LEADING ARTICLE

THE POLYMERASE CHAIN REACTION - A NEW
TOOL IN THE DIAGNOSTIC LABORATORY

D LT Teo

The concept ol the polymerase chain reaction (PCR) first
came Lo Kari Mullis in April 1983 as he was driving down a
moontit mountain road in Anderson Valley, Northern
California. He had been considering a variation in the
technique of DNA sequencing when the idea for multiplying
limitless copies of DNA struck him; as he was later to remark
“Sometimes a good idea comes to you when you are not
looking [or it™".

The difficulty in olmaining sufficient amounts of pure
DNA for easy analysis had previously hampercd 1he
application of molecular biological techniques in the work of
most clinical laboratories. Using the PCR technique, however,
a single molecule of DNA can be copied by more than a
million times within a space of one afternoon. And, because
the starting material can be obtained from even trace amounts
of blood or other tissues or cell samples. the problems of
insufficient or non-viable samples are eliminated. DNA has
even been amplified from mouwthwashes, haii, urine or
paratfin-embedded tissues. The hallmarks of PCR - selectivity,
sensitivity, speed - have enabled its diagnostic application in
infectious diseases, genetics and cancer, It has improved on
existing techniques in paternity testing, identification of
individuals in forensic cases and in donor-recipient matching
in organ fransplants.

The PCR technique involves a three-step cycling process:
denaturation, hybridisation and polymerase extension®®, A
typical reaction requires two synthetic oligonucleotide
sequences, known as primers, that flank the sequence ol DNA
to be copied, the DNA polymerase enzyme and the four
nucleotide bases (adenine, cylosine, guaning, thymidine). In
the first step, the two strands in the double stranded DNA
that is to be copicd are separated by heating to a high
temperature. This is followed by the hybridisation step, where
the reaction is cooled down to allow the primers Lo anneal to
the target molecule. The third and final step involves holding
the reaction at an optimum temperature for DNA synthesis
using the DNA polymerase. DNA synthesis will then proceed
across the space between the primers, doubling the amount of
that segment of DNA. If the extension product of the primer
includes sequences of the other flanking primer, the extension
product made in one cycle will serve as the template for
extension in the next cycle; the result is an exponential
increase in the product as a function of the cycle number. The
average cycle takes less than 3 minutes; commonly, 20 to 30
cycles are performed.

The ‘nested PCR’ techniquet® is a modilication of this
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basic lechnique. where the initial reaction s followed by a
second reaction using the first PCR product as the template
lor a second pair of primers; this helps o increase the
sensilivily and specificity of the reaction. PCR can alse be
used 10 amplify ribonucleic acid (RNA) if the RNA transcripts
arc first converted to complememary DNA (cDNA) using
reverse transcriptasc.

Subsequent analysis of the amplified DNA can be
obtained either by gel clectrophorcsis or by hybridisation with
allele-specifie oligonucleotide probes. Qualitative changes are
identified in the diagnosis of genetic and wmalignant diseases,
while quantitative analysis is usually required in the diagnosis
of infectious diseases.

In the field of diagnostic microbiology, the speed and
sensitivity of the technique makes it particularly useful in
rapid diagnosis of slow-growing or non-cultivable pathogens,
a classical example being the mycobacteria®. In tuberculous
meningitis, laboratory diagnosis is further hampered by the
difficulty in obtaining sulTicient organisms from cerebrospinal
fluid sampies for analysis; treatment has thus been based
empirically on clinical diagnosis. As described in the article
by Lee et al® in this issue of the journal, the technique of
amplification by PCR followed by detection with hybridised
probes is sufficiently specific and sensitive to be used for the
rapid diagnosis of this disease®. The only limitation in the
use of PCR has been the inability to estimate the susceptibility
of the organism to various drugs. ' ;

This exquisite sensitivity has also been applied to the
diagnosis of viral infections, where the majority of tests have
so far relied on the use of techniques that detect antibody
formed in response to viral antigens. Viral antigen detection
tests have been limited by the relatively minute amounts of
viral particles available for diagnosis by conventional
techniques. With PCR techniques, the small amounts of viral
genome present can now be expanded Lo sufficient levels for
detection. This has enabled the deteclion of infection in the
‘window period’ prior to seroconversion, and in overcoming
problems with diagnosis due to ‘passive’ antibody. It is also
able to differentiate between true immunity and persistent
infection in the presence of antibody, and in the differentiation
of strain differences such as in human immunodeficiency virus
types 1 and 2 (HIV 1/2), human T-lymphotropic virus types
I and II (HTLV Kil), hepatitis C virus (HCV) and hepatitis
B virus {HBV) variants”. Even in HBV detection, current
techniques for antigen detectton may eventually be replaced
by more sensitive tests using genome amplification and
moiecular analysis.

The specificity and sensitivity of PCR has been applied to
the early diagnosis of genetic diseases, including the detection
of carriers and antenatal diagnosis. The identification of
abnormal and altered gene sequences has also helped the
histopathologist in the diagnosis of different malignancies, in
the determination of clonality and in the detection of residual



tumour cells®™. Because it can be performed using paraffin-
fixed tissues, retrospective studies of DNA in pathological
samples stored in formalin-fixed paaffin-embedded tissucs
and analysis of DNA in lissues of extinct plants and animals
are now possible®,

HLA Class TI (DP, DQ, and DR) typing can now be
detecrmined at the level of the gene by hybridisation with
allele-specific {(ASO) probes to detect specific variations in
DNA'"™. A more recent development has been to selectively
amplify a specific allcle using sequence-specific primers
(SSPY¥'". These methods have overcome the problems
associated with current methods, which include the scarcity
of monospecific antisera, and the difficulty in obtaining
sufticicnt cells for analysis in leucopenic patients and patients
with immune dysfunction affecting HLA expression. It is also
an extremely powerful method for detecting and comparing
polymeorphic target sequences and "DNA fingerprinting’ using
PCR technique®® is now the method of choice in paternity
testing and forensic science,

Despite the obvious advantages of the PCR technique,
however, inherent disadvantages exist that still limil its use in
routine diagnostic laboratories. A major problem is the
occurrence of false positive reactions due Lo contamination
from the product of previous amplifications. Because of the
extreme sensitivity of the technique, even the most minute
contamination of sample before amplification can result in
significant quantities in the end product. This will be a major
problem in large clinical laboratories wherc automated
sampling systems with washable probes arc used to handle a
high sample throughput. Measures to minimise product
carryover have included performing the pre-PCR and post-
PCR technique in different laboralories, using sterile reagents
and equipment, and adding positive and negative quality
control samples in every procedure!!®.

Falsc positives can also occur if the primers are not
carefully chosen to avoid similarity with endogenous human
sequences. Choice of sample is important and cell-associated
organisms may not be detected if serum samples are collected.
Where nucleic acid hybridisation is used to enhance the
sensitivity of detection, the use of radio-isotopic markers such
as P are required; this makes it unpopular for routine clinical
laboratory use. Product detection by gel electrophoresis is
also retatively laborious and interpretation subjective,

Recent advances have, fortunately, concentrated on
overcoming these problems and will be briefly described.
Three new strategics have been developed to reduce the
incidence of false positive rcactions due to product carryover.
One method utilises a photochemical reagent Lo cross-link
amptified DNA before the reaction” Another method uses
deoxyuridinetriphosphate  (dUTP)  to  substitute  for
thymidinetriphosphate (TTP) in all the reactions, The enzyme
uracil-N-glycosylase (UNG) is then added to the sample
before the PCR procedure, and this will destroy the carry-
over PCR product but not the desired DNA template. The
enzyme is heat inactivated prior to amplification'®. In the
third method, short-wavelength ultra-violet irradiation of the
reaction tube contents is used to damage any contaminating
sequences before the DNA template and primers are added"®.

The isolation of a heat-resistant DNA polymerase from
an organism living in hot springs called Thermus aquaticus
{Taq)} has enabled primer annealing and extension to be carried
out at higher temperaturest'”. This has reduced the non-
specific primer annealing and hybridisatien that occurred with
earlier DNA polymerases with low aptimum temperature, and
eliminated the need to add fresh enzyme after each cycle.
Automation was thus possible using machines with controlled
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cooling and hecating capacity called thermal cyclers. The
technique of “hot-start” PCR was also developed o inciease
specificity by Further reducing non-specilic anncaling!™.

Newer enzymes reccntly isolated include the DNA
polymcrase from Thermus thermophilus, which has both
reverse nanscription and DNA  polymerisation activities,
allowing PCR amplification from RNA and DNA sequences
with sccondary structures™. New primers have also been
designed to amplify heterogencous targets and 1o improve
sensitivity of detcction. Co-amplification ol scquences lrom
different organisms may allow for the detection of scveral
agents in one assay. To eliminaic the need for radioactive
probes, non-isetopic systems have been developed®™ and
simplified and rapid microplatc colorimctric systems are now
available.

These rccent developments will help to bring the PCR
technique out of the research setting and make it more
accessible to routine clinical laboratories. Commercial test
systems using PCR technology are already available for
several diagnostic applications. Laboratories wishing to make
the transition to PCR methods should, however, ensure that
they are familiar with the techunical pitfalls involved and
implement stringent standards of quality control. With this
transition, the clinical diagnostic laboratory is poised to enter
a new cra of diagnoslic technology.

REFERENCES

1. Mullis KM. The unusual onigin of the pelymerase chain reaction Sci Am 1990 262:
16-43.

2 Mullig K, Faloona F, Scharf S, Saiki R, Hom G, Edich H. Specific enzymalic
amplification of DNA in vitro: the polymerasc cham reaction. Cold Sprieg Harbour
Symposia on Quantitative Brology 1986: 51 (i) : 263-73

3. Saiki RE, Scharf S. Faloona F, Mullis KB, Hoen GT, Erlich HA, et al. Enzymatic
amplification of B -globin genomic sequences and restriction site analysis for diagnosis
of sickle cell anaemia. Science 1983; 230 : £350-4.

4 Plikaytis BB, Gelber REl. Shinnick TM. Rapid and sensitive detection of
Mycobactetium leprae using a nested-primer gene amplification assay J Clin Microbiol
1990; 28 : 1913-8.

5. Pallen MJ, Butcher PD. New sirategies in microbiological diagnosis I Hosp Infect
1991; 18 (Suppt A) : 147.58.

6. Lee BW, Tan JAMA, Wong SC, Tan CB. Yap HK, Low PS, et al. The diagnosis of
tuberculous meningitis using the polymerase chain reaction. Singapore Med J 1994:
15: 360-1.

7. Barbara JAJ, Garson JA. Polyinerase chain reaction and transfusion microbiology. Vox
Sang 1993; 64 : 73-81.

8. Lee MS, Chang KS, Cabanillas F, Frcircic EJ. Trujille JM., Stass SA. Detection of
mimmal residual cells carrying the ((14:18) by DNA sequence amplification. Science
1987; 237 1 173-8.

9. Thomas RH, Schaffner W, Wilson AC, Paabo 5. DNA phylogeny of the extinct
marsupial wolf. Natere 1989; 340 : 465-7.

10. Baxter-Lowe L, Hunter J, Gorski 1. Advances in HLA-DR typing: detection ot
polymorphism using hybridisation of oligonucleotide probes to amplified DNA. Hum
Immunol 1988; 23 : 79,

L. Olerup O, Zeterquist H. HLA-DR typing by PCR amplification with sequence-specilic
primers {PCR-$SP) in 2 hours: an alternative to serological DR yping in clinteal
practice mcluding donor-recipient matching ia cadaveric transplantation. Tissue
Anugens [992; 3% : 225-35.

12.  Jeffreys Al Wilson ¥, Thein SL. Individeal-specific ‘fingerprinis’ of human DNA.
Nature $985; 316 : 76-9.

13. Kwok 5. Higuchi R. Avoiding false positives with PCR. Nawre 1989; 339 : 237-8.

14, Cimino GD, Metchene KC, Tessman JW, Hearst JE, [saacs ST. Post-PCR serilization:
a method to controt carryover contaminatien for the polymerase chain reaction. Mucleic
Acids Res 1991; 19 : 99-108.

15, Longo MC, Beminger MS. Harley JL.. Use of uracl DMA glycosylase to controt
carmyover confamination in polyimerase chain reactions. Gene 1990; 93 : £25-8.

14. Sarkar G, Somtmer S. Shedding light on PCR contamination (Letter). Mawre 1990;
343; 27,

17. Saki RK, Gelfand DH, Swoffel 8, Scharf SJ, Higechi R, Horn GT, et al, Primer-
directed engymatic amplification of DNA with a thermostable DNA polymerase.
Science 1988; 239 : 487-91.

18.  Nuovo G, Gallery £, MacConnell P, Becker J. Block W. An improved tcchnigue for
the 1n situ detection of DMA after polymerase chain reaction amplification. Am §
Pathol 1991; 139 : 1239-44.

19.  Myers TW, Gelfand DH. Reverse wanscription and DM A amplification by a Thermus
thermophilus DNA polymerase. Biochemistry 1991; 30 : 7661-5.

20.  Kemp DJ. Smith DB, Foote §). Samaras M, Petersen MG- Colorimetric detection of
specific DMA segments amplified by polymerase chain reactions. Proc Natd Aead Sci
USA 1989; 86 : 2423-7.



