
PREFACE
The practice of medical oncology is in a period

of significant positive change that owes primarily
to advances in the basic science of oncology.  In
recent years, developments in molecular biology
techniques have substantially increased our ability
to detect and characterize genetic defects in human
cells, resulting in significant increases in our
understanding of the normal molecular mecha-
nisms controlling cellular proliferation and differ-
entiation.  The advancement of our comprehension
of these basic molecular mechanisms has been par-
alleled by comparable increases in our understand-
ing of the molecular basis of the processes involved
in neoplastic transformation and tumorigenesis.
Information gleaned from studies conducted in
basic molecular research laboratories is being
applied with unprecedented speed to the develop-
ment of new molecular tests for cancer diagnosis
and prediction of clinical outcome, as well as to the
development of new strategies for cancer preven-
tion and treatment.  Basic scientists, clinical scien-
tists, and physicians have a need for a source of
information on the current state of the art of the
molecular biology of human neoplastic diseases.
In this volume on The Molecular Basis of Human
Cancer we attempt to provide such a source of cur-
rent information, as well as provide a look to the
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future of the discipline and the potential impact of
scientific advances on the practice of medical
oncology.  This book is directed primarily to
advanced graduate students and medical students,
postdoctoral trainees, and established investigators
having basic research interests in the molecular
basis of human neoplastic disease.  However, it is
also well suited for the non-expert with similar
interests because it provides a broad overview of
general themes in the molecular biology of cancer.
To be sure, our understanding of the many pro-
cesses of neoplasia and their molecular basis is far
from complete, but few areas of thematic or con-
ceptual consensus have developed.  We have made
an effort to integrate accepted principles with
broader theoretic concepts in an attempt to present
a current and comprehensive view of the molecular
basis of human cancer.  We hope that The Molecu-
lar Basis of Human Cancer will accomplish its
purpose of providing students and researchers who
already possess strong but diverse basic science
backgrounds with unifying concepts, so as to stimu-
late new research aimed at furthering our under-
standing of neoplastic disease.
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THE BIOLOGY OF NUCLEIC ACIDS
COMPOSITION AND STRUCTURE OF DNA

Deoxyribonucleic acid (DNA) is formed by the linear polymer-
ization of nucleotides, which are composed of a nitrogen-con-
taining base and a phosphorylated sugar. 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 phos-
phate groups (Fig. 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
nucleotide attached to the 5´ position of the deoxyribose at the
5´ end, and no nucleotide attached to the 3´ hydroxyl group at
the 3´ end.

The DNA within the 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 oc-
curs 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 oxidating 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. Enzy-
matic reactions within the nucleus are responsible for conver-
sion of DNA from the B-form to the Z-form and vice versa (3).

The DNA in each eukaryotic cell must be compressed to fit
within the nucleus, which is only about 10µm in diameter. The
DNA is segmented into 46 discreet structural units, termed
chromosomes. Chromosomal DNA is condensed by the forma-
tion of nucleosomes; a group of small basic proteins (histones)
around which 160–180 base pairs of DNA are wrapped (4).
Formation of nucleosomes is not sequence-dependent and it

occurs in mammalian, bacterial, and viral DNA (5). Nucleo-
somes are wound into a left-handed helix for further condensa-
tion of the DNA, and higher orders of structure include
supercoils and/or rosettes (2). Ultra-condensed DNA (hetero-
chromatin) is inactive metabolically, and is found primarily in
the periphery of the nucleus, whereas less condensed DNA
(euchromatin) is readily accessible by transcription machinery
and is located in the center of the nucleus (6).

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 for transfer
RNA (tRNA), ribosomal RNA (rRNA), and the histone pro-
teins (7). These tandemly repeated genes are present on several
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Fig. 1. DNA and RNA structure. Strands of nucleic acids are formed
by the linkage of nitrogenous bases (purines and pyrimidines) via
their phosphate groups. Note the presence of the extra hydroxyl group
on the ribose component of RNA.
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chromosomes and associate in the nucleus to form the nucleo-
lus (8). Highly repetitive sequences with thousands of copies,
called satellite DNAs, are found at the telomeric ends of chro-
mosomes and around the centromeres (9). It is likely that the
centromeric sequences play a role in the establishment and
maintenance of chromosome structure. Telomeric repeats are
involved in completing replication of chromosome ends (10),
and it has been demonstrated that the length of the telomeric
repeat sequences decreases with life-span of cultured human
cells (11). 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 pro-
cess (11). Other repetitive sequences, such as the Alu sequences,
are found throughout chromosomes; their function is largely
unknown, but a role in regulation of gene function has been
proposed (12).

Simple polymorphic repetitive elements composed of di-
nucleotide or trinucleotide repeats are present in the human
genome and have been associated with cancer and other dis-
eases such as muscular dystrophy, Fragile X syndrome,
Huntington’s disease (HD), 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 HD) (16).

DNA REPLICATION AND CELL DIVISION
In order for the DNA in a cell to be replicated prior to cell

division, 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 refor-
mation of the DNA helix (17). A small strand of RNA 10–20
nucleotides in length acts as a primer, initiating synthesis 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 en-
zymatic 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 en-
zyme 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 recog-
nizes and repairs mismatched nucleotides and decreases the
error rate further to 1 in 108–109 (2,19). Several inherited dis-
orders are due to dysfunctional DNA damage-repair, including
ataxia telangectasia (A-T), Fanconi’s anemia, and xeroderma
pigmentosum (XP) (20).

The DNA within the nucleus of a eukaryotic cell can be
replicated completely in about eight h, during S phase of the

cell cycle. Resting cells (G0) receive a mitotic stimulus, which
causes transition into 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 phospho-
rylation and dephosphorylation of kinases and cyclins, and by
two major checkpoints (21,22). The first checkpoint occurs
between G1 and S, and can prevent cells with damaged or
unrepaired DNA from entering S phase. The second checkpoint
occurs between G2 and M, and can prevent the initiation of
mitosis (21).

STRUCTURE AND COMPOSITION OF RNA
RNA, or ribonucleic acid, is a linear polymer of ribonucle-

otides linked by 5´-3´ phosphodiester bonds (Fig. 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. Because of the extra hydroxyl group present on the
ribose, RNA is more susceptible than DNA to nucleases. Single-
stranded RNA molecules form complex 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, thiolation,
and acetylation (24,25). Messenger RNA (mRNA) mediates
gene expression by carrying coding information from the DNA
to the ribosomes, where proteins are synthesized. mRNA is the
most heterogeneous type of RNA, and also has the shortest
half-life. Other RNA species in eukaryotic cells include hetero-
geneous nuclear RNAs (hnRNA), which are the precursors to
mature mRNA (26), and small nuclear RNAs, which are in-
volved in the synthesis/processing of mRNA (27).

TRANSCRIPTION OF RNA
Even simple eukaryotic organisms, such as yeast, contain a

large number of genes (~2,000), and higher eukaryotes, such as
mammals, have ~100,000 genes (28). Clearly, the proteins
encoded by all genes are not expressed simultaneously at any
given time. Transfer of genetic information from DNA to pro-
tein begins with synthesis of RNA molecules from a DNA tem-
plate by RNA polymerase, a process termed transcription. The
RNA polymerase holoenzyme works processively, building an
RNA chain with ribonucleoside triphosphates (ATP, GTP,
CTP, UTP) (29). Initiation of transcription involves associa-
tion of the transcription machinery (RNA polymerase and tran-
scription factors) with the DNA template and the synthesis of
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RNA processing is not limited to mRNA. Eukaryotic tRNAs
are modified post-transcriptionally, as are eukaryotic rRNAs
(38). Introns present within rRNAs are classified as Group I or
Group II introns. Group I introns are removed as linear mol-
ecules by a self-splicing mechanism that requires magnesium
and guanosine as cofactors (39). Group II introns are also self-
splicing, are removed as a lariat structure, and require spermi-
dine as a cofactor (40).

CONTROL OF GENE EXPRESSION
Gene expression in eukaryotes may be controlled at the level

of mRNA stability, translational frequency, splicing, or protein
stability. However, the predominant mechanism for expression
control is at the level of transcription. Some genes, called house-
keeping genes, are needed by cells at all times regardless of the
metabolic needs of the cell. These genes are transcribed at about
the same rate at all times, and are therefore expressed constitu-
tively. Other genes are controlled stringently at the level of
transcription, and their expression may be induced or repressed
depending on the metabolic state of the cell. Some experimen-
tal models have taken advantage of this phenomenon by con-
structing expression vectors in which a promoter that can be
modulated metabolically drives expression of a specific gene.
For example, vectors have been constructed in which specific
genes are placed under control of the metallothionein promoter,
which is zinc-inducible (41). When cells containing the
metallothionein-promoted expression vector are exposed to
Zn++, the level of transcription of the gene of interest is induced,
so that the effects of expression of that gene on the host cells can
be evaluated in a controlled environment.

BASIC MOLECULAR ANALYSIS
AND INTERPRETATION

Investigations into the molecular mechanisms of disease
depend on the analysis of cellular DNA and RNA to identify
and characterize the genes involved. Target genes can be iden-
tified, localized to specific chromosomes, amplified by clon-
ing, and subjected to sequence analysis. DNA analyses are used
practically in the identification of individuals and in the search
for gene mutations, amplifications, and deletions, and RNA
analyses are employed frequently in the characterization of
gene expression.

DENATURATION AND HYBRIDIZATION The major-
ity 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 <4.0 or pH
>10.0), hydrogen-bond disrupting agents (such as urea or
formamide), or heat (42). The melting point (Tm) of a specific
double-stranded DNA sequence is reached when 50% of the
hydrogen bonds are disrupted, and is related linearly to the
percent G + C content of the DNA. The denaturation process is
easily monitored by spectrophotometry, because the absor-

a small ribonucleotide primer from which the RNA strand will
be polymerized (30). Initiation of transcription is not random,
but occurs at specific sequences called promoters that are lo-
cated at the 5´-end of genes. Every gene initiates transcription
independently at its own promoter, therefore the efficiency of
the process varies greatly depending on the strength of the pro-
moter. 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 (29). Termination of tran-
scription is poorly understood in eukaryotes, but takes place at
sites that include a stretch of T’s on the nontemplate strand of
the gene (31).

RNA PROCESSING
The majority of eukaryotic RNAs require extensive modifi-

cations before they attain their mature structure and function.
RNA strands may be modified by: 1) the removal of RNA se-
quences, 2) the addition of RNA sequences, or 3) the covalent
modification of specific bases. The long, relatively unstable
mRNA precursor strand (hnRNA) is synthesized and remains
in the nucleus where it is subjected to several stability-enhanc-
ing processes. With the exception of mitochondrial mRNAs,
the 5´-ends of eukaryotic mRNA precursor molecules are
capped, which involves removal of the terminal phosphate
group of the 5´-nucleoside triphosphate and subsequent link-
age of the 5´-diphosphate group to a GTP molecule (32). 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 pro-
tecting the 3´-end of the molecule from 3´-exonucleases, and
may also act as a translational enhancer (33). The mRNA mol-
ecule is stabilized further by the association of a ~70 kDa pro-
tein with the poly-A tail (34).

The majority of protein-encoding eukaryotic genes contain
intervening sequences, termed introns, which do not encode
any portion of the protein. These introns are maintained during
transcription of the hnRNA molecule, which results in produc-
tion 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 removal of the introns in
conjunction with the joining of the coding sequences, termed
exons. Introns may be between 65–10,000 base pairs, and short
consensus sequences are found at either end and within the
intron near the 3´-end (35). The consensus sequences mark
splice sites and act as targets for the spliceosome, a large
multisubunit protein complex comprised of 45 proteins and
thousands of snRNAs (35). 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 protein, which is accomplished by alternative
splicing of the primary hnRNA transcript. One mechanism of
alternative splicing involves removal of one or more exons
during splicing when the spliceosome ignores one or more in-
tron-exon boundaries (36). Alternative transcripts may also be
generated by the use of a secondary polyadenylation site (37).
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bance of the DNA at 260 nm increases as denaturation
progresses (42).

Hybridization of nucleic acid strands is a slow process and
the rate is governed by the relative concentration of strands
with complementary sequences and by the temperature. When
two complementary strands are aligned properly, hydrogen
bonds form between the opposing complementary bases and
the strands are joined. Target nucleic acid sequences can hy-
bridize to a complementary DNA (cDNA) or RNA strand, or to
other complementary sequences such as oligonucleotide prim-
ers or nucleic acid probes. Hybridization between two comple-
mentary RNA molecules is strongest, followed by RNA:DNA
hybrids, and DNA:DNA hybrids (43).

CONCEPTS AND APPLICATIONS OF SOUTHERN
BLOTTING The technique of Southern blotting is widely used
in a clinical or forensic setting to identify individuals, deter-
mine 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.

The first step in successful Southern blotting is to obtain
DNA that is reasonably intact. DNA that has been degraded by
excessive exposure to the elements or mishandling will not
produce a good quality Southern blot because it cannot be frag-
mented uniformly prior to the blotting procedure. 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 specific sizes that represent the
regions of DNA between restriction sites. The fragmented
DNAs are size-fractionated via agarose gel electrophoresis and
are subsequently denatured, which enables them to later be
hybridized to complementary nucleic acid probes. The DNAs
are transferred to a solid support such as a nylon or nitrocellu-
lose membrane via capillary action or electrophoretic transfer
and are bound permanently to the membrane by brief ultravio-
let (UV) crosslinking or by prolonged exposure to temperatures
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 (43,44).

The analysis of Southern blots requires the grasp of a few
simple concepts. Interpretation is easy when the question is
whether or not a gene is present in a particular sample, as long
as appropriate positive and negative controls were included (a
sample of DNA known to be positive and a sample 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 (45,46), or in genes such
as the multidrug resistance gene (MDR1) during treatment with
pharmacological agents (47). Amplifications are obvious on a
Southern blot as a band or bands that are more intense than the
normal single-copy control; numerical values that reflect inten-
sity may be assigned to bands using a densitometer or
phosphorimager. Structural aberrations in a gene of interest can
be detected by Southern blotting, including the insertion or
deletion of nucleotides or gene rearrangements. When nucle-
otides are mutated, inserted, or deleted, the ladder of fragments
produced may be abnormal due to the obliteration of restriction

sites, the generation of novel restriction 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 obvious on Southern blots as an abnormal band-
ing pattern on the autoradiogram (Fig. 2). The Southern blot
remains a useful and reliable way to obtain definitive data on
gene structure.

THE POLYMERASE CHAIN REACTION (PCR) The de-
velopment of PCR has increased the speed and accuracy of
DNA analysis, and has resulted in the rapid development of
new and creative techniques for detecting, replicating, and
modifying DNA. Since it was described originally (48,49), PCR
has evolved to encompass an enormous array of specific appli-
cations. This section will cover the basic concepts 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).

Principles of PCR Any PCR reaction must start with a DNA
template. The DNA may be genomic DNA isolated directly
from experimental or patient material, or it may be cDNA that
has been synthesized from a DNA or RNA template by poly-
merase or reverse transcriptase. The target for any PCR reac-
tion is dictated by specific oligonucleotide primers that anneal
to two sites at either end of the region of interest, on opposite
template strands. The primers are extended in the 5´→3´ direc-
tion 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), 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 (48,49). 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. Accumulation of target molecules
reaches a plateau eventually; the initial number of target se-
quences and the efficiency of primer extension determine the
upper limits of amplification. Due to the incredible sensitivity
of PCR, even a miniscule amount of contaminating DNA can
result in misinterpretation.

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. A long primer may be more specific for the tar-
get sequence, but is less efficient at hybridization, whereas a
short primer is efficient at hybridization but less specific for the
target sequence. As a general guideline, 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, because
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 calculate an appropriate
annealing temperature for any given primer: Tm = 69.3 +
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0.41(%G + C) – (650/L), where L = primer length in bases (51).
Repetitive or palindromic sequences should be avoided in a
primer, and primer pairs should not contain sequences comple-
mentary to each other.

The Role of Polymerase in PCR A DNA polymerase en-
zyme is essential for the primer extension 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 characterized by its 5´→3´ exonu-
clease activity, thermostability, and optimum performance at
70–80∞C (52,53). Temperature, pH, and concentration of Mg++

may influence the activity of Taq polymerase, and extremely
high denaturation temperatures (>97∞C) will significantly re-
duce its active lifetime. Lower divalent cation (Mg++) concen-
trations decrease the rate of dissociation of enzyme from
template by stabilizing the enzyme-nucleic acid interaction
(54). The optimum pH for a given PCR reaction will be between
8.0 and 10.0 (usually ~8.3), but must be determined empiri-
cally. While Taq DNA polymerase is ideal for routine PCR,
there are many other DNA polymerases with unique qualities

that make them useful for special PCR applications such as
amplification of long pieces of DNA or high-fidelity amplifi-
cation (54).

Visualization of PCR Products Once the PCR is com-
plete, the products must be visualized for analysis and interpre-
tation. Amplification products of routine PCR reactions can be
separated by standard agarose gel electrophoresis and visual-
ized 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
(PAGE) is standard. Recent technological advances have re-
sulted in the development of gel-free quantification methods
that are useful in high-throughput applications (55).

Modifications and Improvements of PCR Hot-start PCR
was developed to reduce background from nonspecific ampli-
fication by preventing polymerization of new DNA during the
initial phase of the reaction when nonspecific binding may
occur between primers and other DNAs in the mixture (56,57).
Hot start may be achieved by limiting the initial Mg++, dNTP,
or enzyme concentration, or by separating the components with
a barrier, such as wax beads that melt as the mixture is heated.
Alternatively, antibodies to the polymerase enzyme can be
added to the reaction mixture; they prevent premature polymer-
ization and are destroyed once the denaturation temperature is

Fig. 2. Southern blot analysis. Double-stranded DNA of interest is fragmented with restriction enzymes and size-fractionated by agarose gel
electrophoresis. The resulting ladder of fragments is transferred to a nylon or nitrocellulose membrane, which is then probed with a comple-
mentary RNA or DNA probe specific for the gene(s) of interest. In this example, the G‡C mutation present in the test DNA resulted in the loss
of one of the BamH1 restriction sites in the gene of interest, resulting in the loss of the 2.6 and 1.0 kb bands and appearance of a 3.6 kb band.
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reached. The key concept in hot-start PCR is to achieve a tem-
perature greater than the annealing temperature before the re-
action components are allowed to initiate polymerization.

Touch-down PCR was developed to enhance amplification
of the desired target sequences while reducing amplification of
artifacts (58,59). The initial cycle begins with an annealing
temperature that is greater than the expected Tm of the primer
and the annealing temperature is lowered progressively with
each cycle. As a result, the desired amplicon will accumulate
preferentially while the amplification of undesired products is
minimal.

Performing nested PCR can increase both the sensitivity and
specificity of amplification (49). 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 in-
ternal, or nested, within the first primer pair. Nonspecific prod-
ucts that are produced within the first round of PCR are not
likely to contain sequences complementary to the nested prim-
ers, so that spurious products are eliminated during the second
round of PCR. Extremely rare target sequences can be detected
using nested PCR, because 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 in order to avoid contamination.

It is possible to amplify sequences as large as 50 kb using
long-distance PCR (LD-PCR) (60). One step toward successful
LD-PCR is the use of thermostable, long-life polymerases 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 combi-
nation with Pfu DNA polymerase in a 180:1 ratio (61). Many
special DNA polymerases capable of performing well in LD-
PCR are now available commercially. Other prerequisites for
successful LD-PCR are high-quality DNA for use as template,
and carefully constructed primers with matching melting tem-
peratures (Tm).

Quantitative PCR provides a quick and simple alternative to
Southern- or Northern-blot analysis for the evaluation of gene
copy number or gene expression levels (62). The underlying
premise for quantitative PCR is that the accumulation of ampli-
fied products occurs exponentially and follows a predictable
curve. The overall profile of product accumulation throughout
the course of a reaction may be reproducible enough to extrapo-
late the amount of starting material. Accurate quantification
requires that the analysis be done during the exponential
(sloped) part of the curve, and not during the plateau. Accurate
quantitative PCR experiments must include control template
fragments, which may be synthesized or may be isolated from
other sources. The control fragments should have priming sites
and secondary structure that is identical to the test DNA, but
should be sufficiently different in size that they can be discrimi-
nated upon electrophoretic separation. In a typical quantitative
PCR reaction, replica tubes are prepared with a fixed concen-
tration 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. For other aspects
of quantitative PCR, see the following references (62,63).

Cloning PCR Products Some PCR reactions are intended
to provide information that is gleaned from gel electrophoresis
and visualization alone. However, PCR products can be cloned
and used for sequence analysis, construction of molecular
probes, mutation analysis, in vitro mutagenesis, studies of gene
expression, and many other applications. PCR fragments can
be introduced into suitable vectors via several methods (54),
where they can be expanded and/or manipulated. A cloning
strategy should be planned prior to the PCR reaction because
modifications of the product, such as the insertion of restriction
sites, are sometimes necessary to allow insertion of the product
into the intended vector. Care should also be taken to verify the
size and purity of the PCR product prior to cloning. With care-
ful planning and the inclusion of appropriate controls, the con-
ventional techniques of recombinant DNA technology can be
replaced almost entirely with PCR-based methods.

DNA LIBRARIES In order to identify mutations or genetic
alterations that are associated with disease, but are not detect-
able by Southern blot or PCR-based mutational analyses, the
DNA of interest must be amplified so that a sufficient quantity
is available for sequence analysis. One method for amplifying
DNA is to clone the DNA of interest from a genomic DNA
library or a cDNA library. Conceptually, genomic libraries
represent the complete DNA from a specific source that has
been divided into relatively small pieces (“books”) that can be
examined individually. cDNA libraries are constructed by syn-
thesizing cDNA from the mRNAs that are expressed by a spe-
cific tissue or cell line, so that only the DNA that encodes
expressed genes is represented. When screening a DNA library,
the first task is to explore the library and identify the “book”
that contains the DNA sequence of interest. Then, that particu-
lar piece of DNA must be isolated and amplified so that it may
be examined in detail.

Construction of DNA Libraries DNA libraries may be
constructed in bacteriophage vectors or cosmid vectors using
genomic DNA that has been fragmented into large pieces by
partial digestion with a restriction enzyme and ligated into the
vector DNA and ultimately packaged into bacteriophage par-
ticles (43). Cosmid vectors are constructed by modification of
a plasmid by addition of cos DNA sequences that enable the
vector to be packaged in bacteriophage λ particles (64). The
bacteriophage act simply as vehicles for delivery of the DNA
into the host, where it replicates as a plasmid. Cosmid libraries
are more difficult to construct using genomic DNA because the
vector DNA often becomes concatenated and fails to incorpo-
rate the foreign eukaryotic DNA, and the foreign DNA se-
quences frequently undergo recombination, which results in
rearrangement or loss of cloned segments of eukaryotic DNA.
Although problems with cosmid vectors may be alleviated
somewhat by additional steps such as the use of multiple re-
striction enzymes and treatment with phosphatases to prevent
vector concatemerization, the additional steps required make
cosmid vectors undesirable for routine cloning (43). Nonethe-
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less, cosmid vectors are useful for cloning and propagation of
single, complete eukaryotic genes that contain a large number
of introns and are therefore too large (33–45 kb) to be propa-
gated in bacterophage λ vectors (64). Cosmid vectors may also
be used to analyze a region of eukaryotic DNA that contains a
gene family (65). Gene families are typically spread over 70–
300 kb, and can be cloned by using a segment of nonrepetitive
DNA isolated from one end of a recombinant as a probe to
identify recombinants containing the adjacent sequence. This
process, called chromosome walking, is repeated until all re-
combinants comprising the region of interest are identified.
Because the maximum size of foreign DNA that can be carried
in cosmid vectors (~45 kb) is twice the maximum size for bac-
teriophage λ vectors, chromosome walking is expedited greatly
by cosmid cloning.

Bacteriophage λ vectors are employed commonly in the
construction of genomic and cDNA libraries because they are
easy to manipulate and screen (66). Bacteriophage λ infect
Escherichia coli by adsorbing to receptors that transport mal-
tose into the cells. In the majority of hosts the 50 kb double-
stranded λ genome is transcribed extrachromosomally,
generating the structural units of mature bacteriophage par-
ticles, which are ultimately responsible for lysis of the host
bacterium and release of progeny (43). However, a small per-
centage of bacterial hosts incorporate the λ DNA into their
genome and do not undergo lysis. When constructing a library,
there are many bacteriophage vectors to choose from (Charon,
λgt, EMBL, and λZap, to name a few). The choice is made
based on which restriction enzymes will be used, the size of
foreign DNA fragments, and whether or not the foreign DNA
is to be expressed by the bacterial host.

It is possible for DNA libraries to provide a means for both
propagation and expression of inserted foreign DNA sequences
(67). Some plasmid-based and bacteriophage-based vectors,
such as pUR, pEX, λgt11, or λORF8, allow expression of for-
eign cDNA sequences by carrying a portion of the E. coli β-
galactosidase gene including the elements necessary for its
expression. Foreign DNA is inserted into the carboxy-terminal
coding region of the β-galactosidase gene, resulting in a chi-
meric gene that encodes for a fusion protein between β-galac-
tosidase and the protein encoded by the foreign DNA. This
approach ultimately provides a means of producing antisera to
the foreign DNA-encoded protein and allows the expression
library to be screened by immunological rather than nucleic
acid probes.

Screening of DNA Libraries Once a DNA library has been
generated, the sequence or gene of interest must be identified
among all of the recombinants. The methods of screening re-
combinants vary depending on the type of vector that is used,
but in theory they are similar. When cosmids are used, host
bacteria are plated on agar plates containing an antibiotic that
corresponds with the antibiotic resistance gene included on the
plasmid vector. Ideally, the bacterial colonies should be far
enough apart that it is simple technically to distinguish one
from another. Grunstein and Hogness have described a meth-
odology that allows in situ lysis of bacterial colonies onto ni-
trocellulose or nylon membranes, which can then be probed for
sequence(s) of interest using labeled nucleic acid probes (68).

When positive signals are obtained, the signal is traced back to
a specific colony on the bacterial plates, which is then expanded
and used for amplification of the foreign DNA sequences of
interest.

Screening of bacteriophage λ DNA libraries involves infec-
tion of host bacteria with recombinant phage and plating them
onto the surface of an agar plate. The bacteria grow to form a
lawn on the surface of the plate and those that are infected with
bacteriophage will undergo lysis, releasing progeny that in turn
infect and lyse surrounding bacteria. The end result is the for-
mation of cleared plaques on the lawn of bacteria, with each
plaque representing the genetic material from a single recom-
binant (43). Again, it is important that the number of infective
bacteriophage used is adjusted so that the plaques are suffi-
ciently separate from each other to be distinguished individu-
ally. Phage DNA within the plaques can be transferred easily
by absorption onto a nitrocellulose or nylon membrane, and can
be probed using labeled nucleic acid probes. Positive signals
are traced back to a specific plaque, which is picked from the
plate and used to infect more host bacteria, thus amplifying the
recombinant phage DNA containing the foreign DNA
sequence(s) of interest.

Screening of expression libraries is accomplished by using
antibodies to identify specific proteins expressed by recombi-
nant clones in either plasmid or bacteriophage vectors (69).
When bacteriophage λ is used, the debris in the plaques (which
contains the expressed protein) is transferred directly to nitro-
cellulose filters and screened for immunoreactive material us-
ing antibodies to the protein of interest. Because plasmid
libraries are maintained as bacterial colonies, they must be lysed
prior to fixation on nitrocellulose membranes. Therefore, plas-
mid vectors may be advantageous because the conditions for
lysis can be altered so that the structure and conformation of the
expressed protein is preserved.

CLONING STRATEGIES FOR LARGE DNAS: YACS,
BACS, AND PACS

The Yeast Artificial Chromosome System While cosmid
and bacteriophage λ vectors are powerful tools for isolation of
cDNAs and some eukaryotic genes, limitations on insert size
(<45 kb) have precluded cloning and analysis of larger eukary-
otic genes or chromosomal regions. Several advances were
imperative in the development of the yeast artificial chromo-
some (YAC) system: 1) cis-acting elements required for chro-
mosomal stability in yeast were identified and characterized by
Szostak and Blackburn (70); 2) a system was developed that
enabled yeast to be transformed at high efficiency (71); and 3)
pulsed-field gel electrophoresis was developed, which provided
a method for resolving DNA fragments up to 10,000 kb. The
YAC library is constructed by ligating large fragments of DNA
to the two arms of a YAC vector, which is then introduced into
yeast via transformation (72,73). The YAC vector carries anti-
biotic resistance as well as DNA sequences that function as
telomeres, a centromere, and an origin of replication.
Transformants that take up and stably maintain an artificial
chromosome can be identified as colonies on agar plates that
possess characteristics (i.e., antibiotic resistance, etc.) encoded
on the YAC vector. Some problems associated with the use of
YAC vectors include insert instability, the presence of chi-
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meric clones within the YAC libraries, and difficulties in DNA
manipulation.

The Bacterial Artificial Chromosome System The bac-
terial artificial chromosome (BAC) cloning system is based on
the E. coli fertility plasmid (F-factor), into which foreign DNA
sequences up to 300 kb are inserted (74). The F-plasmids are
introduced into host E. coli via electroporation where they are
maintained at a low copy number, which limits detrimental
recombination events. Although the BAC system offers some
advantages over YAC vectors, there are significant limitations,
such as the lack of positive selection for recombinants and low
yields of recombinant DNA due to limited copy number of the
F plasmid (74).

The P1 Artificial Chromosome System Successful clon-
ing of very large (up to 300 kb) pieces of DNA can be accom-
plished by employing a bacteriophage P1-based cloning
system, or PAC (75). The vector was created by combining a
modified pAd10SacBII vector and a modified pUC19 plasmid,
resulting in a vector that 1) allows insertion of large DNA frag-
ments, 2) provides control of insert copy number, 3) allows
discrimination of recombinant vs nonrecombinant vectors, and
4) provides stable recombinants with little to no occurrence of
chimerism (75). High molecular weight foreign DNA is modi-
fied by the ligation of specific restriction endonuclease sites to
both the 5´- and 3´-ends, enabling the foreign DNA to be in-
serted into cloning sites within the PAC. The primary limiting
step in PAC cloning is integrity of the foreign DNA inserted
into the vector.

DNA SEQUENCE ANALYSIS DNA that has been isolated
by screening of a genomic DNA or cDNA library or by PCR can
be subjected to sequence analysis by either of two methods.
Maxam-Gilbert analysis involves chemical cleavage at a spe-
cific base, followed by electrophoresis of the DNA, which pro-
duces a series of bands of various sizes, each ending in the
targeted base (76). The fragmentation procedure is done four
times (once for each base) and the separate reactions are sub-
jected to PAGE simultaneously, generating a ladder of bands
from which the DNA sequence is read top to bottom.

In the Sanger sequencing method, a labeled primer is an-
nealed to the DNA to be sequenced and the DNA is replicated
in a reaction that contains a limiting concentration of one of the
four nucleotides (77). The reaction contains a dideoxynu-
cleotide corresponding to the specific nucleotide that is in low
concentration, resulting in termination of replication upon in-
corporation of the dideoxynucleotide, which has no 3´-hydroxyl
group upon which another nucleotide may be added. The result
is a set of DNA fragments, each of which ends in a specific base.
The reaction is done four times, one reaction with a limiting
concentration of each nucleotide, followed by denaturation and
PAGE analysis. A ladder of bands is apparent as in the Maxam-
Gilbert method, and the sequence is read bottom to top. Note
that the sequence obtained by the Sanger method is the cDNA
sequence, whereas the Maxam-Gilbert method yields the direct
DNA sequence. When adequate normal controls are included,
sequence analysis can reveal point mutations as well as other
anomalies such as insertions and deletions. It is also possible to
discern whether an individual is heterozygous or homozygous
for a specific mutation by evaluating whether both a normal and

mutated allele are present in the sequence, which would indi-
cate heterozygosity.

Recent advancements have significantly improved sequence
analysis by eliminating the tedious task of reading sequencing
autoradiographs. Fluorescent dyes have replaced radiolabeled
isotopes used in the Sanger sequencing method (78), and in-
struments have been devised that can image fluorescent dye-
labeled DNA fragments during electrophoresis (79,80).
Automated DNA sequencing instruments shuttle sequence data
into a computer, where it is assimilated and output. The devel-
opment of improved DNA-labeling techniques and the intro-
duction of more efficient DNA polymerases continue to
streamline DNA sequencing procedures (78,81), improving the
quality and efficacy of high-throughput sequence analysis.

ELECTROPHORETIC SEPARATION OF NUCLEIC
ACIDS

Standard Electrophoresis of Nucleic Acids Gel electro-
phoresis of DNA is widely used in procedures such as Southern
blotting and PCR, where separation 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 electrophoretic procedures that take advan-
tage of the various properties of DNA molecules (i.e., charge,
size, and conformation). Gels employed in electrophoretic tech-
niques are generally composed of agarose or polyacrylamide.
Agarose gels are useful for routine Southern blotting and analy-
sis of PCR products >100 base pairs. However, when very small
DNA fragments are to be analyzed, special agarose formula-
tions (MetaPhor®, NuSieve®) are available with enhanced siev-
ing properties that aide in the resolution of small fragments
and/or fragments that differ in size by as little as 1%. Some
mutational analyses require special gels, such as MDE™ (mu-
tation detection enhancement) gels, that can resolve DNA frag-
ments based on differences in conformation. MDE gels can be
nondenaturing, which maintains single-stranded nucleic acids
in their native conformation, or denaturing agents, such as
formamide, hydroxide ions, or urea, can be added to the gel or
sample buffer, resulting in elimination of secondary structure
in the nucleic acid strand. The following sections discuss sev-
eral widely used electrophoretic techniques that are capable of
extracting valuable information from genomic DNA samples
or from cDNA samples that were generated by PCR.

Separation of RNA for Northern-blot analysis is typically
accomplished by electrophoresis through a 1–2% agarose gel
containing formaldehyde, which maintains the denatured state
of the RNA strands. When secondary structure of an RNA
molecule is to be investigated, samples are subjected to
nondenaturing PAGE.

Pulsed-Field Gel Electrophoresis Conventional gel elec-
trophoresis techniques are not useful for separation of ex-
tremely 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) over-
comes 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 (82). PFGE is often used
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in the identification of pathogens (83), i.e., differentiating be-
tween strains of bacteria. Other applications include chromo-
somal 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 depen-
dent on high-integrity starting material, and DNA that is de-
graded 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 deter-
gent, and removing proteins enzymatically, leaving intact DNA
that can be digested by restriction enzymes in situ and easily
loaded into a gel apparatus (82,84). In a typical analysis, PFGE
will produce a pattern of DNA fragments that range in size from
10–800 kb.

Field-inversion gel electrophoresis (FIGE) is a type of PFGE
that allows clear, reliable separation of large DNA fragments
from 100 kb to several megabases (85). FIGE devices are con-
structed so that periodic reversals of the electric field cause the
DNA to alternate between forward and reverse migration
through the gel (86). Net forward movement of the DNA
through the gel is achieved by making the duration of the for-
ward pulse longer than the duration of the reverse pulse, or by
using a greater voltage for the forward current than for the
reverse current. Resolution of fragments less than 200 kb is
achieved best by using greater voltage for the forward current
rather than longer forward pulse duration (86).

MUTATION ANALYSIS DNA sequencing is the most re-
liable way to detect a mutation, but it is an expensive and com-
plex screening method. Mutations that involve single base
changes are detectable by Southern-blot analysis or restriction
fragment length polymorphism (RFLP) analysis when the
change destroys or creates a restriction site (87), and mutations
may be identified directly by PCR when primers are designed
to detect a specific mutation (88). However, the success of
these methods relies on some knowledge of the mutation, i.e.,
the restriction site that is altered or the location of the mutation
in the gene sequence. Broader mutational analyses may be
conducted using PCR and electrophoretic separation; the most
commonly used techniques include heteroduplex analysis
(HA), single-strand conformation polymorphism (SSCP), de-
naturing gradient gel electrophoresis (DGGE), and thermal
gradient gel electrophoresis (TGGE).

SSCP Analysis SSCP analysis can detect mutations when
the nucleotide sequence influences the secondary structure, or
conformation, of a single strand of DNA (89). Conformation
polymorphisms may be detected as a change in the relative
mobility of the DNA in a gel. Initially, the DNA of interest is
purified and amplified via PCR using end-labeled primers.
After denaturation, which generates single DNA strands, the
DNA is subjected to nondenaturing PAGE. Mutations in se-
quences that govern the secondary structure of the single-strand
result in conformation polymorphisms. Polymorphisms are
evident on the gel as bands that migrate slower or faster than the
control normal DNA, which must be included in the assay for
interpretation (Fig. 3).

Heteroduplex Analysis HA is accomplished by mixing
denatured DNA fragments from a wild-type (control) sample
and a test DNA sample. The fragments reanneal, producing

either 1) wild-type:wild-type homoduplexes, 2) test:test
homoduplexes, or 3) wild-type:test heteroduplexes. If a muta-
tion is present in the test DNA, the heteroduplex will contain a
bulge (in the case of an insertion or deletion) or a bubble (in the
case of a point mutation) (90). Bulge heteroduplexes are easily
observed by agarose gel electrophoresis or PAGE, where they
migrate slower than homoduplexes and result in the formation
of a doublet on the gel (Fig. 4). However, bubble heterodu-
plexes are more difficult to visualize, and usually require the
use of specialty gel matrices (91,92).

DGGE and TGGE Analyses Some mutations in DNA can
be detected by DGGE (93). Denaturation of double-stranded
DNA into single-stranded DNA occurs in steps as temperature
rises or concentration of denaturant increases. Regions of DNA
with the highest A + T content denature first, and denaturation
continues until the region with the highest G + C content dena-
tures, leaving completely single-stranded DNA. Mutations that
change the denaturation profile of a region of DNA may be
detected by DGGE. As test DNA migrates through a polyacry-
lamide gel containing a transverse gradient of denaturant, do-
mains that denature yield partially single-stranded DNA
fragments that have a decreased rate of migration (94). The
sensitivity of DGGE analysis may be increased by generating
heteroduplexes between the test DNA sample and control DNA
fragments of known sequence (Fig. 5). A mismatch between
the test DNA and control DNA causes the heteroduplex to melt
early compared to control DNA (Fig. 5). Once the area contain-

Fig. 3. SSCP analysis. Control and test DNA samples are subjected
to PCR to amplify the region of interest. Single strands are generated
by denaturation, and electrophoretic mobility of the strands are ana-
lyzed by nondenaturing PAGE. In this example, mutant DNA strands
have altered conformations that are evident on the gel as a slight
decrease in electrophoretic mobility when compared to normal con-
trol DNA.
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ing the mutation is defined and the melting profile generated by
the mutation is characterized, DGGE analysis may be simpli-
fied by electrophoresing samples through MDE or polyacryla-
mide gels with a denaturant gradient in the same direction as
electrophoresis; heteroduplexes with a mismatch exhibit slower
mobility, producing a doublet in the gel similar to that seen in
heteroduplex analysis (Fig. 4). TGGE is conducted essentially
as DGGE, except the denaturing gradient is established by in-
creasing temperatures rather than increasing concentrations of
a chemical denaturant (95).

BASIC RNA ANALYSIS AND INTERPRETATION
Isolating High-Quality RNA The success of any RNA-

based molecular analysis rests largely on the quality of the
RNA to be tested. Careful handling is essential to ensure that
the RNA molecules remain intact during the isolation process.
Total cellular RNA may be isolated reliably by centrifugation
through cesium chloride gradients, or by acidic phenol extrac-
tion of cellular lysates (96). For detailed protocols, see
Sambrook et al. (43). Contamination with RNAses (ubiquitous
enzymes that readily degrade RNA) is frequently the cause of
poor sample integrity. The quality of total RNA can be moni-
tored by agarose gel electrophoresis of RNA samples, followed
by ethidium bromide staining and UV visualization. The upper
(or 28S) and lower (or 18S) ribosomal bands should be present
at 5.0 kb and 1.87 kb, respectively, and there should be little to
no degraded RNA evident. Samples lacking a clear upper or
lower ribosomal RNA band or containing significant amounts
of low molecular-weight (degraded) RNA should be consid-
ered suspect.

The poly-A tail present on mRNA strands provides an effec-
tive means of purifying mRNA from total cellular RNA, the
bulk of which is rRNA. Isolation of mRNA is advantageous
because it increases the proportion of mRNAs in the sample
while lessening the concentration of other RNAs that may lead
to background and interference in RNA analysis. Messenger
RNA isolation techniques employ short stretches of thymidine
or uracil residues (oligodT or oligodU) that are linked co-
valently to magnetic beads or resin. The total cellular RNA is

Fig. 4. Heteroduplex analysis. When wild-type DNA and test DNA are denatured, mixed, and hybridized, three types of double-stranded
molecules are formed: 1) homoduplexes consisting of two strands of wild-type DNA, 2) homoduplexes consisting of two strands of test DNA,
and 3) heteroduplexes consisting of one wild-type and one test strand. When mutations, insertions, or deletions are present in the test DNA,
heteroduplexes that form do not align perfectly with the wild-type DNA strand, resulting in the formation of double-stranded DNA molecules
with bulges or bubbles in the region of unpaired bases. Partially denatured heteroduplexes migrate more slowly than fully hybridized
homoduplexes, resulting in the appearance of a doublet upon PAGE analysis. When the sequence of wild-type and test DNA is identical,
heteroduplexes migrate at the same rate as homoduplexes and a single band is produced.

exposed to the oligodT, and the poly-A tail of the mRNA hy-
bridizes to the complementary thymidine or uracil residues.
Unhybridized tRNA and rRNA are washed away, and the poly-
A mRNA is eluted from the oligodT in a low-salt buffer. In
typical eukaryotic cells, only 1–5% of the total cellular RNA is
mRNA.

Northern Blotting Northern blotting involves the analysis
of RNA without first converting the RNA to cDNA. Through
Northern analysis, one can evaluate whether a gene is ex-
pressed, the relative level of expression, the size of the mRNA,
and the presence of alternatively spliced transcripts. Total cel-
lular RNA or mRNA is denatured, electrophoretically sepa-
rated, and transferred to a solid support, such as nitrocellulose
or positively charged nylon. The membrane-bound RNA is then
probed with a labeled, complementary DNA or RNA probe.
Visualization of positive signals is accomplished by generating
autoradiograms, which can be analyzed quantitatively using a
scanning densitometer, or, if 32P-labeled probes were used, a
phosphoimager. Simultaneous or subsequent probing of the
RNA blot with a probe for a constitutively expressed house-
keeping gene, such as β-actin or cyclophilin, will allow true
quantitative assessment of expression of the gene of interest.
For a more detailed description of Northern blot analysis and
related protocols, see the following references (43,44). North-
ern blots may be advantageous over other methods of gene-
expression analysis, such as reverse transcription polymerase
chain reaction (RT-PCR), when true quantitative results are
desired, because there are fewer experimental artifacts associ-
ated with Northern blot analysis.

RNA ANALYSIS INVOLVING CDNA SYNTHESIS RNA
is inherently unstable in comparison to DNA, therefore tech-
niques have been developed that provide a means of analyzing
RNA by first converting it to complementary DNA (cDNA).
RNA-derived cDNA is used routinely in many analyses, in-
cluding construction of gene-expression libraries, PCR ampli-
fication, sequence analysis, and vector construction. By taking
a population of mRNAs from a cell line and converting them to
cDNAs, a gene-expression fingerprint is created, which can
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Alternatively, primers specific for internal sequences may be
used, or, when sequence information is unknown, random oli-
gonucleotide primers are used. The primer provides a 3´-OH
group to which the reverse transcriptase enzyme adds
deoxynucleotides to the growing cDNA strand. As the reverse
transcriptase transcribes RNA into DNA, it degrades the tem-
plate RNA, leaving a single-stranded DNA that is complemen-
tary and in the opposite orientation (5´ to 3´).

Using cDNA to Construct Libraries A population of
RNAs isolated from a specific cell type or tissue may be reverse
transcribed, yielding a population of cDNAs that is representa-
tive of the RNAs expressed. The cDNAs can then be used to
construct DNA libraries. These libraries can be screened re-
peatedly to identify and isolate cDNAs corresponding to genes
that are expressed by the cell type or tissue. To enrich for RNAs
expressed specifically during a particular biological process, a
subtraction library can be prepared (43,98). For example, sup-

Fig. 5. DGGE analysis. Mutations may be identified in a test DNA
sample by comparing the melting profile of test DNA to control wild-
type DNA. In this example, heteroduplexes are generated between
test DNA and wild-type DNA. The hybridized mixture is then loaded
into a single trough-like well that extends the width of the gel, which
contains a transverse concentration of a chemical denaturant. As the
sample is electrophoresed, the double-stranded DNA molecules de-
nature, or melt, in domains. The higher the concentration of denatur-
ant, the more rapidly the DNA strands melt. Double-stranded
molecules that are hybridized fully migrate rapidly, but electro-
phoretic mobility of partially denatured strands is slowed. When
mutations are present in the test DNA, the melting profile of the
heteroduplexes is altered so that the DNA melts at a lower concentra-
tion of denaturant when compared to the control homoduplexes, re-
sulting in the formation of a bubble on the gel. Once the DNA strands
are denatured fully, they migrate very rapidly through the gel at a rate
that is independent of their sequence.

then be compared to other fingerprints. The following sections
will discuss the process of cDNA generation and several tech-
nical applications.

Generating cDNA from RNA The process of RNA-di-
rected cDNA synthesis relies on an enzyme called reverse tran-
scriptase, which is a retroviral enzyme capable of synthesizing
DNA using RNA as a template (97). RNA that is isolated from
cells or tissue is incubated in the presence of reverse tran-
scriptase and all four deoxynucleotides, along with an oligo-
nucleotide primer upon which the cDNA will be built. When
mRNA is the intended template, the primer can be a short se-
quence of deoxythymidine residues that targets the poly-A tail.

Fig. 6. Constructing a subtraction library. Subtraction libraries are
often constructed to enrich for a population of cDNAs that may be
involved in a specific biological process, such as malignant transfor-
mation. In this example, mRNA was isolated from a normal cell line
and from a derived tumor cell line. The tumor cell mRNA was sub-
jected to reverse transcription and the remaining RNAs were elimi-
nated by enzymatic treatment with DNAse-free RNAse, leaving
single-stranded cDNA molecules. A hybridization step is performed
between the single-stranded cDNAs and mRNA isolated from the
normal cells. Unhybridized mRNAs represent expressed genes that
are probably unique to the normal cells, whereas unhybridized cDNAs
represent genes that are expressed only by the tumor cells.
Unhybridized single-stranded cDNAs are recovered and used to con-
struct a cDNA library that is enriched for genes that may be involved
in the malignant transformation of this cell line.
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pose the goal is to detect genes that are expressed in a particular
cell during malignant transformation. In this scenario, mRNA
would be isolated from a control normal cell or tissue, and then
mixed with cDNA prepared from the transformed cells or tu-
mor tissue. Hybridization occurs between cDNAs and comple-
mentary RNAs, leaving unhybridized cDNAs that are
expressed uniquely by the transformed cells or tumor tissue
(Fig. 6). The unhybridized cDNAs are purified and used to
produce a cDNA library that is enriched for genes that may be
involved in the transformation process (43). As an alternative
approach, subtraction libraries may be constructed from the
unhybridized mRNA that remains after hybridization between
the cDNA and mRNA (98).

RT-PCR PCR methodology can be exploited in the analysis
of gene expression (99). Typically, mRNA is reverse tran-
scribed using an oligo-dT primer, generating a cDNA strand
complementary to the RNA sequence beginning at the 3´-end
of the mRNA (100). Subsequently, a second strand is synthe-
sized using the cDNA as a template, resulting in a double-
stranded DNA molecule. If the mRNA is long, reverse
transcription with an oligo-dT primer may not generate a cDNA
that extends through the 5´-end of the mRNA. When specific
sequence information is known, internal sequence-specific
primers may be used for the reverse transcription reaction.
Alternatively, when no 5´-sequence information is available,
random oligonucleotides may be used to prime the cDNA syn-
thesis (99). Once the desired cDNA is obtained, specific oligo-
nucleotide primers are used to amplify target sequences using
the reverse transcribed cDNA as a template. The amplified
product(s) can be visualized by agarose gel electrophoresis or
PAGE, and information on gene expression can be extracted.

Successful reverse transcription of sample mRNA with
oligo-dT primers requires that the poly-A tail be relatively in-
tact. Therefore, it is imperative that high quality mRNA is used
as starting material for RT reaction or sufficient cDNA tem-
plate will not be generated for the subsequent PCR reaction.
Inclusion of appropriate controls when setting up a RT-PCR
experiment will allow a semi-quantitative assessment of gene
expression. Fixed concentrations of control template can be
amplified along with the test template to provide standards
against which the amount of test amplification product is
gauged. Alternatively, amplification of housekeeping genes,
such as actin or cyclophilin, may provide a mechanism for
quantification similar to the approach used in Northern blot
analysis. See Larrick and Siebert for more information on quan-
titative approaches to RT-PCR (99).

MOLECULAR PROBES FOR NUCLEIC ACID ANALYSIS
There are several methods for generating molecular probes to
be used in analysis of DNA or RNA. The central concept behind
the use of nucleic-acid probes is hybridization. Probes may be
made of RNA or DNA, and can be labeled with colorimetric,
fluorescent, enzymatic, or radioactive molecules for visualiza-
tion purposes. Labeled nucleic acid probes are frequently used
in Southern blotting, Northern blotting, and screening of DNA
libraries.

Generation of DNA Probes DNA probes are useful for
most routine procedures, because they are easy to generate and
are very stable. Nick translation is one method for generating

labeled DNA probes (101). The first step in nick translation is
to generate nicks in the phosphodiester backbone of a double-
stranded DNA template by treatment with pancreatic DNAase
I, which produces free 3´-hydroxyl termini along the strand.
DNA polymerase I extends the 3´-OH termini in the 3´-direc-
tion, using its 5´→3´ exonuclease activity to hydrolyze the
nontemplate strand. There are many disadvantages associated
with nick translation, including the requirement for a large
amount (0.5 µg) of DNA template, and the need for strict time
and temperature limits in the protocol. Consequently, most
DNA probes are generated using alternative methodologies.

An easy and effective method for generating DNA probes is
random primer extension. Oligonucleotide primers of random
sequence are annealed to denatured DNA template strands,
followed by primer extension by the Klenow fragment of DNA
polymerase or by T7 DNA polymerase in the presence of la-
beled nucleotides (101). Random primer extension is advanta-
geous because of the small amount of template required (~25
ng), the high specific activity of probes generated, the ability to
generate probes from very large or very small templates, and
the ease in preparation.

Probes generated from double-stranded DNA templates are
effective when target sequences are present in sufficient quan-
tity and the probe hybridizes strongly to the target sequences.
When hybridization between the probe and target is weak,
unwanted hybridization may occur between the complemen-
tary sequences in the probe. Single-stranded probes provide a
means to detect specific target sequences without the danger of
reannealing probe, and are particularly useful when target se-
quences are rare or are only weakly homologous to the probe
(101). Recombinant bacteriophage M13 are composed of
single-stranded DNA molecules that can serve as templates for
synthesis of single-stranded DNA probes. Oligonucleotide
primers are designed and annealed to viral DNA sequences
upstream from the inserted template sequences, followed by
primer extension with the Klenow fragment of DNA Poly-
merase I in the presence of labeled dNTPs. Labeled probe is
often separated from unlabeled DNA by gel electrophoresis or
alkaline chromatography, but the resulting probe has an ex-
tremely high specific activity.

Generation of RNA Probes The RNA:RNA hybrid is
much more stable than RNA:DNA hybrids or DNA:DNA hy-
brids. Therefore, single-stranded RNA probes (termed
riboprobes) are advantageous when probing Northern blots or
when detecting signals that are weak by other probing methods.
The template DNA is inserted into a plasmid vector that con-
tains one or more strong bacteriophage promoters (SP6, T7, or
T3) that are recognized by bacteriophage-specific, DNA-de-
pendent RNA polymerases (102,103). In the presence of la-
beled NTPs, these polymerases synthesize a single-stranded
riboprobe that is complementary to the target sequence and has
a high specific activity. DNA is eliminated from the reaction by
treatment with RNAse-free DNAase I. Riboprobes are a more
sensitive and efficient alternative to double-stranded or single-
stranded DNA probes.

Molecules for the Labeling of Probes The majority of
conventional probe-labeling practices involve incorporation of
nucleotides that are labeled with a radioactive molecule, such
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as 32P. Radioactive nucleotides may be incorporated into the
probe during synthesis; three unlabeled (or cold)
deoxynucleotides are added to the labeling mixture (dATP,
dGTP, and dTTP), along with radiolabeled (or hot) 32P-CTP.
The radioactive molecule is incorporated into the nucleic acid
probe, and positive signals are detected by autoradiography. As
an alternative, radiolabeled dNTPs may be attached to the 3´-
termini of a DNA probe using bacteriophage T4 DNA poly-
merase or to the 5´-termini using bacteriophage T4
polynucleotide kinase (43). In general, a higher specific activ-
ity is achieved when the label is incorporated rather than at-
tached to the ends of the probe.

Many nonradioactive labeling alternatives have been devel-
oped, reflecting concerns about the environment, safety, and
cost. The most widely used methodologies involve incor-
poration or end-labeling of probes with molecules such
as digoxigenin, biotin, or fluorescein, that can be detected
using immunological methods or visualized by chemilumines-
cence (104,105). This methodology generates an autoradio-
graph identical to those produced by traditional radioactive
probes (106).

PRACTICAL MOLECULAR BIOLOGY
IN CANCER RESEARCH AND CLINICAL
LABORATORY SCIENCE

In some cases, the tools of molecular biology are used to
provide simple answers that aid in the diagnostic and/or prog-
nostic evaluation of patient material or experimental specimens.
Examples of such analysis include the analysis of genes that are
associated with an increased risk of development of breast
cancer such as BRCA1 and BRCA2 (107,108), or analysis of
genes, that are associated with the development of a subset of
colon cancers, such as MSH2 and MLH1 (109). For these types
of analysis, PCR, Southern-blot analysis, or Northern-blot
analysis may suffice. However, in many cases, especially in
experimental models of cancer where there are many un-
knowns, the quest for information is not straightforward. For
example, if one wishes to know the molecular differences be-
tween normal and cancerous tissue, or between a normal cell
line and one that has been transformed by a carcinogenic treat-
ment. Answers to such questions are dependent on the develop-
ment of efficient techniques for screening large numbers of
genes from two or more sources simultaneously (Fig. 7). While
Southern blots, Northern blots, PCR, and RT-PCR may be used
for such large-scale comparisons, it is time-consuming, and it
requires that some information about potential target genes be
known. The development of micro array technology has pro-
vided a new way to evaluate expression of a large number of
genes in a small amount of time. In addition, techniques such
as differential display RT-PCR (RT-PCR/DD) and compara-
tive genomic hybridization (CGH) have created methods for
comparing the genetic composition and gene expression pat-
terns of two or more populations simultaneously.

MICROARRAY TECHNOLOGY Microarrays provide a
means for screening samples for presence or expression of very
large numbers of genes simultaneously (110). Several ap-
proaches have been developed for construction of arrays. In
one approach, hundreds of cDNA targets are immobilized

robotically on glass slides and hybridized to fluorescent ssDNA
probes produced by reverse transcription from total mRNA of
interest (111). Positive hybridization signals are identified and
compared to an internal standard with a laser scanner and dis-
played as a colored map, where the colors are indicative of
relative expression level. A larger-scale analysis may be ac-
complished by immobilization of up to 30,000 cDNA or ge-
nomic DNA targets on large nylon membranes using
automation (112). Test DNA or cDNA is used to generate short
32P-labeled oligonucleotide probes that are hybridized to the
nylon membranes and imaged with a phosphoimager. In a simi-
lar approach, GeneChips have been constructed that contain
nearly 100,000 probes per chip (106 probes per cm2). Test DNA
samples are labeled fluorescently, hybridized to the GeneChip,
and analyzed by confocal epifluorescence microscopy and
computer digitization (113).

DNA microarrays have been employed successfully in stud-
ies of gene expression in yeast, plants, and mammalian cells.
De Risi et al. investigated the molecular basis of tumorigenicity
in a human melanoma cell line (UACC-903) by comparing
tumorigenic and nontumorigenic derivatives of the cells by
microarray technology. This approach resulted in the identi-
fication of several genes that are associated with suppression
of tumorigenicity in UACC-903 cells (114). In addition, a Gene-
Chip containing 96,000 oligonucleotide probes was used suc-
cessfully to detect heterozygous mutations in exon 11 of the
BRCA1 gene in patient samples (113). Microarray technology
is advancing rapidly, and has proven to be effective in diagnostics,
gene-expression studies, gene mapping, and gene discovery.

DIFFERENTIAL DISPLAY RT-PCR RT-PCR/DD was in-
troduced in 1992 as a technique for the comparison, identifica-
tion, and isolation of genes that are expressed uniquely among

Fig. 7. Comparative analyses in molecular biology. In vivo and in
vitro models of cancer, and the analysis of patient samples, often
involve a comparative analysis between normal cells and tumor cells.
Cellular RNA and DNA may be compared through a large variety of
methods, including several (RT-PCR/DD, microarray analysis, CGH)
that allow a broad comparative survey of genetic differences.
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two or more cell populations (115). RT-PCR/DD has been used
successfully in the identification of differentially expressed
genes in cancers and other diseases, in cells after treatment with
specific growth factors, and in many other situations (116). The
basic scheme of RT-PCR/DD is shown in Fig. 8. Briefly, high-
quality cellular RNA is reverse-transcribed into complemen-
tary single-stranded DNA using an anchored oligo-dT primer.
Subsequently, PCR is conducted on the DNA in the presence of
a labeled nucleotide (35S-dNTP or 32P-dNTP) using an anchored
oligo-dT primer in combination with an arbitrary decamer, thus
amplifying the 3´-ends of mRNAs. The labeled cDNAs pro-
duced by PCR are displayed on a gel such as a DNA sequencing
gel, with each set of primers producing between 100–200 bands
that are usually between 100–500 base pairs in length. Bands of
interest are eluted from the gel and reamplified, after which
they can be cloned and sequenced or used as probes in Northern
blot analyses or cDNA library screening.

Since the original description of RT-PCR/DD, several im-
provements have been made that have increased the efficacy of
the technique. The anchored oligo-dT RT primer may be modi-

fied regarding the base composition of the anchor or the num-
ber of anchored bases, allowing subdivision of the pool of
mRNAs into several groups, thereby simplifying the screening
of an entire mRNA pool (117). Also, restriction sites may be
incorporated into the 5´-ends of the PCR primers, thus facilitat-
ing manipulation of the amplified cDNAs during cloning (117).
Lastly, the use of fluorescein as an alternative label for RT-
PCR/DD yields fluorescent products that can be read on an
automated DNA sequencer (118).

Although RT-PCR/DD is used widely for comparative
analyses of gene expression, there are several caveats associ-
ated with the technique that should be considered before choos-
ing the method. The major drawback to RT-PCR/DD is the
large number of false-positives that may appear; on average,
~25–30% of bands are not differentially expressed when evalu-
ated by Northern blot analysis or quantitative RT-PCR, which
emphasizes the importance of confirming differential expres-
sion before proceeding with further analysis (119). False-posi-
tives are frequently due to the inherent randomness of the
technique paired with the extreme sensitivity that accompanies

Fig. 8. Differential display RT-PCR analysis. RT-PCR/DD is a useful technique for evaluating differences in gene expression between two
or more related cell lines. mRNA is isolated from the cells to be compared and subjected to reverse transcription with oligo-dT anchored primers.
PCR is then conducted with a set of random oligonucleotide primers in the presence of 32P-dNTP, generating a cDNA fingerprint composed
of a ladder of labeled fragments that represents a subset of the genes expressed by the cell. The cDNA fingerprints from each sample to be
compared are loaded onto a polyacrylamide gel and subjected to electrophoretic separation and autoradiography. Unique bands are extracted
from the gel, purified, reamplified, and cloned into plasmid vectors where they can be amplified further, manipulated, stored, and sequenced.
Sequence analysis often identifies the differentially expressed genes, and differential expression should always be confirmed by quantitative
RT-PCR or Northern-blot analysis.
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the 35–40 cycles of PCR. The number of false-positives can be
reduced by including 3–4 independent replicates of each sample
and by employing a stringent band-selection strategy.

Another potential problem is that the 3´-untranslated region
is preferentially amplified using RT-PCR/DD (119). Thus, the
sequence of a selected band may not match any known se-
quence in the database because the 3´-untranslated sequence of
previously identified genes may not be included in the data-
base. When a differentially expressed band does not match a
sequence in the database, it may be identified by screening an
appropriate cDNA library. However, library screening is a rela-
tively inefficient means of identifying large numbers of differ-
entially expressed genes.

Lastly, the selection of appropriate samples for RT-PCR/
DD comparison is an important step in ensuring meaningful
results. Two unrelated samples, such as a prostate cancer cell
line and a patient prostate tumor sample, would be poor candi-
dates for RT-PCR/DD due to the large number of genetic dif-
ferences between individuals. Companion RT-PCR/DD
samples should be related, for example, patient tumor tissue
and surrounding normal tissue from the same patient, or a cell
line +/- a growth factor. Comparisons between multiple indi-
viduals or between multiple cell lines derived from different
species will likely produce too many differentially expressed
bands to analyze.

A related method, RNA arbitrary primed PCR (RAP-PCR),
has been established as an alternative strategy for differential
analysis of gene expression among multiple samples (120). In
RAP-PCR, an alternative primer is used for cDNA synthesis
that does not rely on recognition of the poly-A tail of mRNA.
The arbitrary primer used for reverse transcription, usually ~20
base pairs in length, amplifies palindromic sequences typically
found in large mRNAs (120). A set of arbitrary primers are then
used to amplify regions of the cDNA, as in RT-PCR/DD. With
RAP-PCR, there are fewer mRNA bands generated, and the
sequences that are amplified are more likely to correspond to
mRNA coding regions than those amplified by traditional RT-
PCR (116). In addition, a typical RAP-PCR consists of a few
initial cycles of low stringency annealing followed by cycles of
high-stringency annealing, which increases reproducibility of
the bands amplified. The main drawback of RAP-PCR is that
mRNAs are not preferentially selected in the RT step, so that
rRNAs and tRNAs may be amplified when total RNA is used
as starting material (116).

COMPARATIVE GENOMIC HYBRIDIZATION The
technique of CGH was developed by Kallioniemi et al. in 1992,
and has gained popularity as a tool for the detection of losses
and gains in DNA copy number in the entire genome (121).
Tumor DNA is labeled with a green fluorochrome, normal ref-
erence DNA is labeled with a red fluorochrome, and the two
samples are hybridized simultaneously to normal metaphase
cells affixed to a slide (121). Using a sensitive camera equipped
with fluorescence detection and a computerized analysis sys-
tem, the green:red ratios can be established along the length of
each chromosome. Amplifications in tumor DNA result in an
increase in the green:red ratio, while losses of DNA will de-
crease the green:red ratio of a specific region. For an amplifi-
cation to be detected by CGH, the amplified DNA must total at

least 2 Mb in size (i.e. amplicon size × degree of amplification
≥ 2 Mb) (122). CGH has been used successfully to document
chromosomal gains and losses in astrocytic tumors, to show
amplification of the androgen receptor gene in recurrent pros-
tate cancer, and to identify a large number of amplified cellular
oncogenes in human neoplasms (123).
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