
Internal Medicine Grand Rounds 

DNA Amplification by the Polymerase Chain Reaction: 

Applications to Clinical Medicine and Clinical Investigation 

Joel D. Taurog, M. D. 

August 31, 1989 



I. INTRODUCTION AND BACKGROUND 

A. Brief historv of the oolymerase chain reaction. 
Late in 1985, a group of investigators from the Cetus Corporation reported a method 
for the enzymatic amplification of specific sequences of DNA using repeated cycles of 
denaturation of the DNA followed by hybridization of oligonucleotide primers 
complementary to the target DNA sequence and then extension of the primers with 
DNA polymerase [1]. In their report, they demonstrated 220,000-fold amplification of 
the 6-globin gerie from small samples of human genomic DNA. Although the 
principles on which this method was based were not new, it represented a novel 
application of existing technology that greatly expanded the speed and sensitivity with 
which defined sequences of DNA could be cloned. Several reports during the 
following two years documented the power of this method, which was soon termed the 
polymerase chain reaction (PCR), although the tedium of the method as originally 
described undoubtedly limited its widespread use. 

Early in 1988, the same investigator~> reported a significant improvement in the 
method that simultaneously simplified its performance and improved the sensitivity 
and specificity of the enzymatic reaction [2]. At about the same time, instruments for 
automating the procedure became commercially available. The availability of both the 
simplified enzymatic reaction and its automation, together with the inherent power of 
the method, has led to an explosion of reports in which PCR has been applied to a 
host of biomedical problems (Figure 1 ). 
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Figure 1. Cumulative publications listed under Polymerase Chain 
Reaction in BRS Colleague data base, by date of publication from 
reference 1 through June 1989. The first three bars represent 
1965, 1986, and 1987. 
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In this Grand Rounds, I will present the principles underlying PCR and examples of its 
present and potential future applications to clinical medicine. I will not formally 
address financial considerations, either in regard to the proprietary claims of the Cetus 
Corporation and its competitors (Figure 2), or in regard to the expense of the 
procedure itself, since these are of little significance to the scientific importance of the 
method. 

Rival claims over DNA amplification 
Woshlngton 
DuPc..r is c:hallcnging Cduo Corpcnlion"l 
sttanglebold on the lucratift market for the 
DNA amplilicatim technique named the 
polymen.oe chain reoctica (PCRJ. Us< 
...a, Dul'ont'sattomeys lllked a judse to 
rule that Cetus's PCR patents.., tn .. lld , 
but the)' wiU noc diJclose the basil for their 
OfllllllOill. 

Cetus reca...t two kq patents coY<rinl 
PCR Just over two yean ago. The PCR 
technique inrolves usinC two specifiC DNA 
probes tllll Clank an unknown rqion of 
DNA to be stUdied. 'l'luoolft alternating 
cycl.. of IMat and coolin1, the probes 
squeeu between the straods ol the 
unknown DNA and initiate an exponential 
copyin1 prncess that can yield millions of 
copies of the unknown DNA sequence<
Notun 331, 461; 1988). 

PCR has become widely uoed. and 
hundnds ol reoeatclt papers usin1 the 
technique han been published ia the past 
two yean. 

PCR has dlaJP*Iic u well u reoeatclt 

applications: It has been used to ocnen 
fetuses for genetic disorders. and senral 
companies are donlopin1tests usinl PCR 
to detect genetic material from the AIDS 
virus. Tbe market for dlagooalc PCR kill 
could rucb $1,500 miUlon by 1998. 

In a joint •enture with Perkin-Elmer, 
Cetus sells a thermal cycling instrument to 
automate the PCR procoss. The cycler 
comes witb two PCR rusent kits and cosu 
$8,500. 

Pmnis:slon to use PCR In basic murch 
Is included In the cost o( the cycler and 
rearents. But Cetus has licensed all dille· 
.-ic UJ<S of PCR to Hoffman t..Roche, 
and has said It will prosecute those who""' 
PCR without buyin~~: one of Its machines. 

DuPont Is al5o denlopin1 'nucleic acid 
~plication kill' and a lhermocycler, and 
plans to begin sellinllhern later this yar. 

Now that Its producu are approochinl 
the m1rket, DuPont's petition says the 
Cetus patents are "ripe for adjudication". 

Carol Ezzell 
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B. Background molecular biology. 

Figure 2. PCR and litigation 

Recombinant DNA technology is based primarily on (a) the thermodynamically 
favored complementary base pairing of nucleic acid chains to form stable duplexes, 
(b) the activities of enzymes that catalyze several classes of reactions on either 
nucleotide or nucleic acid substrates, and (c) the ability of certain classes of DNA 
molecules, termed vectors, to replicate themselves upon introduction into appropriate 
host microbial cells. Each of these principles will be considered briefly in tum. 

Nucleic acid hybridization. Under physiologic conditions. DNA consists of a 
helical duplex, with nucleotide bases paired by hydrogen bonding and the two strands 
running antiparallel, one 5' phosphodiester bond to 3' phosphodiester bond (5' to 3'), 
and the other 3' to 5', as shown in Figure 3. As the temperature is raised, the 
hydrogen bonding between the two strands is insufficient to offset the increased 
thermal energy, and the two strands begin to separate. For a given set of solvent 
conditions. this denaturation (or melting) will occur at a characteristic temperature for 
any given DNA duplex, in proportion to the nucleotide content of the molecule, which 
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determines the number of hydrogen bonds stabilizing the duplex, as shown in Figure 
4. If the denatured DNA is allowed to cool slowly, the duplex will again form between 
the two complementary strands. This process is termed renaturation or annealing, and 
is illustrated in Figure 5. 

Agura 3. Antiparallet strands of 
the DNA double helix with hydrogen 
bonding between complementary bases. 
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Figure 4. Relationship between 
G..C content and T m of double-stranded DNA. 
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Agure 5. Denaturation and renaturation of the DNA double helix. 
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The same renaturation process can occur even if the two complementary 
strands of DNA were not originally paired or of the same length, and even if the base 
pairing is not exact. In this case, the process is termed hybridization, since the two 
strands form a hybrid duplex. If the base-pairing is exact. it is termed a homoduplex, 
and if inexact, a heteroduplex. For any given strand of DNA hybridized to another 
strand, a heteroduplex will be less stable than a homoduplex and will denature at a 
lower temperature. This principle is used to identify unknown specimens of DNA; 
above a critical temperature, a labeled single strand DNA probe of known specificity 
will remain hybridized only to strands with which it shares significant nucleotide 
complementarity. Similar rules apply to the formation of duplexes between strands of 
DNA and RNA, in which case uracil in RNA pairs with adenosine in DNA. 

Nucleic acid technology has been greatly facilitated by the availability of 
automated methods for producing large quantitites of oligonucleotides of any desired 
sequence. These stretches of single-stranded DNA, usually 15 to 30 bases long, will 
hybridize to any single stranded DNA or RNA sequence with which they share 
sufficient base pair complementarity. They are chemically very stable and easily 
labeled to high specific acti vity with radioactive isotopes, usually 32P, and are 
therefore quite useful as probes for the analysis of unknown nucleic acid sequences. 
Furthermore, under standard hybridization conditions, for any given oligonucleotide 
sequence, a temperature exists at which hybridization will be maintained only with a 
perfectly matched complementary sequence. Thus, oligonucleotide hybridization can 
be used to distinguish between DNA sequences that differ by as little as a single base. 
The melting temperature, Tm. for any oligonucleotide can be estimated by the formula: 

Tm (centigrade)= 4o (G +C)+ 2o (A+ T). 

For example, an 18mer (i.e., an oligonucleotide 18 bases long) with 9 G or C residues 
and 9 A or T residues would have a predicted T m of 36 + 18 = 54o. At or near this 
temperature. the oligonucleotide will hybridize only to a perfectly matched 
complementary sequence. 

Restriction endonucleases and DNA polymerases. Restriction endonucleases 
are enzymes that hydrolyze the phosphodiester bonds of both strands of a DNA 
molecule at sequence-specific sites. For many such enzymes, the sites represent 
palindromic 4 or 6 base sequences (example in Figure 8). The ability to generate 
compatible ends of DNA molecules with restriction endonucleases and to covalently 
join these with DNA ligase makes the production of recombinant DNA molecules 
feasible. 

The enzyme that is the key to the polymerase chain reaction is DNA 
polymerase, the principal activity of which is shown in Figure 6. DNA polymerases 
add nucleotides to the 3' end of a DNA strand that is growing in a 5' to 3' direction, 
provided that the strand is paired with an antiparallel strand that serves as a template 
for the addition of each new base. They are unable to initiate strands de novo and are 
therefore absolutely dependent on the presence of a primer. A number of techniques 
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used in molecular biology, including DNA sequencing, involve the hybridization of 
oligonucleotide primers to single-stranded DNA, followed by the extension of the 
single strand by DNA polymerase in the presence of the four nucleotide triphosphates. 

Figure 6. DNA poiymerases 
catalyze the stepwise addition of a 
deoxyribonucleotide (dNTP) to the 
3'-QH end of a DNA strand that is 
paired to an antiparaiiel template 
strand. The new strand grows in a 
5'-to-3' direction. Specificity is 
determined by pairing of the 
incoming base with the template 
strand. The reaction is driven by a 
large favorable free energy change. 
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The most commonly used DNA polymerase is DNA polymerase I of E. coli. This 
single polypeptide has three separate activities; in addition to its 5' ->3' polymerase 
activity, it can degrade double-stranded DNA from a free 5' end (5'->3' exonuclease 
activity) and a free 3'-0H end (3'->5' exonuclease, or proofreading, activity). A 
proteolytic cleavage product of DNA polymerase I, called the Klenow fragment, lacks 
the 5'->3' exonuclease activity buf retains the other two activities and is the form of the 
enzyme most often used as a DNA polymerase in molecular biological manipulations. 

Another DNA polymerase that is extremely useful in molecular biology is 
RNA-dependent DNA polymerase, or reverse transcriptase, derived from oncogenic 
retroviruses. This enzyme is essential in the generation of complementary DNA 
(eDNA) from messenger RNA (mRNA). As with other DNA polymerases, reverse 
transcriptase can only extend a strand that has already hybridized to a template, and 
thus annealing of oligonucleotide primers to the mRNA template is necessary in order 
to initiate eDNA first strand synthesis with reverse transcriptase. 

Cloning vectors and the construction of DNA libraries. In order to study an 
individual gene at the DNA level, it is necessary to obtain reasonable quantitities of it 
in pure form. The human genome contains approximately 3 x 109base pairs, whereas 
individual genes are usually contained on segments of DNA of only a few thousand 
base pairs. Thus, a gene that is encoded by only one locus in the genome (i.e. , a 
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single copy gene) is only represented by about one millionth of the total human 
genomic DNA. Similarly, a typical cell transcibes thousands of genes into mRNA, and 
thus eDNA synthesized from isolated mRNA may represent several thousand different 
genes. Both genomic DNA and eDNA fragments can be cloned from libraries 
constructed as shown in Figures 7 and 8. Whereas the fragments in a eDNA library 
represent predominantly the protein-coding regions (exons) of the genes expressed 
as mRNA in the particular tissue from which the mANA was obtained, the fragments in 
a genomic library contain both coding and noncoding regions (exons and introns) of 
all genes in the individual's genome, as well as the intervening stretches of DNA 
between genes. 
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produce a recombinant vector. 
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Figure 7. Classical methods of Isolating cloned genes by construction of 
genomic and complementary DNA libraries. 
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The basis of DNA libraries is the ligation of a collection of restriction fragments 
of DNA into a vector, usually a plasmid or a bacteriophage, to produce a recombinant 
vector that is capable of replicating when introduced into a microbial cell host. The 
most common hosts are certain modified strains of £. coli, although other hosts can be 
used. Usually, only a single recombinant vector molecule will transform an individual 
host cell, so isolation of a particular restriction fragment of DNA in a particular vector is 
accomplished by isolating a colony of bacteria derived from the original transformed 
bacterial cell. This usually involves screening thousands to tens of thousands of 
individual recombinant vectors by any of several methods for the DNA segment of 
interest 

Before the advent of PCR, the only way to clone a segment of DNA from a 
particular individual of any species was to construct some form of DNA library from that 
individual and then to isolate from the library a recombinant vector containing the DNA 
of interest. One of the principal advances made possible by PCR is the ability to 
isolate in pure form defined segments of DNA from individuals without constructing a 
library. Because PCR accomplishes this in a few hours, whereas library construction 
and screening usually requires several weeks; in practice this means that cloned gene 
segments can be examined from many more individuals than was previously possible. 

Blot-hybridization. The most convenient way to detect homology between two 
fragments of nucleic acid is to immobilize one of them in denatured form on a 
nitrocellulose or nylon membrane and then to incubate the membrane with a solution 
containing the other fragment that has been isotopically labeled and denatured. If 
there is significant base-pair homology between the two fragments, some of the 
labeled fragments will hybridize to the membrane-bound fragments. Following 
washing to remove labeled fragments bound nonspecifically or with low homology, the 
labeled heterodimers that form will be detectable by autoradiography. 

If the nucleic acid originally bound to the membrane consists of DNA generated 
by digestion with restriction endonucleases, separated by size by electrophoresis, and 
then transferred to the membrane, then the procedure is called Southern blotting. If 
the nucleic acid is RNA that has been separated by size by electrophoresis, the 
procedure is called Northern blotting. If either DNA or RNA is spotted onto a small part 
of the membrane without any prior size separation, the membrane is then called a dot 
blcA or slot blot depending on the shape of the spot . 

The limits of resolution of these techniques are relevant to the discussion of 
PCR. In general, if whole human genomic DNA is analyzed by Southern blotting, in 
order to detect a gene encoded by a single locus, at least 1 I.Jg of starting DNA is 
needed, and the procedure cannot reliably detect sequences that are present at less 
than one copy per cell. Furthermore, hybridization of oligonucleotides to restriction 
fragments generated from whole human genomic DNA is technically difficult and 
cannot reliably be used to detect single base differences. Hybridization of 
oligonucleotides to dot blots or slot blots of whole human genomic DNA are unreliable 
because of partial cross-hybridizations with irrelevant sequences. In contrast, 
hybridization of oligonucleotides to either Southern blots or dot blots of cloned DNA is 
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very sensitive and specific because the target fragment is present in approximately 
106-fold greater quantity than in genomic DNA. 

C. The oolymerase chain reaction. 

Original description with Klenow fragment of DNA polymerase. The 
principles of the polymerase chain reaction are shown schematically in Figure 9. In 
the beginning, a target DNA sequence is selected for amplification. It can be either 
cloned or uncloned DNA from any source, but at least part of the sequence must 
already be known because oligonucleotide primers complementary to the two ends of 
the sequence to be amplified must be available. Often, part of the sequence is not 
known, at least in the particular specimen to be examined. 

The DNA is heat-denatured to separate the two strands. Primers 
complementary to the coding strand and the noncoding strand, respectively, are 
added and the mixture is cooled to a temperature below the lower of the two T m for the 
two primers to allow the primers to hybridize to the appropriate single strands. DNA 
polymerase and the four deoxyribonucleotide triphosphates (dNTP) are then added 
and the mixture is incubated at a temperature that is optimal for the DNA polymerase 
in order to synthesis the complementary strand for each single stranded template. At 
this point, for the stretch of DNA defined by the two primers, there is twice as much 
double-stranded DNA as there was originally. The mixture is then heated to separate 
the strands, and the process of hybridization and DNA synthesis are repeated, again 
doubling the amount of double-stranded DNA in the region defined by the two primers. 
Repetetive cycles of the process eventually lead to the accumulation of a large amount 
of double-stranded DNA of length defined by the original two primers and of sequence 
identical to the starting template in that region. 

In the original description of the method [1], the DNA polymerase used was the 
Klenow fragment of £. coli DNA polymerase I. Like most enzymes, this enzyme is 
irreversibly denatured at temperatures used to denature double-stranded DNA. 
Therefore, a fresh supply of this DNA polymerase needed to be added during each 
cycle. Furthermore, the temperature optimum for this enzyme is 37o C, which is 
below the T m for many oligonucleotides. Thus, if the target DNA is uncloned genomic 
DNA, at this temperature the primers could hybridize to several sites on the basis of 
only partial homology, resulting in amplification of unwanted sequences. This problem 
is potentially aggravated by the 3'->5' exonuclease activity of the Klenow fragment, 
which can replace mismatched bases in the primer to create a closer match to an 
originally only partially matched template. 

Despite these limitations, including the amplification of an appreciable amount 
of nonspecific sequence, the original method produced specific amplifications in the 
range of 1 os to 1 Qs..fold of sequences of several hundred base pairs [ 1, 3, 4] and 
proved useful for a number of novel applications, some of which will be discussed 
later. However, a significant improvement in the method was made with the 
introduction of a thermostable DNA polymerase, and it is this version of PCR on which 
most of the references to be presented are based. 
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The Polymerase Chain Reaction 

Double-stranded 
DNA Denature 

to separate strands 

Hybridize complementary 
5". 3' oligonucleotide primers 

~~----------------~~~ :::;;:o 
3',.r u;: 

5' 
_\.. ~3' 
\.L';;::::====,;;:cl r-'1 

"' 5' Add DNA polymerase 
+ dATP, dCTP, dGTP, 

dTTP and extend 

3• Denature 

3'r CO:I----.,...-----... ~ 5' 
5' ~ 

3'1..,., 
""'-ta:;:"T""-------r:w:::~5 . 

3' Hybridize primers 

............ ~ 
3' 

Extend 

Denaturation 

(I •cydu I~ 
Extension Hybridization 

( ~ 
2n 
double-stranded 
DNA segments 

Figure 9. The polymerase chain 
reaction. With thermostable Taq DNA 
polymerase, a typical protocol might call 
for denaturation at 94o C for 1 min, 
hybridization at 45o for 2 min, and 
extension at 72o for 3 min, for 30 cycles. 
Optimal protocols vary widely and must 
be determined for each set of primers 
and target DNA. 
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The Polymerase chain reaction with thermostable Tag DNA polymerase. 
The limitations of PCR with Klenow fragment led to a search for a thermostable 

DNA polymerase that would not require the addition of fresh enzyme to each sample 
during each cycle. One such enzyme, the 94 kDA DNA polymerase from the 
thermophilic bacterium Thermus aquaticus (Taq), following the initial description of its 
use in PCR [2) has become universally adopted as the the enzyme of choice for this 
procedure. Because the activity of this enzyme is maintained even after incubation at 
95o C, it is not affected by the DNA denaturation step of PCR and therefore does not 
need to be replenished at each cycle. This modification has made feasible the 
automation of the procedure. 

Several other aspects of the procedure are also markedly improved by the use 
of Taq DNA polymerase. Although the enzyme has a temperature optimum between 
70 and 8Qo C, the DNA polymerase activity is still active at temperatures down to 37o. 
Primer hybridization can take place at temperatures above 37o that are closer to the 
Tm for the specific primers involved. This minimizes the degree of low-specificity 
priming and therefore increases the specificity of the reaction products. Since the the 
extension reaction is usually carried out at about 7'2!J, and the shift from the priming 
temperature to the extension temperature further reduces the degree of low-specificity 
priming. An additional feature of the enzyme that reduces non-specific reactions is its 
lack of 3'->5' exonuclease (proofreading) activity, which would enable it to promote 
primer hybridization to unintended sites by replacing a mismatched base at the 3' end 
of a primer with one that matched a particular site on the template. Finally, Taq DNA 
polymerase is considerably more processive than Klenow fragment, efficiently 
amplifying fragments of up to several kilobases in length. 

Efficiency of amplification with Tag DNA polymerase . Because of the 
exponential nature of the polymerase chain reaction, the amount of final product can 
vary by many orders of magnitude depending on the efficiency of amplification. 
Depending on the specific conditions, the efficiency per cycle is relatively constant 
through 20 to 30 cycles. The degree of amplification, A, tor n cycles can be estimated 
as function of an overall efficiency f, by the formula: 

A= (1 + f)n 

The overall efficiency varies as a function of the length of the fragment being amplified, 
as shown in Fig. 14. For small fragments, the efficiency approaches the theoretical 
maximum of 1 (100%), so that the process achieves a near doubling at each cycle [5). 
Thus, for 25 cycles, the theoretical amplification factor is 3.3 x 107, and for 30 cycles, 1 
x 1()1. The efficiency also varies as a function of the number of starting template 
molecules, diminishing with high initial concentrations of template [6). 
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Figure 10. Efficiency of the polymerase 
chain reaction as a function of the length of 
the target sequence. Extension times of 6 
min (open circles) or 15 min (closed circles). 
From reference 5. .. 
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Sensitivity and fidelity of PCR with Tag DNA oolymerase. Initial experiments 
with Taq DNA polymerase indicated that a gene could be successfully amplified from 1 
J,Jg of genomic DNA of a cell sample in which the gene was present at a level of one 
target molecule in 106 cells [2]. Although the sensitivity varies with the particular 
combination of primers and target molecule, amplification of sequences present in 1Q-3 
to 1 Q-6 of the sampled cells have frequently been reported. Detection of PC A-amplified 
products at this sensitivity is approximately 1 06-fold greater than the sensitivity of 
conventional Southern blotting. 

All DNA polymerases exhibit a finite error rate in replicating sequences. If PCR 
is to be useful in distinguishing small differences between DNA sequences such as 
point mutations, it is important that the error rate of the DNA polymerase used be 
acceptably low. Several estimates of the error rate of Taq DNA polymerase have been 
reported. Almost all errors involve misincorporations rather than insertion or deletions. 
An initial estimate of 2 x10"" misincorporations per nucleotide per cycle [2] now seems 
somewhat high. A more recent estimate shows an error rate of about 1 x10·S [7]. 
Because errors may occur with equal frequency in any of the cycles, the proportion of 
sequences in the final amplification product containing any particular error is usually 
small, and in practice only very rarely would an error be expected to confound an 
analysis by PCR. 

Amolificatjon of eDNA from mANA. As will be presented in more detail in the 
second part of this discussion, many important questions pertinent to clinical medicine 
and cell biology involve identification or characterization of particular species of 
mANA. Conveniently, the sensitivity and specificity of PCR have been readily adapted 
to the amplification of mANA (Figure 11 ). The method involves isolation of RNA from 
the cell sample of interest, followed by the use of reverse transcriptase to synthesize a 
first strand eDNA. Thereafter, the procedure is similar to that used for amplifying DNA. 
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The Polymerase Chain Reaction for 
Amplifying eDNA from an mANA Template 
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Figure 11. The polymerase chain 
reaction for amplifying eDNA. mANA, 
shown with a poiyA tail, is hybridized with 
a primer and a first strand eDNA is 
synthesized with reverse transcriptase. 
In some protocols, RNase treatment is 
then used to remove all RNA that might 
compete for amplifying anti-sense 
primer. Dashed line indicates variable 
degrees of extension of the original 
eDNA strand. 
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The analysis of sequences amolified by PCR. . 
Once segments of DNA have been doned, they are typically analyzed in any or 

all of four separate ways: (a) hybridization with known probes; (b) determining sites for 
restriction endonucleases (restriction mapping); (c) determining the nucleotide 
sequence (sequencing); and (d) identifying and characterizing the transcribed and 
translated products. In addition to the rapidity, sensitivity, and specificity with which 
specific sequences can be amplified by PCR, the method also affords several 
advantages over conventional methods in terms of the analysis of the amplified 
sequences. The most rapid way to determine if a specific sequence has been 
amplified is by hybridization with an oligonudeotide complementary to the desired 
sequence. The term allele-specific oligonucleotide, although originally and most 
appropriately used in the context of detecting inherited sequences, is sometimes 
meant to apply to any oligonudeotide used in this manner. In Figure 12, amplification 
of a portion of the 6-globin gene and dot-blot hybridization with oligonucleotides 
specific for the A, S, and C alleles are illustrated. 
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Figure 12. Determination of genotype with PCR amplification of genomic DNA and hybridization with 
allele specific oligonucleotides. The 110 bp stretch of the B-globin gene from individuals of different 
genotypes was amplified with the primers PC03 and PC04, then hybridized in a dot blot with the allele
specific oligonucleotides for A. S, and C alleles as shown. Under appropriate conditions, only a perfectly 
matched oligonucleotide hybridizes to the DNA on the filter. From reference 3. 

Summarv of the advantages and disadvantages of PCR . The principal 
advantages of PCR discussed in this section are summarized in Table I, and many of 
them are illustrated by examples of specific applications in the following sections. 
Table II lists the main disadvantages of PCR. The most important are the prerequisite 
for having some sequence data from which to construct the primers and the risk of 
false-positive results because of contamination of the sample or the reagents with 
molecules containing the target sequence. Because amplification of even one 
contaminating molecule can result in a false-positive result, stringent precautions and 
practices are necessary to minimize the occurrence of this problem. These practical 
considerations are discussed in detail in reference 8. As an introduction to the 
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following section, Table Ill lists some general applications of PCR to clinical medicine. 

Table I. Some Advantages of PCR over Conventional Methods 
ofRecombinant DNA Technology 

Generation of cloned DNA fragments 
Much less starting DNA or RNA needed 
Less pure starting DNA or RNA needed 
Source of DNA can be fixed or highly degraded tissue 
Library not needed 
RNA may come from convenient tissue 
Primers can have built-in allelic or other specificity 
Degenerate primer sets can amplify families of related sequences 
Full-length cDNAs more easily obtained 
Mutant and hybrid molecules more easily constructed 

Analysis of cloned DNA fragments 
Primers can have ·handles· at 5' ends (restriction sites, ligands, etc.) 
Amplified products can be hybridized directly with allele-specific oligonucleotides 
Amplified segments can be sequenced directly without subcloning 
Frequent cutting restriction enzymes more useful 
Methylase-sensitive restriction enzymes more useful 
Amplified fragments are rapidly available as probes 

Table II. Some Disadvantages of PCR, Compared w ith Conventional 
Methods of Recombinant DNA Technology 

Some sequence data from target gene must be known 
Sequence must be amplifiable 
Contamination is a much greater problem because of sensitivity 
Obtainable fragment size is comparatively limited 
Quantitation may be difficult 

15 



Table Ill. Prinicipal Advantages of PCR in Clincal Medicine and Clinical 
Investigation 

Detection of DNA or RNA species present at levels of 1 copy per 105 to 1{)6 cells 
foreign sequences 
somatically mutated sequences 
germline sequences 

Analysis of specimens at the DNA sequence level from large numbers of subjects 
Analysis of DNA from fixed or partially degraded tissue: retrospective analysis 
Analysis of sequences from single cells 

II. APPLICATIONS OF PCR TO CLINICAL MEDICINE 

A. DETECTION OF FOREIGN GENES IN HUMAN TISSUES BY PCR 

A number of studies have documented that PCR-based methods can be used 
to detect inefectious agents in human tissues with unprecedented sensitivity, 
specificity, and rapidity. In individual patients, PCR has been shown to detect the 
presence of a number of agents, including the hepatitis B and human 
immunodeficiency viruses, with a sensitivity surpassing all other in vitro methods. In 
addition, the capacity of the procedure to be used for screening large numbers of 
specimens, including decades-old fixed and embedded tissue, will facilitate a variety 
of epidemiologic studies of the potential involvement of various agents with human 
disease. The following are a few examples of the application of PCR to detecting 
foreign genomes in human tissues. 

1. Detection of the Human lmmunodeficjencv Virus 
Detection of HIV infection is an issue of major concern. Negative serologic tests 

do not exdude the prese_nce of the virus; conventional virus isolation is cumbersome, 
takes up to 3 to 4 weeks, and is unsuitable for routine screening. Because of the low 
frequency of infected cells, conventional Southam blotting is too insensitive to detect 
proviral sequences in samples of peripheral blood lymphocyte DNA or RNA. The 
sensitivity of the PCR assay has proven to be quite useful for the rapid and sensitive 
detection of HIV. PCR has been used to amplify DNA sequences of the HIV-1 gag, pol 
, env, and L TR genes, as well as RNA from the spliced transactivator tat gene and the 
3' open reading frame [9-17]. PCR amplification of nucleic acid sequences from 
HIV-1-infected samples is at least six orders of magnitude more sensitive than 
standard nucleic acid detection methods, and several assay systems have been 
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described for potential clinical use [18-21 ]. Although· still not used for routine clinical 
diagnosis, PCR has helped provide answers to several epidemiologic questions 
regarding H IV infection. 

PCR vs. culture and serology. In one of the first reports of the application of PCR 
to detecting HIV-1 [15], proviral HIV-1 sequences were detected in 100% of DNA 
specimens from seropositive, homosexual men from whom the virus was isolated by 
coculture, and in 64% of DNA specimens from seropositive, virus culture-negative 
homosexual men, but in none of the DNA specimens from a control group of 
seronegative, virus culture-negative persons. Results were obtained within 3 days, 
whereas conventional virus isolation takes up to 3 to 4 weeks. Primer pairs from 
multiple regions of the HIV-1 genome were used to achieve maximum sensitivity. 

Subsequent studies showed that PCR was not only more sensitive than virus 
culture, but also more sensitive than serology for detecting evidence of HIV-1 infection. 
In one report [22], four asymptomatic homosexual men were studied who reverted 
from seropositive to seronegative for HIV-1 over 2.5 years, as shown by both ELISA 
and Western blot, and whose cryopreserved peripheral blood mononuclear cells were 
negative for HIV-1 by standard culture assay. HIV-1 provirus was detected by PCR in 
all four subjects 6 to 18 months after the last positive antibody test. Thus, 
asymptomatic persons seropositive for HIV-1 may not remain seropositive, but may 
remain latently infected with HIV-1, as detectedby PCR. 

PCR has more recently been used in examining the latent period following HIV 
infection before serum antibodies are detectable [ 11 ]. A cohort was studied of 133 
seronegative homosexual men who continued to be involved in high-risk sexual 
activity. HIV-1 was cultured from PBM from 31 of the 133 men, 27 of whom remained 
seronegative for up to 36 months after the positive culture. The other four men 
seroconverted 11 to 17 months after the isolation of HIV-1 . In three of them, PCR 
analysis of cryopreserved lymphocytes demonstrated that HIV-1 provirus had been 
present 23, 35, and 35 months before seroconversion. 

Detection of HIV-1 sequences in brain tissue by PCR has also been reported in 
a case of acute fatal CNS infection in a patient lacking serologic evidence of HIV 
infection [23]. 

HIV infectjon in infants and children. Unlike the problem in adults of a latent 
period before seroconversion, serology in newborn children of HIV-seropositive 
mothers is of no value in detecting infection because of the transmission and 
persistence of maternal antibodies. In a large cooperative study [24], PCR was used to 
detect HIV infection in infants of seropositive women. during the neonatal (age less 
than 28 days) and postneonatal periods. HIV-1 sequences were found in five of seven 
neonates and six of six postneonatal infants in whom AIDS later developed, but not in 
nine neonates or 25 infants who remained well, or in 15 infants born to 
HIV-seronegative mothers. The data from this study are shown in Table IV. The 
authors concluded that PCR will apparently be useful in diagnosing HIV infection in 
newborns and in predicting the subsequent development of AIDS. In another study 
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[10], HIV-1 sequences were detected by PCR in blood samples from six of 14 newborn 
infants of seropositive mothers, as well as in five of 10 seronegative older children 
born of HIV-1-infected mothers. 

Table IV. From reference 24. 

Detection of Proviral Sequ~ of HIV by Polymerase 
Chain Reaction in Infants Bom to HIV·Seropositive Mothers, Ac· 
cording to the Clinical Status of the Infants and Their Age at the 

Time the Blood Sample Was Obtained. 

----W witb. AIDS• (a • 8) Y1 616 

m - """"""'&: liadiJ>p .. ua<i .. ot t/8 4114 
HIV infeaioa (a • 141 

CWcally -u 
fol~ .. ., 1D0 (D • 18) 016 0118 
Followed <I$ I'CJ) (a • 41)t 013 on 
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,.,.._~._,..m...,~riiM .... .-r~~u....-. -
HIV in household or sexual contacts. A few studies have applied PCR to the 
question of detecting HIV infection in seronegative individuals exposed to known 
HIV-infected contacts. In one study [16], PCR was used to confirm the presence of HIV 
viral DNA detected by in situ hybridization in leukocytes from seronegative children of 
HIV-infected mothers and in three seronegative sexual partners of seropositive drug 
addicts. In contrast to these findings, a much lower rate of HIV infection was found in 
23 healthy women with histories of repeated unprotected sexual exposure to HIV-1 
infected hemophiliacs [12], who were stu~ied for HIV-1 antibody, serum antigen, 
HIV-1 DNA sequences by PCR, and HIV-1 virus isolation from peripheral mononuclear 
cells. Twenty-two of 23 (96%) women were negative by all HIV-1 assays. One woman 
was positive by all the HIV-1 assays, including ELISA. These preliminary results, 
employing the sensitivity of PCR, suggest that the frequency of HIV-1 infection in 
antibody-negative sexual partners of HIV-1 infected hemophiliacs is probably very low. 
The same authors had previously demonstrated by direct viral culture that HIV-1 
seropositivity in this group of hemophiliacs represented active infection, not simply an 
immune response to non-infectious material contained in cryoprecipitates [25]. Thus, 
studies at the level of PCR sensitivity have confirmed earlier suggestions that the rate 
of transmission of HIV-1 to sexual contacts of seropositive drug abusers is much 
higher than the rate of transmission of HIV-1 to sexual contacts of seropositive 
hemophiliacs. 

H IV and other coexistent retroviral infections. Because of serologic 
cross-reactivity among different retroviruses, in some cases serology may not be 
reliable in detecting true infection. Alternatively, the coexistence of another infection 
may alter the clinical presentation of HIV infection. HIV-2, which has been described 

18 



most frequently in Western Africa, is serologically cross-reactive with HIV-1. In a 
seroprevalence study of 944 persons in Abidjan, Cote d'lvoire, West Africa [17], one 
person dually reactive for HIV-1 and HIV-2 by various serological techniques was 
found to harbor proviral sequences from both viruses, as detected by PCR. The 
authors noted that this was is the first confirmed case of a mixed HIV-1 and HIV-2 
infection in a single individual. 

In another report [26], a patient was described with a histologically benign, 
polyclonal HTLV-1 infection exhibiting both an absolute CD4+ and CDS+ 
lymphocytosis. HTLV-1+ pulmonary tract nodules remitted completely with alkylating 
agents and steroids, but subsequently, the patient developed a severe 
immunodeficiency state and expired. Retrospective serologic and PCR assays for 
HIV-1 demonstrated that he had been doubly infected from the time of presentation. 
Postmortem analysis by PCR revealed the presence of both HTLV-1 and HIV-1 in 
lymphatic tissues and the testes, and HIV-1 was also detected in brain tissue. 

Table V sunvnarizes some of the many reports of the clinical application of PCR 
in detecting HIV-1 sequences. 

Table V. Detection of HIV-1 in Clinical Specimens by PCR 

Source of Specimens 

.Patients 
Patients negative by virus isolation 
Patients negative by serology 
Infants of HIV-1-infected mothers 
Coexistent HIV-2 infection 
Coexistent HTLV-1 infection 

Objects in contact with patients 
Endoscopes 
Leukocyte filters 

2. Detection of heoatitis B virus by PCR 

References 

[15] 
[11,22, 23] 

[10, 24] 
[17] 
[26] 

[27] 
[28] 

Several studies have documented detection of hepatitis 8 virus by PCR in 
serum of infected individuals at a sensitivity exceeding all previous methods, including 
DNA hybridization [29-31]. Ulrich et al. [32], comparing the level of detection of PCR 
with the level of transmissibility in serum samples that had been standardized for 
infectivity of chimpanzees, found that PCR was about10-fold more sensitive than 
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transmissibility for detecting HBV. A corollary of this finding is that samples truly 
negative by PCR are probably not infectious. Thiers, 'et al. [33] studies three patients 
negative for all HBV serological markers. HBV sequences were amplified by PCR 
from serum in all three patients. Serum from two of the patients was injected into 
chimpanzees that subsequently developed hepatitis. HBV sequences were then 
identified in PCR-amplified samples from the chimpanzees. Given these results, it will 
be of interest to examine serum and liver biopsy material from patients with chronic 
liver disease in the absence of serologic markers for HBV. 

3. Soecific detection of Heroesyjrus family members by PCR. 
Several studies have documented the rapid, sensitive and specific detection of 

members of the Herpesvirus family. Cytomegalovirus (CMV) has been detected by 
PCR in blood, fresh or paraffin-fixed tissue, and newborn urine [34-37]. In all of these 
studies, the assay for CMV by PCR apPeared to have significant clinical utility. One 
study using PCR found no correlation between the presence of CMV genomes and the 
appearance of Kaposi's sarcoma in patients with AIDS [38]. 

Other studies have reported the detection of HHV-6 (human herpes virus 6, 
human 8-lymphotropic virus) has been identified by PCR in peripheral blood, tumor 
tissue, and retina [39, 40], Herpes simplex virus in paraffin-embedded biopsy 
specimens [41 ], and increased levels of Epstein-Barr virus in salivary gland tissue and 
peripheral blood from patients with Sjogren's syndrome [42]. 

4. HTLV-1 and neurologic disease 
Human T-eall lymphotropic virus type I (HTLV-1) is a retrovirus that was 

originally isolated from cases of T -cell lymphoma and there is strong evidence that it is 
causally associated with adult human T cell leukemia/lymphoma [43]. Recently, a high 
proportion of patients with tropical spastic paraparesis, a chronic neurologic disorder 
characterized by low back pain, bladder dysfunction, and a progressive spastic 
paraparesis, have been found to have antibodies that react with HTLV-1. Several 
reports have now documented that a retrovirus is definitely associated with tropical 
spastic papaparesis, and either direct isolation of proviral DNA [44] or PCR 
amplification and sequencing [45-47] have identified the retrovirus as HTL V-1 . 

Two recent studies have used PCR to address the question of a retroviral 
association with multiple sclerosis. Greenberg, et al. [48] examined DNA from 
peripheral blood mononuclear cells from 21 patients with chronic progressive multiple 
sclerosis. Six patients showed amplification of sequences homologous to the HTLV-1 
pol gene, and three of these also showed amplification of env sequences, but none 
showed amplification of any other HTLV-1 sequence. None of 35 controls showed any 
positive reactions. Reddy et al. [49] detected both gag and env amplified 
HTLV-1sequences in six of six patients with MS. These were confirmed by DNA 
sequencing. The intensity of amplification was considerably greater when adherent 
peripheral blood mononuclear cells were used as the DNA source, rather than 
unseparated cells. One of 20 normal control samples was positive in this study. A 
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potential weakness of both of these last two studies is 'the absence of a control group 
with other neurologic diseases. Nonetheless, although these results are preliminary, 
they suggest that retroviral infection may play a role in the pathogenesis of MS, and 
they point the way toward further studies involving large numbers of patients. 

5. Distinguishing HTLV-11 from HTL V-1. Confirmed infection with HTLV-11 has 
been difficult to establish because of substantial serologic cross-reactivity between 
HTLV-11 and HTLV-1. Lee et al. [50] used PCR amplification of proviral sequences to 
study i.v. drug abusers in New Orleans who were seropositive for HTLV-1 Of 23 
individuals confirmed by PCR analysis to be infected with either HTLV, 21 were found 
to be infected with HTLV-11, and only two with HTLV-1. With PCR identification of the 
virus, it will now be possible to to investigate the pathogenicity of HTL V-II in humans. 

6. Human oaoillomavjrus in cervical neoplasia. Certain types of human 
papillomavirushave been linked epidemiologically to squamous cell carcinoma of the 
uterine cervix and the cervical dysplasia that precedes it. Two specific types of HPV, 
16 and 18, have been most dosely associated with cervical carcinoma, but these have 
also been found to be widely distributed in the normal population, so the significance 
of the association with malignancy has been unclear. A number of studies examining 
either fresh or fixed and embedded tissue have used PCR amplification to detect 
type-specific HPV genomes [51-57]. Although type 16 was commonly found in 
dysplastic or malignant tissue, it was also found in a proportion of normal specimens. 
Of particular interest is a recent report [57] that used PCR to amplify a 313 bp 
sequence of the upstream regulatory region HPV 16. In some cases. the amplified 
sequence gave a band that appeared somewhat smaller than predicted when 
visualized by agarose gel electrophoresis. The shorter band was found by DNA 
sequencing to contain a 21 base deletion, and the subtype from which it was derived 
was termed 16b, whereas the standard sequence subtype was termed 16a. Only the 
presence of H PV 16a correlated strongly with cervical carcinoma and intraepthelial 
neoplasia (Table VI). Although in need of confirmation and further investigation, this 
finding is potentially very significant in defining the role of oncogenic HPV in cervical 
neoplasia. 

7. Detection of Mycobacterium by PCB 
The diagnosis of mycobacterial infections remains a frequent dinical problem. 

Direct identification of acid-fast organisms is rapid but insensitive both quantitatively 
and qualitatively. Culture methods take many weeks and may require multiple 
specimens to be positive. A recent report suggests that PCR may be useful in the 
detection and identification of mycobacterial organisms in clinical specimens. 
Mycobacteria share a common 65 kD antigen that shows considerable shared 
homology among the different species, with some regions of variability. Hance et al. 
[58] successfully amplified a 383 bp sequence from the DNA encoding this protein in 
four different mycobacterial species, including M. tuberculosis and M. avium. These 
sequences were then distinguished by hybridization with species-specific 
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oligonucleotide probes. Although no clinical specimens were analyzed, it was 
demonstrated that as few as 3 mycobacterial organisms mixed with one million human 
peripheral blood mononuclear cells could be detected after DNA extraction, 
amplification, and hybridization. 

Tabla VI. Human Papillomavirus Types 16a and 16b in Uterine 
Cervical Neoplasia 

Subjects 

Normal (n'"' 141) 

Normal post laser therapy (n = 20) 

Dyskaryotic (n = 30) 

Carcinoma (n .. 22) 

From reference [57L 

HPV16a 
only 

1 

1 

13 

22 

HPV16b both 
only 

89 28 

17 2 

6 2 

0 0 

A summary of the infectious agents discussed in this section is listed in Table 
VII. 

Table VII. Detection of Foreign Genes in Human Tissues by PCR 

Retroviruses 

HIV-1 
HIV-2 
HTLV-1 
HTLV-11 

Other viruses 

Hepatitis B 
Herpesviruses 

CMV 
HSV-1 
HHV-6 
EBV 

Papillomavirus 

22 

Bacteria 

Mycobacteria 



B. DETECTION OF SOMATIC MUTATIONS BY PCR 

Detection of somatically acquired mutations presents specially problems 
because they usually occur in only a small fraction of the cells of a particular tissue. 
The speed and sensitivity of PCR in detecting a mutated sequence present in very low 
abundance, as well as the capacity of the technique to amplify DNA from fixed, 
embedded specimens, has proven to be particularly advantageous in studying both 
normal and malignant cells for genetic alterations. The most prominent example of 
physiologic somatic gene alteration is the receptor gene rearrangement that gives rise 
to the diversity of immunoglobulin and T -cell receptor molecules in the immune 
response, and several studies have documented the usefulness of PCR in cloning 
these rearranged genes from small numbers of cells [59-61 ]. 

With regard to human disease, somatic mutation is most prominently linked to 
neoplasia, and particularly to the activation of protooncogenes. Activation of 
protooncogenes has been demonstrated to occur by several mechanisms, induding 
endogenous amplification of the gene, point mutations and chromosomal 
rearrangements. In vitro amplification by PCR of a suspected target sequence from a 
small tumor sample has permitted the detection of the latter two types of mutations. 
PCR is particularly useful in the detection of somatic mutations in large numbers of 
samples. In identifying somatic mutations, the sensitivity of PCR in detecting a 
particular DNA or RNA species that occurs in only a small fraction of the cells being 
tested is also critical. 

In this discussion, studies of the diseases associated with the Philadelphia 
chromosome will be presented as an example of the use of PCR in detecting and 
characterizing chromosomal rearrangements, while studies of diseases associated 
with the activation of ras protooncogenes will be used as examples of the detection of 
somatically acquired point mutations by PCR. 

1. Chromosomal translocations. 
Many human neoplasms are known to be associated with chromosomal 

translocations, some of which have been shown to result in the activation of 
protooncogenes. Although detection of these rearrangements can be made by 
cytogenetic and Southern blot analysis, nucleotide sequence analysis of the fusion 
products of the rearranged genes has generally required the construction and 
screening of libraries from individual malignancies. Other methods of detecting mRNA 
species arising from hybrid genes are technically difficult and generally too 
cumbersome for application to large numbers of samples. Several groups have 
recently applied PCR techniques to the characterization of the mRNA of fusion genes 
resulting from chromosomal translocations. 

A large number of studies have documented the sensitivity of PCR amplification 
of chromosomal translocation-induced hybrid genes in identifying residual leukemia or 
lymphoma cells (minimal resiudual disease), even in patients who have been in 
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studies have examined the breakpoint regions thel"'{'lselves. Most attention in this 
regard has been directed toward the products of the translocation that produces the 
Philadelphia (Phi chromosome. 

The Ph" chromosome results from a reciprocal translocation involving the long 
arms of chromosomes 9 and 22, t(9;22)(q34;q11) and has been found in over 90% of 
patients with chronic myelogenous leukemia (CML) and 10-25% of patients with acute 
lymphoblastic leukemia (reviewed in [69]). As a result of the translocation, a 3' portion 
of the abl protooncogene, normally located on chromosome 9, becomes attached to 
the 5' portion of the bcr (breakpoint cluster region) gene on chromosome 22. The 
chimeric bcr-abl gene is transcribed to produce a fusion mRNA that is translated into a 
protein thought to play a role in the pathogenesis of the resulting leukemias. The 
genes and resulting mRNA species are demonstrated schematically in Figure 13. In 
about half of the rearrangements in ALL, exon II of the abl gene is joined to the major 
cluster region of the bcrgene, shown as exons 1-5 in Fig. 13. In the other cases of 
ALL, the bcr breakpoint occurs within a 50 kb stretch 3' of exon I. 

Figure13 from reference 69 

Schematic """"""'"'ion oC the nonnal BCR and ABL 
tenn and the AB'L·rel.ated transcripts present in nonnaJ and leuke-
mic cells. (Up~r) 1M BCR and .4BL rena (noc to leak). Exons of 
the AB!- aenc are depicted as open bous above the line: the 
aJtemattw: fint nons lb and Ia and the .4BL second uon ate 
indicated by Roman numer.ls. Exons ,X the BCR rene arc depicted 
u so4id bo~tet: above the line . Anbic numbers denote the exons of 
Ule bcr; the Roman numeral I ~es the flnt exoa olthe BCR rene. 
(l.owf'r) ABL-~lated transeriptJ present in ccUs containint the fbi 
chromosome. The mRNAs are ckpic.tcd schematica.Jiy, and their 
appro~timate size1 are liYCn ia kb. For eiCh tnnsctipe, the codin1 
sequences derived from the BCR rene are s.howtt u so4MI bous 
usint: the numberina system u in Uppn. ' 

ll Ie • 

0=~··::::=0=-:rmJIL._.JL.UD.ll.O llJ.OO!LD...L._ ABL 
C*.,ALL 

J: IZH' 

.J._,.; • -Ill pi1jj,' j Ill- BCR -CMl. , AL.L. 

r,''t" =:::J w 6 kb 

Normal ABL transcriots <c"J:'==::J 
7 kb 

I >I ---==::J! 8.5 kb BCR-ABL Fusion < • 
lranscrioll in CUL ALL ....... , ::" =::J! a .S kb 

By selecting primers corresponding to the appropriate 5' portions of the bcr gene and 
3' portions of the abl gene, several groups of investigators have amplified cDNAs from 
the bcr-abl fusion transcripts of leukemia cells from patients with CML or ALL. The 
results of these studies are surrvnarized in Table VIII. The studies to date have 
confirmed previous findings that several different bcr-abl mRNA species occur in CML 
and in ALL, including cases in which the the Ph' chromosome is cytogenetically 
absent. There is no evidence for a previously suspected second translocation 
involving bcr-abl fusion in the blast crisis of CML. As in other systems, PCR appears to 
be the most sensitive way to detect residual leukemic cells following treatment, both in 
bone marrow and in peripheral blood. Sequencing of PCR-amplified eDNA from a 
large number bcr-abl fusion genes will undoubtedly be accomplished in the near 
future and should contribute significantly to better understanding of the intracellular 
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function of the resulting fusion proteins, as well as to improved clinical classification of 
the bcr-abl fusion-positive leukemias. 

In contrast to the heterogeneity found in Ph'-positive leukemias, another study 
employing PCR found a striking homogeneity among follicular lymphomas associated 
with the t(14;18) translocation [70]. In this case, the site of interest was the minor 
cluster region (mer) flanking the bcl-2-proto-oncogene, previously shown to be a 
frequent site of breakpoints. Eight of 10 mer+ breakpoints clustered within a 500 
nucleotide region, and five occurred within three nucleotides of each other. Because 
this translocation is found so consistently, it can detected by direct amplification of 
genomic DNA with primers that flank the breakpoint region, without the need for mRNA 
amplification. 

Table VIII . Studies of Ph' bcr-•bl Fusion Genes In CML and ALL by PCR 

Principal Findings '-'R..,.e,.f. __ 
Target mANA from CML and ALL [71] 
Results: Diagnosis of the bcr-ab/translocation by PCR is rapid, much more 
sensitive than other protocols, and Independent of the presence or 
absence of an identifiable Ph chromosome 

Target mANA from 8 Ph+ bel'- ALL [721 
Results: Confirms that In ailS cases studied, the novel bel'-abl fusion in Ph+ 
be,.. ALL is the result of joining of the first exon of the ber gene to the c-ab/ 
oncogene. 

Target mANA from CML in blast crisis [73] 
Results: No evidence for alternative splicing of the bel'-abl mANA in two 
CML blast crisis lines; does not support the hypothesis for a second 
mutational event Involving the bcl'-ab/ region In blast crisis 

Target mANA from 20 patients with classic CML and 1 with ALL [7 4] 
Results: bcrexon 3 present in141eukemias and absent in 7; documents 
the heterogeneity of the fusion product 

Target mANA from 4 patients with Ph' negative CML [75] 
Results: bcr-ab/translocation productive of mANA can result from complex 
rearrangements invoMng arry of several different chromosomes 

Target mANA from CML patient blood and bone marrow before and after [76] 
myeloablatlve therapyResults: bel'-ab/mRNA is still expressed even after 
myeloablatlve therapy in preparation for bone marrow transplantation 
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Target bcr-ab/mRNA from 11 cases of Ph' -positive ALL. lnc!udlng 2 [69] 
representing a lymphoblast crisis progression of CML 
Results: 1 of 6 bert- cases and 1 of 5 bcr- cases contained none of the 
known fusion mRNA species, while another 1 case contained both bcr+ 
and bcr- fusion species. These findings demonstrate unexpected 
heterogeneity within the subtypes of Ph' ALL 

Target mRNA from blood samples from 31 patients with Ph'-positive CML [66] 
and two patierrts with Ph'-negatlve bcrrearranged CML 
Findings: Additional evidence for heterogeneity of hybrid mRNAs. both In 
chronic phase and in blast crisis. All eight patients In complete cytogenetic 
remission had evidence of minimal residual Ph'-positlve clones detected 
by PCR. 

2. Point mutations in ras genes. 

Introduction [77, 78]. The family of ras genes has been a focus of intense research 
interest since 1982, when these genes were first found to be associated with human 
tumors. The name is derived from the term rat sarcoma because these genes were 
first identified as the transforming principle of two strains of rat sarcoma viruses. ras 
genes are highly conserved throughout eukaryotic evolution. In all species examined, 
they encode proteins that bind guanine nucleotides, have GTPase activity, are 
associated with cell plasma membranes, and have homology with G proteins. These 
and other properties suggest that they are intimately involved with transmembrane 
signalling and the control of cellular proliferation. Three functional ras genes are 
found in the human genome, designated H- ras-1, K-ras-2, and N-ras, encoded, 
respectively, on the short arms of chromosomes 11, 12, and 1, and referred to 
hereafter as H-ras, K-ras, and N-ras. Two alternative forms of the K-ras-encoded 
protein result from the use of two alternative fourth exons. The three functional human 
ras genes encode closely related proteins generically termed p21 , each with four 
domains. The homology of these protein sequences to each other and to ras genes of 
rat, mouse, chicken, fruit fly, slime mold, and yeast is shown in Figure 14. 

Although the precise intracellular function of normal ras proteins has yet to be 
elucidated, two striking properties with respect to human neoplasia have been found. 
First. ras genes acquire in vitro and in vivo transforming properties as a result of 
specific, somatically acquired point mutations; that is, the normal ras genes are 
proto-oncogenes, whereas the transforming mutated genes are oncogenes. Second, 
ras oncogenes have been found in a wide variety of human malignancies, and have 
been estimated to have an overall incidence of 10- 15% of all human cancers. 
Mutations in naturally occurring ras oncogenes have been localized to amino acid 
positions 12, 13, 59, and 61. Of these, mutations at 12, 13, and 61 have been 
associated with human malignancies. Substitutions at these positions are associated 
with varying degrees of oncogenesis. Thus, substitution of virtually any other amino 
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acid for the normal glycine residue at position 12 or the normal glutamine at position 
61 is associated with oncogeneic activation of the ras proteins. 

Although the identification and characterization of ras oncogenes in human 
tumors have been actively pursued, much of the original work relied primarily on 
relatively insensitive gene transfer experiments or technically difficult nucleic acid 
hybridization experiments. Not surprisingly, until recently no strong correlations had 
been made between any particular ras oncogene and any particular human tumor. 
The sensitivity and selectivity of PCR for specific sequences, as well as the ability to 
analyze fixed, paraffin-embedded specimens, have facilitated a number of studies of 
different tumor types, from which some coherent findings have begun to emerge. 
These will be considered on a tumor-by-tumor basis . 
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Figure 14. The protein sequences of ru genes from several species, shown in the one letter amino acid 
code. Activating rnrtatlons occur In the absolutely conserved glycine (G) residues at positions 12 and 13 
and glutamine (Q) residue at position 61,1ndlcated with vertical arrows. From reference 77. 
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Human malignancies showing frequent association with ras mutations by 
PCR analysis. 

Carcinoma of the exocrine pancreas. Almoguera et al. [79], using PCR in 
conjunction with the RNase A mismatch cleavage method to detect mutations, 
examined K-ras genes in human carcinomas of the exocrine pancreas. Examining 
both frozen tumor specimens and single 51Jm sections from formalin-fixed, 
paraffin-embedded tumor tissue surgically removed or obtained at autopsy, they found 
that 21 out of 22 pancreatic carcinomas contained K-ras genes with mutations at 
codon 12. In all seven cases tested, the mutation was present in both primary tumors 
and their corresponding metastases. No mutations were detected in normal tissue, 
including normal pancreatic tissue from the same cancer patients, or in five 
gallbladder carcinomas. From these results, it appears that K-ras somatic mutational 
activation is a critical event in the oncogenesis of most, if not all , human cancers of the 
exocrine pancreas. Of additional interest in this study was the finding that the one 
pancreatic tumor out of 22 examined that was negative for the K-ras codon 12 
mutation was associated with a 9 month survival after diagnosis, while10 other 
patients with K-ras mutations for whom survival data were available showed a range of 
1-4 months, with a mean of 2 months. A high frequency of K-ras codon 12 mutations in 
human pancreatic carcinoma has subsequently been confirmed in two additional 
studies, in which a total 77 of 93 tumors were found to have an activating mutation of 
codon 12 of K-ras [80, 81]. 

Thyroid neoplasia. Using polymerase chain reaction amplification and 
oligonucleotide probing, Lemoine et al. examined the activation of ras oncogenes in 
24 benign and 20 malignant human thyroid neoplasms [82]. The frequency of ras 
oncogene activation was similar at all stages of tumorigenesis in this system, being 
found in 33% of adenomas overall (50% of microfollicular tumours), 53% of 
differentiated follicular carcinomas and 60% of undifferentiated carcinomas. This 
supports the contention that mutation of these oncogenes occurs at an early step in 
tumorigenesis. The predominant amino acid substitution in the differentiated tumours 
was glutamine to arginine at position 61 . of H-ras or N- ras, but this mutation was not 
found in any of the undifferentiated tumours. It was noted that while transition 
mutations predominated in differentiated tumours (both benign and malignant), 
transversions were more common in the undifferentiated tumours. 

Colon carcinoma. Burmer et al. [83, 84] studied paraffin-embedded colon tumors 
for activating mutations of K- ras. Twenty-six of 40 carcimomas showed mutations in 
codon 12. In one sample in which both carcinoma and adjacent villous adenoma 
were analyzed, the same K-ras mutation was detected in both tissues, but not in the 
adjacent normal tissue. Nuclei were obtained from paraffin-embedded colon 
carcinomas, sorted into aneuploid and diploid subpopulations by flow cytometry, and 
then analyzed for mutations K-ras gene by direct sequencing of PCR amplified 
product. Mutations in codon 12 of K-ras were present in both aneuploid and 
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diploidsubpopulations of sorted carcinomas. These findings suggest that mutations in 
K-ras precede ploidy alterations and may be an early event in the progression of colon 
carcinoma. 

Hematologic malignancies. A number of studies have been conducted looking 
for point mutations of ras genes in hematologic malignancies, primarily leukemias and 
myelodysplastic syndromes. Mutations have most commonly been found in N- ras in 
acute myelogenous leukemia (AML) and in myeoldysplasia with or without leukemic 
transformation. Table IX contains a summary of the most informative studies reported. 

Malignancies not associated with ras mutations . Several malignancies have 
been found at the level of PCR detection not to be associated with activating ras 
mutations, including esophageal squamous cell carcinoma [91 ], hepatocelluar 
carcioma [92], breast cancer [93], CLL and non-Hodgkin's lymphoma [85]. 

Table IX. r•:s Mutations in Hematologic Malignancies 

Malignancies studied 

Lymphoid malignancies (178): 6- and 
T -ceil ALL. CLL. non-Hodgkin 
lymphoma studied for 
activating rn.rtatlons involving cedens 12 
and 61 of H-~ K-ras and N-r~ and 
codon 13 of the N-ras. 

Acute myeloid leukemia (AML): 52 
presentation AML DNAs studied for 
mutations in cedens 12, 13, and 61 of 
N-ras and in cedens 12 and 61 of K-ras 
and H-ras 

Primary myelodysplasia: 34 cases 
studied for mutations In cedens 12, 13, 
and 61 of H-~ K-ras, and N-rss. 

Findings 

Mutations found In cedens 12 or 13 of 
N-rasin 6 of 33 cases of acute 
lymphoblastic leukemia (18%), 
correlating with the most 
undifferentiated phenotype. No 
rn.rtations found In CLL or NHL Frve of 
the 6 ALL cases had the same single 
base substitution. 

Mutations found in 14 (27%) -all in N-ras 
and predominantly in codon 12. No 
correlation between disease subtype 
and the Incidence or type of N-ras 
mutation. In tour patients, 2 N-ras 
mutations were found to coexist, arising 
In different N-ras alleles. A rrutated 
N-ras gene was absent in tour patients in 
relapse in whom it had been detected at 
presentation. 

Mutations at codon 12 of K-rasor N-ras 
were detected in three cases (9%), all 
detectable in peripheral blood. No 
correlation with progression to leukemic 
phase. 
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Primary myelodysplasia: SO cases 
studied for mutations in codons 12,3,61 
of H-, K-, and N-ras. 

Myelodysplasia (19), AML (10), CML 
(10), ALL (2), CLL (2) studied for 
m.rtations in N-ras. 
Three cases of Idiopathic myelofibrosis 
studied for the presence of mutations 
rascodons 12, 13, or 61. 

Mutations In codons 12/13 and 61 of ras 
genes were detected ln 20 patients 
(40"/o). Two patients had mutations 
detected in two different ras genes. The 
prevalence of mutations was highest in 
the subgroup with CMML 

Mutations in N-ras found in 6 cases: 3 
MDS, 3 AML One positive case with 
AML was in complete remission. 
One patient showed a point mutation at 
codon 12 of N-rasin peripheral blood. 
The N-135 mutation was found in 
granulocytes, monocytes, 8 and T 
lymphocytes, as well as erythroblasts. 
This suggests that Idiopathic 
myelofibrosis originated from a 
pluripotent stem cell In this patient. 

[88] 

[89] 

[90] 

Table X. Summary of Frequent ras Mutations Identified by PCR in Human 
Malignancies 

Condition 

Carcinoma of exocrine pancreas 
Adenocarcinoma of the colon 
Thyroid carcinoma 
Acute myelogenous leukemia 
Acute lymphoblastic leukemia 
Myelodysplasia 

Mutated ras gene 

K-ras 
K-ras 
H-. N-, K-ras 
N-ras 
N-ras 
H-, N-, K-ras 

30 

%of cases 

75-95 
65 

50 - 60 
27-30 

18 
10-40 



Table XI. Summary of Human Malignancies Found by PCB to be 
Infrequently Associated with ras Mutations 

Condition 

Ovarian carcinoma 
Esophageal squamous cell carcinoma 
Hepatocellular carcinoma 
Breast carcinoma 
Chronic lymphocytic leukemia 
Non-Hodgkin's lymphoma 
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C. USE OF PCR IN STUDIES OF ALLElES ASSOCIATED WITH 
INHERITED SINGLE GENE DISORDERS. 

The first application of PCR was the detection of the beta-hemoglobin allele 
associated with sickle cell disease [1-3], and subsequently, numerous human alleles 
have been studied by PCR at either the eDNA or genomic DNA levels. In discussing 
the application of PCR to the detection of human alleles, examples will be presented 
illustrating the power of this method to extend knowledge gained from conventional 
molecular biology. 

1. Results from classical molecular genetics. 
In recent years, a great many single gene disorders have been characterized at 

the DNA level. This has provided a wealth of new information about the structure of 
the defective protein products, as well as significant insights into the function of the 
normal protein products encoded at these loci. In general, initial cloning of a defective 
gene has involved either previous isolation of a eDNA encoding a normal version of 
the gene (normal allele) or direct isolation o·f the defective eDNA (disease-associated 
allele). In either case, to obtain the disease allele, it has been necessary to construct 
and screen a eDNA library derived from the appropriate tissue in an affected pedigree. 
Characterization of the gene defect at the level of genomic DNA has then usually 
required constructing and screening a genomic DNA library from the affected 
pedigree. 

Once a eDNA probe is available for a particular genetic locus, it is often 
possible to deduce the genotype of an individual if the relevant alleles at that locus 
can be distinguished by restriction fragment length polymorphisms (RFLP) identified 
by Southam blotting of genomic DNA cut with the appropriate restriction enzyme and 
probed with the appropriate eDNA. However this procedure is too insensitive for 
many genes, especially those cases in which the alleles differ only by nucleotide 
substitutions and not by deletions of more than a few base pairs. This insensitivity 
arises because many nucleotide substiMions do not result in altered restriction sites 
recognized by enzymes that generate fragments of sizes that are distinguishable by 
Southam blotting. · 

In some cases in which RFLP derived from the disease gene itself are not 
available, RFLP may be found at loci that are chromosomally located near the disease 
locus and are therefore genetically linked. If the genotype of one member of a family is 
known, the genotype of other family members can often be inferred by the pattem of 
segregation of RFLP at loci linked to the locus in question, taking into account the 
probability of a meiotic recombination event between loci. In the cases of some 
disease loci such as those encoding the disease genes for cystic fibrosis and 
Huntington's disease, the actual locus encoding the disease gene has not been 
identified, but the genetic status of individuals in affected families can be predicted 
with high probability because of the existence of closely linked polymorphic loci. In 
these latter cases, however, screening in populations of unrelated individuals is of little 
or no value in identifying carriers of the disease gene. 
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Many corrvnon single gene diseases have beeri found to be heterogeneous at 
the DNA level. That is, several different disease alleles may exist at the same locus, 
often causing defective gene products by several different mechanisms. The genes 
involved are usually large, with many intron sequences and often with large mANA 
transcripts, and therefore with many sites for potential defect-inducing mutations. A 
few examples of such genes are those encoding the clotting factors VIII and IX, the 
low-density lipoprotein receptor, the muscle protein dystrophin, and the various 
procollagen molecules. Identification of the many different defective DNA sequences 
that may underlie the diseases affecting these genes is made difficult at the genomic 
level by the size and complexity of the genes, and at the eDNA level by the difficulty in 
obtaining full-length mANA for eDNA libraries from the affected tissues of numerous 
affected pedigrees. 

Given the foregoing, it is not surprising that the characterization of each new 
mutant allele at the level of the DNA sequence has generally been the result of a 
significant inves1ment of time, effort, and expense on the part of the investigator. 
Furthermore, screening for mutant alleles at the DNA level has generally not been 
practical except in the setting of prenatal diagnosis of high risk pregnancies or in 
families of affected individuals. 

As emphasized in the introduction, PCA provides a means tor examining 
specific DNA sequences in individuals without first having to construct a library from 
that individual because, in effect, the specific primers select the gene before, rather 
than after, the work of cloning gets underway. Several other aspects of PCA also 
facilitate the analysis of large numbers of alleles; these were listed in Table I and will 
be illustrated by the specific examples that follow. The analysis of large numbers of 
disease-associated alleles by PCA serves at least tour distinct goals: (a) increasing 
knowledge of the function of the affected gene or gene product, (b) increasing 
knowledge of the behavior of mutant alleles within given populations, (c) screening 
populations for carriers of mutant alleles, and (d) prenatal diagnosis of genetic 
diseases. All of these are illustrated by the examples that follow. 

As will be seen, PCA has already proven useful as an extremely rapid, 
sensitive, and specific technique for prenatal screening and carrier detection. 

2. 8-Thalassemia: a sinale gene disease caused by many alleles. 
8-thalassemia (6-thal) is a heterogeneous inherited disorder of 6-globin 

synthesis. The disease has a high frequency in populations stemming from the 
Mediterranean basin, Africa, and southern Asia. Approximately 50 different mutations 
have been described, although many fewer mutations occur within any given 
population (Figure 15). Genetic screening and prenatal diagnosis are useful in 
preventing new cases of the disease, but have been complicated by the diversity of 
mutations and by the fact that most 8-thal are due to point mutations that affect mANA 
transcription, processing, or translation. Because point mutations are usually not 
detectable by conventional Southern blotting techniques, detection of 8-thal genes 
has until recently involved determining linkage to 6-globin haplotypes by Southern 
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blotting of genomic DNA from members of affected families. Several publications have 
recently demonstrated the utility of PCR in the direct identification of known 6-thal 
genes, as well as in the identification of previously undescribed a-thalassemia 
mutations. 

Cai et al. [5, 6] used PCR and oligonucleotide hybridization to examine 6-thal 
genes in the Guangdong province in southern China, a region where multiple 
mutations are known to occur and the carrier rate for 6-thal is estimated to be -3%. 
Segments of the 6-thal gene were amplified, and dot blot hybridization of the amplified 
DNA with oligonucleotide probes corresponding to the six mutations previously found 
in southern China directly identified the mutations causing 6-thal in affected families. 
Exact prenatal molecular diagnoses were made in all 20 fetuses studied over a 
6-month period. Representative determinations are shown in Figure 16. 

location ol 30- ......w.g ~.............._Symbols 
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Figure 15, from reference 4. 

Figure 16. Prenatal screening of PeR-amplified 
DNA for B-thai genes with allele specific 
oligonucleotides. The ollgos used matched the 
mutant genes of each set of parents. Three 
cases indicate the threedifferent fetal 
genotypes. From reference 6. 
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In addition, a seventh, previously undetermined, mutation was identified in this study 
by direct sequencing of amplified DNA from one heterozygous parent whose amplified 
6-globin DNA failed to hybridize with any of the mutant oligonucleotide probes in the 
original panel. In another study of patients in South China with a-thalassemia 
intermedia (mild disease requiring fewer transfusions) [7], seven mutations were 
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identified, five of which matched those desaibed by Cai. et al. 
A similar approach was used [8] to delineate the 6-globin sequences causing 

B-thal in Spain, a country that has been inhabited by different Mediterranean 
populations over the centuries. Fifty-eight 6-thal alleles were studied either by 
hybridization with allele-specific radiolabeled oligonucleotide probes or by direct 
sequence analysis of the amplification product. Seven different B-thal mutations were 
found, all of which had been previously described in Mediterranean populations. The 
predominant (64%) mutation was one that has also been found in Sardinia, Morocco, 
Algeria, Tunisia, Greece, and Turkey, whereas the mutation most commonly causing 
B-thal in the eastern part of the Mediterranean basin was underrepresented (8.5%). 
These findings probably reflect the presence in Spain of North African populations 
from the 8th through the 15th century. A first-trimester prenatal diagnosis of 6-thal was 
also reported in this study, which demonstrates further the usefulness of the dot-blot 
hybridization of PeR-amplified genomic DNA in both rapid population surveys and 
prenatal diagnosis. 

Several additional studies have employed PCR in the detection of new 
mutations resulting in 6-thal in an American Black and an Asian Indian [9], two 
Chinese patients [10), in two families, one Caucasian and the other West Indian Black, 
sharing the same mutation [11], and in one Thai patient compound heterozygous for 
B-thal and HbE [12]. 

3. The hemoohilias and von Willebrand disease: single gene diseases 
caused by many different defects in comolex genes exoressed in 
relatively inaccessible tissues. 

Hemoohilia B. Human factor IX is a single-chain glycoprotein of 415 residues 
synthesized in the liver and encoded by eight exons spanning 34 kb of genomic DNA 
on the X chromosome. Absent or defective factor IX activity results in the X-linked 
bleeding disorder hemophilia B. Approximately 40% of patients with this disorder 
display decreased factor IX procoagulant function despite normal or nearly normal 
levels of factor IX antigen in plasma, while the rest show reduction in both 
procoagulant activity and factor IX antigen (crm+ and crm-, respectively; crm = 
cross-teactive material). 

Identifying the molecular defects in crrn+ mutations is of particular interest 
because the sites of suCh mutations may be informative about the function of the 
molecule. However, there are many different mutants, the gene is large and complex, 
and the mRNA is relatively inaccessible; therefore, the effort involved in identifying 
mutant sequences in the gene by conventional means is considerable. 

Several groups have recently applied PCR technology to the study of factor IX. 
Spitzer et al. [13] used PCR to confirm the results of conventional cloning and 
sequencing techniqes that identified a single base substitution at position 390 in the 
catalytic domain of variant factor IXBmLE. Similarly, Tsang et al. [14] used PCR to 
confirm the presence of a single base substitution at position 333 in the catalytic 
domain of a nonfunctional crm+ factor IX gene mutation (factor IX London 2). 
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Denton et al. [15] studied two patients with cnn+ factor IX hemophilia 8 whose 
factor IX molecules failed to react with a monoclonal antibody that binds the epidermal 
growth factor (EGF)-Iike domains of the molecule. The exons that encode the first and 
second EGF-Iike domains of factor IX were amplified from the patients' genomic DNA 
and sequenced. Both patients had identical mutations in a highly conserved residue, 
probably resulting in a change in the tertiary structure of first the EGF-Iike domain. (A 
similar approach was used by Dr. H. Hobbs and her colleagues here at Southwestern 
to localize a deletion mutation in an exon of the low-density lipoprotein receptor gene 
[16]). 

Carrier detection and prenatal screening are important in the prevention of the 
X-linked hemophilias. Conventional methods involve identification of a series of 
linked restriction fragment length polymorphisms, require Southam blotting of genomic 
DNA, and detect approximately 80% of carriers. Several groups have used PCR in 
combination with additional restriction enzyme sites or with other techniques to 
improve the sensitivity of this method in cases in which the actual molecular defect has 
not been identified [17-19]. 

Hemoohilia A. Most of the arguments described above for factor IX also apply to 
factor VIII, deficiency of which results in hemophilia A. To date, two reports have 
appeared describing the use of PCR to detect defects in factor VIII [20, 21]. 

Platelet disorders. von Willebrand disease (vWD) is the most common inherited 
bleeding disorder in humans. It can result from either a quantitative or a qualitative 
defect of von Willebrand factor (vWF), a multimeric plasma glycoprotein that serves as 
a carrier for factor VIII and as a mediator of platelet adhesion to the subendothelium. 
vWF is synthesized in megakaryocytes and in endothelial cells. The gene encoding 
vWF spans at least 150 kb and contains at least 37 exons. The mRNA is very large, 
8. 7 kb, and post-translational processing is complex, including the asembly of a series 
of high-molecular mass multimers. 

Molecular studies of vWD have been limited by the large size of the vWF gene 
and difficulty in obtaining vWF mRNA from patients. Recently, Ginsburg et al. [22] 
reported amplifying and sequencing vWF mRNA from peripheral blood platelets. 
Three separate mutations were identified: a silent vWF allele, resulting from a defect 
in vWF mRNA transcription or processing, and two different but adjacent missense 
mutations, the locations of which may identify an important vWF functional domain. 

The capacity of PCR to amplify mRNA from platelets should prove generally 
useful for studying other platelet-specific proteins, as well as vWF. Other reports of 
PCR-amplified, platelet-derived mRNA have also appeared [23, 24]. 

4. Collagen genes: further examoles of single gene diseases caused by 
heterogeneous defects in comolex genes. 

Spondyloepiphyseal dysplasias (SED) are a heterogeneous group of inherited 
disorders characterized by disproportionate short stature and pleiotropic involvement 
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of the skeletal and ocular systems. Evidence has suggested that some cases of SED 
may result from structural defects in type II collagen. Elucidation of the defective gene 
sequences in these disorders has been limited by the size and complexity of the 
genes involved and by the inaccessibility of chondrocytes for making eDNA libraries. 
Recently, Lee et al. [25] identified by Southern blotting an abnormal restriction pattern 
in a type II collagen gene (COL2A 1) in one of the affected members of an SED 
kindred. The defect was found to be localized to a segment in genomic DNA 
containing exons 45-52, which encode the carboxy-terminal propeptide and the last 
123 amino acid residues of the triple helical domain. PCR analysis of four 
overlapping genomic fragments within this region precisely localized the molecular 
defect and demonstrated that all affected family members carried the same 
heterozygous deletion of exon 48, confirmed by DNA sequencing. This mutation 
would be predicted to result in type II collagen homotrimers containing an interstitial 
deletion of 36 amino acids in the triple helical domain of one or more of the chains. 
More subtle defects in type II collagen genes may underlie a host of niusculoskeletal 
disorders. The ability to amplify specific regions of these genes directly from genomic 
DNA should help accelerate progress in this area. 

Defective type I collagen genes result in osteogenesis imperfecta (OJ), a 
complex group of inherited disorders with a spectrum of disorders of bone and 
connective tissue. Two recent reports have documented new mutations resulting in, 
respectively, mild, dominantly inherited type I OJ [26], and in perinatal lethal type II OJ 
[27]. In both cases, biochemical evidence from the patients' type I collagen provided 
information that led to amplification of selected regions of the respective a1(1) 
procollagen mANA. Sequencing of the amplified products in both cases identified a 
previously undescribed single base substitution. 

5. Phenylketonuria: carrier detection at the population level by PCR . 
Phenylketonuria (PKU) is an autosomal recessive disorder in which the defective gene 
encodes the enzyme phenylalanine hydroxylase (PAH). Single base substitutions 
have been identified in two mutant alleles that are common among Caucasians of 
northern European ancestry. These can be detected by hybridization with 
allele-specific oligonucleotides probes. DiLella, et al. [28] have shown that these 
alleles are easily detected in PCR-amplified fragments of genomic DNA that contain 
the sites of both mutations. Their study suggests that it is technically feasible to 
develop a program for population-based screening for carriers of the PKU alleles. 
Similar findings were reported in a study of another mutation at the PAH locus that is 
found in southern Europe and North Africa [29]. 

6. Cystic fibrosis and Huntington's disease: carrier screening and 
prenatal diagnosis by linkage analysis of PCR-amolified loci. (Note added 
to the proof: It was announced on August 24 that the cystic fibrosis gene has been 
identified. If so, PCR will prove invaluable for identifying the spectrum of mutations 
affecting the gene , carrier screening , and prenatal diagnosis. At the investigative 
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level, PCR will be valuable in studying the function. of the gene product, which at 
present is unknown). 

Cystic fibrosis and Huntington's disease are, respectively, autosomal recessive 
and autosomal dominant disorders, the genes for which have not yet been identified. 
For both diseases, as well as for a number of other single gene diseases for which the 
gene has been chromosomally mapped but not cloned, closely linked polymorphic loci 
have been identified that have been useful in carrier screening and prenatal diagnosis 
by linkage analysis of restriction fragment length polymorphisms in affected families. 
These methods have been simplified in a number of respects by the use of PCR. The 
need for Southern blotting and hybridization of genomic DNA can in many cases be 
obviated by PCR amplification of the polymorphic linked loci. In some cases, the 
PeR-amplified product is amenable to additional restriction enzymes, increasing the 
polymo,.Phic content of the locus. Since less DNA is needed, buccal epithelial cells 
rather blood samples can be used [30]. 

In one report [31], eight pregnancies at risk for cystic fibrosis were 
monitored by first-trimester prenatal diagnosis. In all cases, linkage analysis by PCR 
produced results identical to conventional so·uthem blotting of genomic DNA. 

Prenatal detection of a fetus at high risk for Huntington's disease has also been 
reported, using PCR amplification of a polymorphic locus linked to the HD locus ~-

7. ldentjfyina more than one defective gene in diseases oreviously 
thought to reoresent a sjngle defect within a given copulation . Many single 
gene diseases have been found to be caused by more than one defective allele (ct. 
example of B-thal, above). However, it has sometimes appeared that only one 
particular defective allele is responsible for the disease in a given population. 
Because of the practical limitations of conventional cloning techniques, this 
assumption has been based on sequence data from only a few affected genes. PCR 
amplification has permitted many more individual alleles to be sequenced, and in the 
process, new mutations have been found within populations thought to have a single 
defective allele. Two examples of this follow. 

Mitchell, et al. [33] studied the gene encoding ornithine a-aminotransferase, 
deficiency of which causes gyrate atrophy of the choroid and retina (GA), a rare 
monogenic disorders that occurs with increased frequency in the Finnish population. 
Although GA was previously thought to represent a single mutation in the Finnish 
population, PCR analysis . of 16 Finnish GA pedigrees showed that the disease was 
caused by either of two separate missense mutations in the OAT gene. In a separate 
report, the same investigators describe a third mutation in OAT in Lebanese patients 
with GA [34]. 

In a similar study [35], Myerowitz examined the gene encoding the a chain of 
the lysosomal enzyme B-N-acetylhexosaminidase A in Ashkenazi Jewish patients with 
classic Tay-Sachs disease. Before the advent of carrier-screening programs, this 
disorder occurred 10 times more frequently in this ethnic group than in the general 
population. Ashkenazi Jewish patients with classic Tay-Sachs disease have 
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appeared to be dinically and biochemically identical, ~nd the usual assumption has 
been that they harbor the same a-chain mutation. However, in this study, only two of 
six genes from three patients studied by PCR had the same mutation as that found in 
the originally doned patient eDNA, and only 30% of obligate heterozygotes carried the 
mutation. It thus appears that more than one mutation is responsible for the classic 
form of Tay-Sachs disease in the Ashkenazi Jewish population. 

These findings may indicate that the original occurence of these mutations in 
these particular populations may not be simply the result of random events, but rather 
may be related to some selective advantage of the heterozygous state or some 
particular susceptibility of the underlying locus to mutation. It is of course also possible 
that the observed increased phenotype in these populations is in fact due to the 
random occurence of more than one mutation. 

Some other single gene disease loci that have been studied by PCR are listed 
in Table XII. 

Table XII . Some Additional Single-gene Disease Loci That Have Been Studied by PCR 

Locus Disease Ref. 

13-globln sickle cell disease [1, 36-40) 

dystrophln Duchenne/Becker muscular dystrophy [41- 43) 

prolnsulln hyperlnsullnemic mutant Insulin [44) 
syndrome 

Insulin receptor Insulin resistant diabetes mellitus [45) 

pyruvate dehydrogenase E1 lactic acidosis [461 

aldolase B hereditary fructose Intolerance [47) 

13-hexosaminldase GM2 gangliosidosis (Sandhoff disease) [48, 49) 

llvertbonelkldney alkaline hypophosphatasla [50) 
phosphatase 

a-1 antitrypsin a-1-antltrypsin deficiency [51, 52) 

a-spectrtn hereditary elliptocytosis [53) 
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glucose-6-phosphate G6PO deficiency [54, 55) 
dehydrogenase 

serum cholinesterase atypical cholinesterase [56) 

low density lipoprotein farrilial [16) 
receptor hypercholesterolemia 

C11NH C1 esterase inhibitor deficiency [21) 

a-galactosidase Fabry disease [57) 

HPAT gout; [58-61 I 
Lesch-Nyhan syndrome 

Apollpoproteln C-11 Apo Cll-deficlency [62) 

leukocyte lntegrin B chain leukocyte adhesion deficiency [63) 

D. USE OF PCB IN THE DETECTION OF GENETIC POLYMORPHISM 

In recent years, a great deal of effort has been expended in the construction of a 
human linkage map [64]. The goal has been to establish a panel of highly 
polymorphic markers detectable by BFLP at intervals of about 10 eM along each of the 
human chromosomes ( 1 eM = 1% recombination), so that no gene will be further away 
than 5 eM from a known polymorphic marker. A primary goal of this activity is the 
isolation of as yet unknown genes associated with a particular phenotype such as a 
disease by demonstrating genetic linkage to known loci, followed by application of 
recombiant DNA methods to obtain the target gene. 

Most recent linkage analysis and other applications of highly polymorphic loci 
has been carried out by Southam blot-hybridization of genomic DNA, although some 
highly polymorphic loci, most notably in the HLA region, have been detectable by 
other methods such as serology. As previously mentioned, methods based on 
Southam blotting of genomic DNA have been constrained by the need for relatively 
large amounts of high quality DNA and by the relative insensitivity of BFLP analysis in 
detecting variations in DNA sequences. The advantages of PCB listed in Table I have 
been documented in several studies of human genetic polymorphism, principally in 
regard to the analysis of small amounts and/or degraded sources of DNA, and in the 
analysis of large num~rs of individual samples at the DNA sequence level. Some 
examples follow. 

1. Analysis of HLA-DQB sequences in autoimmune diseases . The 
polymorphic HLA-DQ alpha and beta loci encode the two chains of a class II HLA 
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molecule. The HLA-00 alleles exist in very tight linkage disequilibrium with HLA-DR 
alleles, which are more readily detected serologically and have been found to be 
highly associated with a number of autoimmune diseases. Recent studies of DO 
alleles at the DNA sequence level have suggested that some OR-associated diseases 
have an even stronger association with DO. The advent of PCR has made it feasible 
to examine large numbers of DO alleles at the DNA sequence level, either by direct 
DNA sequencing of amplified products, or, more conveniently, high stringency 
hybridization with allele-specific oligonucleotide probes. Two examples are discussed 
here, insulin-dependent diabetes mellitus (lOOM) and pemphigus vulgaris, of 
autoimmune diseases for which DO associations have been sought by this method. 
Polymorphism of HLA-DP, another class II HLA product that has been difficult to study 
by classical methods, has also been characterized by PCR 

Although IDDM is a multifactorial, polygenic disorder, there is a strong 
association with certain HLA alleles. It was recently reported that in a highly significant 
proportion of 39 patients with lOOM, both HLA-006 alleles were from the group of 
alleles that contain a non-charged amino acid at position 57, whereas significantly 
fewer IDDM patients possessed any of the HLA-006 alleles that have an aspartic acid 
residue at position 57 [65]. In an extension of this work [66], the HLA-0013 locus was 
amplified by PCR in 172 individuals in 27 families with multiple cases of IDDM, and 
the amplified DNA was hybridized with allele-specific oligonucleotides centered 
around codon 57. Sixty-five of 69 diabetic haplotypes were found to be homozygous 
for the non-Asp57 HLA-006 alleles, vs. only 15 of 38 non-diabetic haplotypes. The 
relative risk for developing IDDM in non-AsPs7 HLA-0013 homozygous individuals was 
107, compared with Asp57 HLA-0013 heterozygous or homozygous individuals. 

Recent work in Dr. J. D. Capra's laboratory here at Southwestern has been 
directed toward examining DO alleles in a large population of patients with IDDM [67]. 
A total of 266 unrelated Caucasian IDDM patients and 203 normal Caucasian controls 
have been analyzed by PCR amplification of the relevant segment of the DOB locus. 
Some of the findings are summarized in Table IV. In contrast to the previous studies, 
these data from a very large population of lOOM patients show that a sizeable 
proportion (21%) of the patients posseSs at least one Asp5~ntaining DOB allele. 
However, the finding that almost no IDDM patients are homozygous for 
Asps~ontaining DOB alleles was strikingly confirmed. Overall, the relative risk for 
IDDM in individuals possessing at least one non-Asp 006 allele was 42. The study 
also showed that some Asp57-containing 0013 alleles are more protective than others, 
and it suggested that other factors in addition to the 0013 allele play a role in 
susceptibility to lOOM. 

The ability to use PCR and allele-specific oligonucleotides to determine specific 
enotypes in large numbers of subjects, as illustrated by these investigations, should 
prove invaluable in unraveling the complicated genetics of diseases such as lOOM. 
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Table XIII. HLA-DQ8 Analysis in IDDM Patients and Controls 

008 genotype Controls IDDM Rei. 
at oosjtjon 57 (n = 203) (n = 266) ~ 

Asp/Asp or 
Asp/blank 49 2 0.02 

Asp/non-Asp 67 57 0.55 

non-Asp/non-Asp 
non-Asp/blank 85 203 4.5 

blank/blank 2 4 1.5 

PCR analysis has also been applied to the association of pemphigus vulgaris 
with HLA-DR4 and HLA-DRw6 [68, 69]. Whereas 90% of pemphigus-associated DR4 
haplotypes are of the subtype Dw10 and appear to be truly DR4-associated, the 
pemphigus association with HLA-DRw6 was found to reside in a rare DO allele, 
DQB1.3. 

2. ldentitving individuals from DNA samoles. 
Several reports have documented that it is possible to identify PeR-amplified 

alleles in single leukocytes, buccal epithelial cells, hair roots, and sperm. In 
conjunction with several primer pairs that flank highly polymorphic loci suitable for 
analysis, simultaneous amplifications can be reliably analyzed from exceedingly 
small samples to allow identification of individuals by DNA ·fingerprinting.· Some 
examples of the descriptions of these techniques follow. The applications to forensic 
medicine and other legal situations such as paternity testing and immigration disputes, 
as well as more conventional medical situations such as the monitoring of bone 
marrow transplant engraftment, are obvious. 

AmPlification of DNA from sjngle hajrs. Higuchi et al. [70] successfully amplified 
HLA-DOa sequences from individual shed and freshly plucked hairs. In addition, 
genetically variable D-loop region mitochondrial DNA sequences were amplified from 
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individual roots and from a single hair shaft. The amplified DNA was successfully 
identified by fragment length differences, hybridization with allele-specific 
oligonucleotide probes. and direct DNA sequencing. 

Hypervariable minisatellite DNA. Most vertebrate DNA contains minisatellite 
regions in which there occur large numbers of tandem repeats of a short sequence. In 
humans, two types of these regions have been useful for identifying DNA 
polymorphism. In both types, the polymorphism derives from the variable number of 
repeats that are found at a given locus, which in tum gives rise to varying length 
fragments when the DNA is digested with restriction enzymes that flank the region. In 
one type, the repeated sequence is specific for a particular locus. and such loci can be 
used as markers for linkage to a particular chromosomal region. In the second type, 
the repeated sequence is not specific for a particular locus. but occurs at several sites 
throughout the genome. 

Jeffreys et al. [71 ]. who have pioneered the use of the second type of 
minisatellite region in the identification of individual differences at the DNA level, have 
recently described the application of this technology to PCR amplified samples. The 
strategy adopted involves amplification of the entire minisatellite locus and 
hybridization of the PCR product with a specific probe. These investigators were 
routinely able to amplify segments of up to 6.6 kb, and to amplify simultaneously six 
different minisatellite loci from 0.01 !JI samples of blood. The minisatellite loci used in 
this study are heterozygous in 66-97% of individuals, and the probability that two 
unrelated individuals would show the same pattern of 12 alleles was estimated at 2 x 
1 o-s. Successful amplification of multiple loci from individual lymphocytes, buccal 
epithelial cells, and hair roots was also demonstrated. Others have also reported the 
successful PeR-amplification of polymorphic loci containing tandem repeats [72, 73]. 

One important genetic difference to be determined is sex. The alphoid satellite 
family is a repetitive DNA family that is found only on the X and Y chromosomes. In 
one report in which dried blood specimens were the source of DNA, amplification of 
this locus in female DNA produced a 130-bp X-chromosome-specific fragment. 
whereas male DNA produced both a170-bp Y-chromosome-specific and 130-bp 
X-chromosome-specific fragment [74]. Similarly, the putative testis-determining gene 
on the Y chromosome, ZFY, has been amplified by PCR [75]. Using these loci, it has 
been estimated that identification of fetal sex by the sixth week of gestation could be 
made by amplifying maternal peripheral blood DNA. 

Amplicatjon of DNA from single sperm . Li et al. [76] demonstrated that it is 
possible with PCR to amplify allelic sequences from individual sperm. They 
successfully co-amplified two unlinked genes from the sperm of an individual 
heterozygous at both loci, directly demonstrating Mendel's law of independent 
segregation (Table XIII, Figure 17). In addition to potential forensic applications, this 
technique could be applied for the construction of a more detailed human linkage map 
than is possible with the current method of pedigree analysis. In theory, sequential 
amplification and analysis of groups of three loci would provide a very accurate means 
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of ordering any number of tightly linked loci [n]. 

1 2 3 4 5 8 7 8 910t1121314.1S161718192021 

DOAJ • • eee e 
OOA2 e ee e e • • • 
LDLrJ • • • e • 
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Figure 17 and Table XIV from reference 76. Sequences from two unlinked loci encoding HLA-DQA and 
the LDL receptor were simultaneously amplified In Individual sperm from an individual heterozygous at 
both loci. Amplified DNA was hybridized with allele specific oligonucleotides. Instances In which one 
locus failed to amplify could represent either a technical problem or nondisjunction. Instances in which 
both alleles at one locus amplified could represent either a two sperm present or nondisjunction. 

Amplification of mitochondrial DNA. Unlike nuclear DNA, mitochondrial DNA 
(mtDNA) is maternally inherited. One hundred and forty seven types of mtDNA 
havebeen identified in humans, and the interrelationship of these types is thought to 
be highly informative with regard to the sequence of evolution of human genetic 
diversity [78]. Amplification of mtDNA sequences by PCR should greatly facilitate the 
analysis of sequence diversity in much larger numbers of individuals than has been 
heretofore possible, and should lead to significant refinement of the human 
phylogenetic tree of mtDNA types [78]. 

Amplification of ancient DNA. A series of reports by Paabo, et al. [79-82] have 
discussed the possibilities and limitations of amplifying sequences from ancient DNA 
such as that found under certain conditions in archeologic specimens. The DNA 
obtained from such specimens has invariably been of low average molecular size and 
damaged by oxidative processes, such that it has not been feasible to use 
conventional cloning methods to isolate specific segments. However, by PCR 
amplification, several short sequences of potential interest have been obtained. 
Mitochondrial DNA, which is present in multiple copies per cell, has been the most 
easily amplified. Amplification of a polymorphic stretch of region V of mtDNA from a 
7000 year old brain excavated in Florida revealed a sequence that differs from any 
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previously detected among populations descended from pre-Columbian North 
American inhabitants [79]. Similarly, amplification of liver DNA from a 4000 year old 
Egyptian mummy yielded a sequence from region V that was identical to a known 
sequence, whereas a sequence from the D loop carried a nucleotide at one position 
that has not been seen in any other human sequence determined to date [82]. In 
addition to its potential anthropologic applications, such analysis may be useful in 
evolutionary studies such as phylogenetic assignment of extinct species for which 
specimens are available. 

Ill. APPLICATION OF PCR TO CELL AND MOLECULAR BIOLOGY AND 
BIOTECHNOLOGY 

PCR has been successfully applied to the isolation of new members of gene 
families for in which known members contain regions of conserved sequence. In 
these studies, sets of primers are used containing alternative nucleotides at positions 
of variability among the known sequences, and the amplified products individually 
cloned and sequenced. Examples of this approach include the recent isolation of new 
members of the G-protein-coupled receptor family from eDNA [83], of the potassium 
channel family from genomic DNA [84], and of the tyrosine kinase families from eDNA 
[85] and genomic DNA [84] . This method should lead to the rapid identification of a 
large number of new genes and gene products. An alternative to the construction of 
degenerate primer sets is the use of inosine for ambiguous nucleotide positions, since 
this purine nucleotide forms stable base pairs with both purines and pyrimidines [86, 
87]. 

Significant advances are likely to come from the use of PCR to analyze the 
genes and and gene products of small numbers of cells or single cells. This will permit 
biochemical analysis of processes such as growth control that are often regulated by 
small numbers of cells expressing pathways that involve mRNA transcripts that are 
short-lived and have a low copy number. One recent example of such an application 
was reported by Rappolee, et al. [88, 89], who used PCA to analyze the mANA 
products of macrophages isolated directly from wound sites. These cells were found 
to express transcripts for transforming growth factors-a and -13, platelet-derived growth 
factor, and insulin-like growth factor-1, all factors thought to mediate various stages of 
wound healing but not previously demonstrated as products of wound macrophages. 
Similar studies of mANA from small numbers of cells should allow detailed analysis of 
factors that lead to alternative splicing of mANA under varying conditions [41, 54, 90, 
91]. 

A host of new methods based on PCA have been reported and are beginning to 
revolutionize the conduct of research in molecular biology. Among the applications 
reported are new methods for cloning full-length eDNA [92], screening for mutations 
[93], in vitro mutagenesis [94], engineering hybrid genes [95], gene mapping [96, 97], 
and DNA sequencing [98-101]. PCA-based methods are likely tohave a cumulative 
effect of accelerating the rate of application of molecular biology to solving clinical 
problems. 
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PCR-based technology is also likely to have an impact of the production of 
biological therapeutic agents. For example, it has been shown that immunoglobulin 
heavy and light chain variable domains can be amplified by PCR and then cloned into 
suitable vectors for sequencing and expression [102, 103]. With PCR-based methods 
for the rapid construction of hybrid DNA molecules [94, 95], it should be possible to 
construct antibodies of defined specificity that have complementarity-determining 
regions from appropriate mouse hybridomas, but human variable region framework 
constant region sequences. Such antibodies would be less likely than conventional 
mouse monoclonal antibodies to be targets of an immune response that might limit 
their therapeutic effectiveness or safety. 

IV. CONCLUSION 

Most of the early uses of PCR in clinical medicine have been in areas in which 
molecular biology had already provided a large number of tools. These are listed in 
Table XV, and have formed the basis for most of this Grand Rounds. 

Table XV. Applications of PCR to Clinical Medicine - Early Successes 

Detection of virus in ambiguous cases (HIV, HBV, HTL V-11, others) 
Identification of virus in patients with neurologic disease 
Identification of papillomavirus subtype associated with cervical CA 
Detection of minimal residual disease in hematologic malignancies 
Identification of ras mutations in pancreatic, thyroid, colon CA; AML, ALL, MDS 
Identification of heterogeneity in Ph' chromosome in CML and ALL 
Identification of HLA-DQB alleles associated with IDDM 
Characterization of new mutations in numerous single gene diseases 
Carrier screening and prenatal detection of several single gene diseases 

Table XVI contains some predictions for future applications of PCR-based technology 
to clinical medicine, some of which may provide future topics for these Grand Rounds. 
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Table XVI. Applications of PCR to Clinical Medicine - Predictions for the 
Future 

Identification of viruses in chronic diseases with a viral pathogenesis 
Rapid diagnosis of acute infectious disease 
Extensive characterization of the genetic alterations in malignancy 
Characterization of the antibody and T cell receptor sequences in autoimmunity 
Widespread screening for genetic disease in single gene and polygenic disorders 
Widespread use of DNA fingerprinting 
Molecular engineering of therapeutically useful products 
Insights into pathogenesis and treatment from studies of single cells 
Complementation of human genome sequencing project 
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