is a dye that fluoresces only in the presence 
of double-stranded DNA.  As the amount of amplicon 
increases during each PCR cycle, the amount of fluorescence 
also increases. Measuring the amount of fluorescence at each 
PCR cycle makes it possible to graph the amplification that 
occurs during the PCR (PCR cycle number on the X-axis and 
fluorescence on the Y-axis) showing the extent of amplifica-
tion over time (Fig.  2.7) [65]. Since any double-stranded 
DNA will be detected by SYBR Green, precautions must be 
taken to ensure any increase in fluorescence represents the 
desired amplicon from the target sequence. In standard PCR 
this is accomplished using gel electrophoresis to make sure 
the length of the amplicon matches the expected size and that 
no nonspecific PCR products appear on the gel.

A second and slightly more complex method for detecting 
amplification in real-time PCR uses oligonucleotide probes 
that are fluorescently labeled. The exact design of these fluores-
cently labeled probes can vary but they all contain a sequence 
complementary to a region of the target sequence between the 
forward and reverse primers. In one example of a fluorescent 
probe-based real-time PCR chemistry, 5′ hydrolysis probes or 
TaqMan® probes an oligonucleotide probe is designed with a 
fluorescent molecule such as FAM bound on one end and a 
quencher molecule on the other end. The fluorescent signal is 
usually not detected due the close proximity of the quencher. 
During the annealing step of each PCR cycle this probe anneals 
to the target sequence along with the primers (Fig. 2.8). During 
the extension stage of each PCR cycle, the 5′–3′ exonuclease 
activity of Taq polymerase digests the probe, separating the 
quencher dye from the fluorescent dye, which results in a 
detectable increase in fluorescence [66, 67]. This fluorescence 
can be used to create an amplification curve similar to the one 
produced when SYBR Green is used.

2.3	 �Microarray Technology

DNA and RNA microarrays have greatly expanded the amount 
of data that can be obtained in a single experiment, often using 
the same basic principles of hybridization as Southern blotting. 
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Fig. 2.7  Real-time PCR. Fluorescent detection of DNA being amplified 
by PCR can be in “real-time” by measuring the fluorescence emitted at 
each cycle. This fluorescence can be produced by adding a dye such as 
SYBR Green to the PCR buffer which fluoresces when bound to double-
stranded DNA.  Alternatively, fluorescence can be produced by adding 
sequence-specific probes that can be fluorescently labeled in various ways 

to produce fluorescence at specific points during each PCR cycle. The 
exact or relative amount of starting template can be inferred by determining 
when the amplification curve (blue) crosses over a certain threshold (30.0) 
of fluorescence. The cycle when this occurs is designated as the cycle 
threshold value or Ct (29.1).

Primer

a

b

Taq

Taq

Primer

Reporter dye Quencher

Reporter dye
Quencher

Fig. 2.8  Real-time PCR 
using hydrolysis (TaqMan) 
probes. PCR primers are 
used to amplify target DNA 
as in standard PCR. During 
the annealing step of each 
PCR cycle a fluorescently 
labeled oligonucleotide 
probe, complementary to 
one strand of the template 
DNA, anneals along with 
the primers (a). The 
TaqMan probe contains one 
detection dye (shown in 
red) whose fluorescence is 
absorbed by another 
quencher dye (shown in 
green) when the probe is 
intact. During the extension 
step of each PCR cycle (b) 
the TaqMan probes are 
digested. This physical 
separation of the dye from 
the quencher allows for 
increased fluorescence 
during the extension step of 
each PCR cycle.
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Microarray designs vary greatly among manufacturers but in 
the more traditional arrays contain many thousands or millions 
of unique DNA probe sequences that appear as separate dots or 
features on a fixed surface. Each of these features contains a 
unique nucleotide sequence that represents a specific gene, 
chromosomal location or other nucleic acid sequence being 
interrogated. Labeled nucleic acids, prepared from the samples 
being analyzed, are incubated on the surface of the microarray 
to allow hybridization between the microarray probes and the 
sample-derived nucleic acid. A washing step is then used to 
remove any labeled sample that is not hybridized to reduce 
background signaling on the chip when scanned.

Numerous formats and applications for microarrays exist 
but three main microarray applications predominate in both the 
research and clinical laboratory setting: gene expression arrays, 
chromosome arrays (CMA), and genotyping arrays (Fig. 2.9). 
These three applications differ in the design of the microarrays 
and in the type of nucleic acid being interrogated [68–77]. In 
gene expression microarray applications, mRNA or cDNA is 
applied to a microarray containing features for large groups of 
genes, often all known genes expressed in a particular organ-
ism. The levels of gene expression can be determined by the 
intensity of the signals at each spot. Microarray results using 
mRNA isolated from two or more groups of cells or tissue can 

Fig. 2.9  Microarray technology. Genomic DNA or PCR-amplified DNA 
can be detected by hybridizing with probes that have been attached to 
specific locations on the surface of a microarray. Interrogation of a few 
or up to a few million different sequences in a DNA sample can be deter-
mined simultaneously. Genotyping of three loci is performed with a low-

density array developed by Nanosphere which can use PCR-amplified 
or non-amplified genomic DNA (A). High-density arrays such as the 
OncoScan microarray (Affymetrix, Inc.) can detect changes in copy 
number and loss of heterozygosity by targeting hundreds of thousands of 
single nucleotide polymorphism (SNPs) across the genome (B).
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be compared to look for up- or down-regulation of each gene 
represented on the microarray [68, 69]. This is often used to 
compare normal and diseased tissue, varying grades of tumors, 
or samples treated and untreated with a drug or other agent in 
the research setting. In the clinical setting, gene expression 
microarrays are used with metastatic tumor in which the site of 
the primary tumor is unknown despite the available imaging 
and pathological findings. The expression profile of a tumor 
with an unknown primary is compared to known expression 
profile signatures of tumors in which the site of the primary 
tumor is known. Clinical expression profile tests may be help-
ful in this setting for predicting the site of origin and choosing 
the most appropriate form of therapy [70, 71]. In addition to 
mRNA from protein-coding genes, expression microarrays can 
also measure the expression of a large number of regulatory 
noncoding microRNAs or miRNAs.

While some microarrays provide information about the 
presence, absence and abundance of a particular target, geno-
typing microarrays are able to differentiate between two 
alleles at a given locus. This type of technology allows for the 
genotyping of many thousands or millions of single nucleo-
tide variants (SNVs), also called single nucleotide polymor-
phisms (SNPs), in a given sample for a relatively small cost. 
The methodology varies between platforms but in some cases 
can be as simple as having two nearly identical oligonucle-
otide probes for each locus being genotyped. The sequence of 
each probe will differ near the middle of the probe at the posi-
tion of the SNV with the probe at one feature annealing to one 
allele and the probe at another feature annealing to the other 
allele. Signal at one or both of these features indicates that a 
sample is homozygous or heterozygous for an allele with 
respect to each loci represented on the microarray. High-
density genotyping arrays have been used frequently in 
genome-wide association studies (GWAS) but lower density 
genotyping arrays are more common in the clinical setting to 
evaluate a smaller number of clinically relevant loci [72, 73].

Genotyping microarrays can be designed to examine 
genomic DNA or select PCR-amplified targets for any num-
ber of single nucleotide polymorphisms, variants or muta-

tions [72]. In the clinical laboratory, these SNP microarrays 
have been used as a tool to create low to high density multi-
plexed genotyping assays [73, 74].

Chromosome microarrays (CMA) detect copy number vari-
ations (CNVs), such as deletions, duplications and gene ampli-
fications in genomic DNA samples. These changes in copy 
number include trisomies or monosomies of entire chromo-
somes or smaller CNVs affecting only one arm of a chromo-
some or smaller regions of chromosomes. The dense coverage 
across each chromosome offered in many chromosome micro-
arrays allows for detection of CNVs down to the range of 
10–100 kb, which would be too small for detection by tradi-
tional cytogenetic techniques [75–77]. Depending on the design 
of the microarray used, CMAs can fall into one of two main 
categories. Copy number microarrays, commonly called array 
comparative genomic hybridization (aCGH), previously used 
BAC probes and now shorter oligonucleotide sequences to 
compare signal intensities across the genome of an unknown or 
patient same to that of a normal control genomic DNA sample. 
Alternatively, CMAs based on high-density SNP arrays similar 
to the high-density genotyping microarrays described above 
detect both copy number variations and long contiguous 
stretches of homozygosity. These stretches of homozygosity 
may suggest consanguinity, uniparental disomy (UPD) or in 
cancer, copy neutral loss of heterozygosity (cnLOH) (Fig. 2.10).

2.4	 �Sequencing Technologies

2.4.1	 Sanger Sequencing

For many years DNA sequencing has been an essential tool 
in both the research and clinical laboratory. Until recently, 
DNA sequencing has been performed almost exclusively by 
Sanger sequencing technology in which target DNA, ampli-
fied by PCR or cloning into a bacterial vector, is sequenced 
by the extension of a single oligonucleotide primer by a 
DNA polymerase in the presence of both dNTPs and labeled 
dideoxynucleotide triphosphates (ddNTPs). The addition of 

Fig. 2.10  SNP-based microarrays. Genomic DNA derived from for-
malin-fixed, paraffin-embedded tumor tissue can be used to detect 
changes in copy number and loss of heterozygosity. In this example, 
changes in copy number are not detected but regions of copy neutral 

LOH can be observed within chromosomes 1, 9, 10 and 17. This exam-
ple shows microarray data from OncoScan FFPE Assay kit (Affymetrix, 
Inc) analyzed with using Nexus software.

2  Essential Concepts and Techniques in Molecular Biology



40

a ddNTP blocks the addition of any other dNTPs or ddNTPs, 
creating a somewhat random assortment of single-stranded 
DNA molecules of various lengths, each labeled with a fluo-
rescent molecule corresponding to the ddNTP added on the 
3′ end (A, T, C, or G). These DNA fragments are separated, 
most commonly by capillary electrophoresis, to create an 
electropherogram from which the DNA sequence following 
the sequencing primer can be determined [78].

The sequencing of individual human genes and later, the 
entire human genome, led to the identification of countless 
sequence variants with pathological significance in the fields 
of genetics, hematology, and oncology. Likewise, sequencing 
portions of or entire genomes of bacterial and viral pathogens 
provided valuable biological information regarding infec-
tious disease processes and also lead to the advent of molecu-
lar infectious disease testing. Clinical sequencing of bacterial 
16S rRNA genes aids in identification of unknown organisms 
and sequencing of HIV genes from patient specimens can 
identify the presence of mutations causing resistance to anti-
viral therapies [79, 80]. Information obtained from sequenc-
ing also makes it possible to design clinical molecular tests to 
monitor viral loads in patients infected with HIV, HCV, BKV, 
and others and to quickly detect organisms that are difficult to 
grow and identify in culture.

Although traditional DNA sequencing is an invaluable 
tool in molecular diagnostics, it does have its limitations. A 
single sequencing reaction can produce a read length of 
approximately 600 nucleotides and often requires another 
sequencing reaction of the opposite DNA strand (bidirec-
tional sequencing) for confirmation. When the sequencing of 
large stretches of DNA is required, the costs and time involved 
can be limiting. The analytic sensitivity of traditional sequenc-
ing methods can also be problematic in some situations. 
Sanger sequencing can easily detect two alleles when they are 
present at nearly equal frequencies as in genomic DNA sam-
ples that is heterozygous at a given locus. In some situations, 
however, an allele or sequence may be present at levels below 
10–20 % of the total targeted DNA sequence which may not 
be detectable by Sanger sequence [81]. For example, tumor 
specimens submitted for somatic mutation testing often con-
tain a significant amount of non-tumor cells. Germline DNA 
from these cells can dilute the signal from a low-level somatic 
mutation to the point of where the signal from the mutation is 
indistinguishable from background noise.

2.4.2	 Next-Generation Sequencing

Newer DNA sequencing technologies, normally referred to 
as next-generation sequencing, have been developed by sev-
eral companies that can produce massively parallel sequenc-
ing data to overcome some of these limitations of more 
traditional DNA sequencing [82]. Instead of the individual 
reads of amplified DNA segments obtained by Sanger 
sequencing, next-generation sequencing can produce large 

numbers of shorter reads across an entire gene, group of 
genes, or an entire genome with each segment of DNA being 
sequenced tens, hundreds, or thousands of times. These fea-
tures provide an increased ability to detect low-level varia-
tions and also make sequencing across large stretches of 
DNA more feasible. The cost of sequencing an entire genome 
is currently too high to make the regular use of whole genome 
sequencing a reality in the clinical setting but more targeted 
approaches to these next-generation sequencing technolo-
gies are becoming more feasible. Assays capable of sequenc-
ing an entire gene or group of genes related to a specific 
genetic syndrome or cancer have quickly infiltrated clinical 
laboratories in recent years. In coming years this approach to 
large-scale sequencing may replace current multiplexed 
genotyping methods used to screen patients for large num-
bers of mutations such as those in the CFTR gene responsi-
ble for cystic fibrosis and the often tedious, large-scale 
approaches to whole gene sequencing to detect mutations 
that can predispose carriers to cancers [83]. The coverage or 
read-depth can also be used to detect low-level somatic 
mutations found in various tumor types. Although the 
expenses involved in next-generation sequencing are still 
quite high the technology is becoming more and more afford-
able everyday and the typical cost per nucleotide sequenced 
for laboratories using these technologies on a regular basis is 
much lower than traditional Sanger sequencing [84].

Although the chemistry and workflow can vary greatly 
between next-generation sequencing platforms and even 
between different applications on the same platform, there are 
a number basic steps that are common to most next-generation 
sequencing. After isolating DNA from a specimen, the sample 
must be processed in such a way to enrich for the desired target 
sequences and to modify the DNA to make it suitable for 
sequencing. For example, in clinical testing of cancer speci-
mens, this target enrichment may be performed using PCR to 
specifically amplify exons of cancer genes known to be 
hotspots for clinically relevant mutations. After PCR amplifi-
cation various adapter oligonucleotide sequences can be 
attached to the ends of the amplified DNA. These adapters 
often include molecular barcodes to uniquely identify 
sequences obtained from a specific sample. This barcoding 
allows for pooling of multiple samples in a single sequencing 
reaction. If PCR-based enrichment is not used, the addition of 
adapters can be used along with various capture methods to 
enrich for the desired sequences. Capture-based enrichment is 
typically preferred when sequencing larger numbers of target 
sequencing, as is needed in whole exome sequencing [85, 86]. 
Regardless of the method used, these prepared libraries DNA 
to be sequenced can be pulled together and processed on next-
generation sequencing platform [87]. After the sequencing is 
complete, the raw sequence data must be submitted to a bioin-
formatics pipeline to align the sequence reads to a reference 
sequence, make variant calls and then filter out benign variants 
and rank the remaining variants based on clinical significance. 
This pipeline may vary greatly based on platform, application, 
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types of variants expected and the preference of a particular 
lab. Much of this pipeline may be automated but manual review 
and interpretation is always needed to make the final calls and 
interpretations. Various software programs and algorithms can 
be used for this alignment and variant calling and care must be 
taken to select a suitable component of an analysis pipeline. 
Compared to more focused sequencing, one of the biggest 
challenges to successfully implementing clinical next-genera-
tion sequencing is the interpretation of variants and dealing 
with a larger number of variants of unknown significance. This 
becomes more of an issue as one moves from gene panels to 
whole exome to whole genome sequencing. In some situations 
where sequencing a larger number of exons or genes may be 
technically and financially viable, restricting the targeted 
sequences of an assay may be desired to reduce the possibility 
of uncertain findings [88-91].
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