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ABSTRACT

Trinucleotide CAG repeats in the X-linked human an-
drogen receptor gene (HUMARA) have proved a useful
means of determining X chromosome haplotypes, and
when combined with methylation analysis of nearby
cytosine residues permits identification of non-ran-
dom X inactivation in tumors of women. Co-amplifica-
tion of two alleles in a heterozygote generates PCR
products which differ in the number of CAG units, and
thus their melting and secondary structure character-
istics. We have shown that under optimal conditions
amplification efficiency oftwo HUMARA alleles is near-
equivalent, generating PCR products in a ratio propor-
tional to that of the genomic template. In contrast,
reduction of template quantity, damage of template by
ultraviolet irradiation or addition of monovalent salts
(sodium chloride, sodium acetate or ammonium acet-
ate) produces highly variable imbalances of allelic PCR
products, with a strong tendency to preferentially am-
plify lower molecular weight alleles. Variability and
biasing was diminished by substitution of 7-deaza-2'
-dGTP for dGTP during amplification, an intervention
which reduces stability of intramolecular and inter-
molecular GC base pairing. We conclude that DNA
which is scanty, damaged or salt contaminated may
display amplification bias of GC-rich PCR targets, po-
tentially confounding accurate interpretation or repro-
ducibility of assays which require co-amplification of
alleles.

INTRODUCTION

Non-random X chromosome inactivation patterns may be used to
infer a monoclonal growth pattern in tumors, and provide an
index of the neoplastic phenotype in pathologic states (1,2).
Recently several PCR-based assays have been developed to

obtain such information from non-viable frozen and archival
paraffin-embedded tissues (3-5). Amplification of the poly-
morphic X-linked androgen receptor gene (HUMARA) with and
without preceding digestion by methylation sensitive restriction
endonucleases allows quantitation of the distribution of alleles
between the active and inactive X chromosomes (6). Following
digestion with the endonuclease HhaI, only the methylated
inactive X chromosome alleles persist as intact PCR template and
are visualized as PCR product. Polyclonal tissues that have an
admixture of alleles on the inactive X chromosome maintain a
balance (non-skewed, or random) of both alleles following HhaI
pre-digestion, whereas monoclonal proliferations characteristi-
cally contain the same inactive X copy in all cells, leading to
disappearance (skewed or non-random) of the active allele with
HhaI pre-digestion (example in Fig. 1).

Accurate interpretation of clonality status from X inactivation
patterns assessed through PCR requires control of both biologic
and technical parameters. Normal polyclonal tissues may have
skewed X inactivation patterns caused by chance inactivation of
the same X chromosome in the few component clones (2,7). The
extent and frequency of skewing within a population of women
has been used as a means of estimating the number of clones
present in normal polyclonal tissues (8). If skewing is present in
the polyclonal source tissues from which a tumor has arisen, then
skewing is not a specific feature of the monoclonal state, and X
inactivation is non-informative in ascertainment of clonality.
The hypervariable androgen receptor gene target has a high

(65%) GC content, and highly stable secondary structure (Fig. 5)
that potentially could alter amplification efficiency in an allele-
specific manner, producing 'skewing' of PCR products in the
absence of a comparable imbalance of starting template. Preced-
ents for these possibilities include the PCR inhibitory effect of a
highly stable secondary structure in the Fragile X gene (9), and
allelic divergence of regional melting characteristics of homodu-
plex template DNA leading to preferential amplification of HLA
alleles (10). The androgen receptor gene may be difficult to
amplify, with more reliable PCR results obtained by chemical
[addition of DMSO (11)], or thermal [combination of 'hot start'
PCR (3,12) followed by prolonged initial denaturation intervals
(3,13)] modification of cycling conditions. The efficacy of these
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Figure 1. Monoclonal uterine leiomyomata demonstrated by PCR. DNA
isolated from paraffin embedded archival uterine myometrium (lanes 1 and 2)
and two different smooth muscle tumors (lanes 3-4 and 5-6) in the same patient
(#93-99) was used for AR-a/b PCR either without (odd lanes) or with (even
lanes) preceding HhaI digestion (3). Note that HhaI pre-digestion spares
HUMARA alleles present on the inactive X chromosome, which in the
polyclonal myometrium are approximately evenly distributed between the
H-MW andLMW alleles (lane 2, balanced or random pattern ofX inactivation).
The two leiomyomata are independent lesions as evidenced by derivation from
different clones which have non-randomly inactivated different X chromo-
somes. Skewing of PCR signal towards one of the two alleles provides a

rationale for infening the monoclonal growth pattems of these benign tumors.
PCR product molecular weights: 233 and 218 bp. Autoradiographic exposure
14 h.

measures in improving PCR product yield and/or specificity is a
warning that the efficiency of this amplification is unusually
sensitive to the PCR conditions utilized.
Expansion of the androgen receptor CAG repeat has also been

associated with a disease phenotype, spinal and bulbar muscular
atrophy (Kennedy's disease) (14). In this and other disorders
characterized by trinucleotide repeat expansion such as Fragile X
syndrome (15) and Huntington's disease (16,17), structural
analysis of the repetitive sequence may play a role in patient
diagnosis. The fidelity and reliability of PCR amplification of
such targets is therefore also of immediate relevance in defining
the sensitivity and specificity of PCR based molecular diagnosis
of these genotypes.
We have observed dramatic variation in the relative intensity of

allelic HUMARA PCR products on repeat analysis of a single
DNA sample. While this is infrequent in clean isolates of high
molecular weight DNA from fresh or frozen tissues, it is often
seen in suboptimal DNAs. In particular, partly degraded DNA
isolated in minute quantities from archival paraffin embedded
tissue contaminated by blood and metallic impurities frequently
shows biased amplification of one of two HUMARA alleles
present. Even with optimization ofthe thermal conditions ofPCR
through empirical testing of conditions, individual samples may
have uncontrollable variation in DNA quantity, quality and
contaminants. Titration of DNA amounts or addition of conta-
minants to a PCR reaction permits delineation of the effects of
these variables on PCR results. Short wave ultraviolet light
exposure was chosen as a model for DNA damage because it
represents a common environmental factor capable of randomly
introducing, in a dose dependent fashion, DNA lesions which
terminate DNA polymerase action. We here show increased
random and systematic amplification bias caused by these factors,
and demonstrate that destabilization of GC base pairing through
incorporation of 7-deaza-2'-dGTP (18) minimizes their effect.

MATERIALS AND METHODS

Clonality assay using PCR(3)

Wax 7-10 jim thick sections of normal uterine myometrium and
uterine leiomyomata were digested at 600C with intermittent
agitation for 48 h in 300 jil proteinase K lysis buffer (200 jig/ml
proteinase K, 50 mM Tris pH 8.3, 0.5% Tween 20, 100 jig/ml

mussel glycogen) with replenishment of (200 jg/ml) proteinase
K after the first 24 h. The lysate was extracted twice with an equal
volume of phenol, and 36 ,ul of 5 mg/ml ethidium bromide was
added to the aqueous phase and allowed to incubate 1-2 min at
room temperature. One half volume of 7.5 M ammonium acetate
was added before extraction with phenol-chloroform (xl) and
chloroform (x3). The aqueous phase was treated for 5 min with
1 drop of Chelex-100 (BioRad, Bethesda, MD) bead slurry, and
ethanol precipitated. The precipitate was washed with 70%
ethanol, and resuspended in 40 jil HhaI buffer.
An undigested aliquot of DNA was retained as a control. The

remaining DNA was digested in HhaI buffer with 20 U HhaI for
1-3 h, quenched by phenol-chloroform extraction, and ethanol
precipitated prior to PCR with AR-a/b primers.

DNA isolation from frozen human uterine myometrium
Frozen human myometrium (samples 93-99 and 94-157) was
pulverized in liquid nitrogen prior to lysis by proteinase K and
purification by organic extraction and sequential ethanol preci-
pitation by ammonium acetate and sodium acetate, respectively.
The final cold precipitation was followed by careful removal of
residual salts through vigorous washing of the pellet in cold 70%
ethanol prior to resuspension at a final concentration of 50 jg/ml
in 10 mM Tris (pH 8.0), 1 mM EDTA buffer (TE).

Allele titrations

Genomic DNA from frozen human sperm was isolated as
previously described (19), and the molecular weight of the
HUMARA allele determined by amplification with primers
AR-a/b and polyacrylamide gel electrophoresis. Genomic DNA
from individuals having alleles of different molecular weight was
adjusted to a concentration of 200 jg/ml and volumetrically
titrated to generate admixtures of the two genomic DNAs as seen
in Figure 2.

Ultraviolet irradiation ofDNA

50 ng ofgenomicDNA in 1 gl TE buffer was placed in the bottom
of a 0.5 ml polypropylene microfuge tube mounted in a vertical
position directly underneath a short wave (254 nm) ultraviolet
bulb and exposed for the time necessary to reach the desired dose
as measured by a built-in sensor (Stratalinker apparatus, Strata-
gene, La Jolla, CA). Following irradiation PCR master mix was
added to the tubes.

PCR amplification
Amplification of solubilized DNA with primers AR-a and AR-b
(3) (5'-CCGAGGAGCTTl-TCCAGAATC-3' and 5'-TACGATG
GGCTTGGGGAGAA-3', respectively), AR-c and AR-d (20mer
modifications of primers described by Allen et al. (6), 5'-TCCA-
GAATCTGTTCCAGAGC-3' and 5'-GCTGTGAAGGTTG CT-
GTTCC-3', respectively) or AR-e and AR-g (5'-TACCCT-
CGGCCGCCGTCCAA-3' and 5'-CCTCTCTCGGGGTGGC-
ACTC-3', respectively) was performed in a 50 pl PCR reaction
mix. Trace amounts (final concentration 50-100 nM) of
[32P]TTP (800 Ci/mmol) were added to the reaction mixture [10
mM Tris pH 8.4,50 mM KCI, 20 jig/ml gelatin, 1.5 mM MgCl2,
0.2mM dATP, 0.2mM dGTP (or 0.2 mM 7-deaza-2'-dGTP from
Boehringer Mannheim, Indianapolis, IN), 0.2 mM dCTP, 0.05
mM TTP] to label amplified products. Oligonucleotide primers
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Figure 2. Titrations of HUMARA alleles demonstrates a linear PCR signal
response. Genomic DNA from two males with different androgen receptor
alleles was mixed in varying amounts and 200 ng used as template for 24 cycles
of AR-a/b PCR, the products resolved by PAGE and visualized by autoradio-
graphy. Densitometry of the resultant signal, expressed as percentage of all
signal present as HMW allele. Replicate determinations are shown as crosses,

and the regression line drawn for results using either dGTP (A) or

7-deaza-2'-dGTP (B) during PCR. Both conditions produce a strong linear
relationship between genomic template allele ratios (horizontal axis) and PCR
product ratios (vertical axis).

were added to the reaction mix to a concentration of 0.3 ,uM each
of AR-a/b or AR-e/g, or 0.9 iM each for AR-c/d. Annealing
temperature was empirically optimized at 55 °C by comparison of
results obtained over a range of temperatures. Thermal cycling in
an MJ PTC-100 (MJ Research, Inc., Watertown, MA) thermal
cycler followed the sequence: (i) 'Hot start' pre-heating of
reaction mixture without Taq polymerase at 97'C for 5 min; (ii)
10 min dwell at 85°C, during which 1.25 U Taq polymerase
(Amplitaq, Perkin Elmer Cetus, Norwalk, CT) was added to each
reaction tube; (iii) three cycles with prolonged denaturation
consisting of 95°C x 4 min, 550C x 45 s and 720C x 90 s; (iv)
21-31 cycles at 95°C x 30 s, 55°C x 45 s and 720C x 90 s, and
(v) final extension at 720C for 7 min. PCR products were

electrophoresed at 200-500 V in an 8% non-denaturing 0.5 mm
thick polyacrylamide gel made in 1 x TBE (45 mM Tris-borate,
1 mM EDTA). Gels were dried and autoradiography performed.
Modifications of amplification reagent conditions were made

by supplementing the PCR master mix with additional materials
prior to addition oftheDNA template. The number ofPCR cycles
needed for template amounts smaller than 50 ng (0.5 ng) were

estimated by adding one additional cycle for each approximate
halving of input DNA quantity.

Autoradiography and densitometry

Preflashed Kodak XAR film with intensifying screens at -700C
was used for autoradiographic detection of radiolabelled PCR

products in a dried polyacrylamide gel. Autoradiogram optical
density was measured with an EC model 910 optical densitometer
(EC Apparatus Corporation, St Petersburg, FL) and the resultant
plot integrated using the GS365W Electrophoresis Data System,
v.2.0 (Hoeffer Scientific Instruments, San Francisco, CA). The
signal intensity of both (high molecular weight, HMW and low
molecular weight, LMW) androgen receptor alleles was
measured in each lane, and the percentage of all specific signal
contributed by the HMW allele calculated as follows: percentage
HMW signal = (100 x HMW signal)/(HMW signal + LMW
signal). Numerical data were imported into the statistical graphics
program Systat (Systat, Inc., Evanston, IL), v.5.0W for analysis
and graphing.
Densitometry was not performed in cases judged to be PCR

'failures'. These are of two types: (i) absence of any discernible
autoradiographic signal in the position expected; or (ii) non-spe-
cific bands overlapping with, or in close proximity to, the
expected PCR products.

PCR product regional melting and secondary structure
prediction

The molecular weight of AR-a/b PCR products generated from
DNA 93-99 using dGTP (not 7-deaza-2'-dGTP) was carefully
calculated on several gels by comparison with a molecular weight
ladder. The HMW allele measured 233 bp, a size expected for an
allele containing 17 trinucleotide repeat units. The LMW allele
was 15 bases shorter, thereby containing 12 repeat units. DNA
sequences for the HUMARA locus were obtained from GenBank
(compiled by NIH, Bethesda, MD), and the number of trinucleo-
tide repeat units adjusted to correspond to the measured molecular
weights of the test DNA (93-99). Regional melting profiles for
double stranded DNA PCR products were calculated using the
programMELT 87 (20). Secondary structure predictions of single
stranded DNA were performed with DNAsis v.7.0 (Hitachi
Software Engineering; Brisbane, CA).

RESULTS
Allele titrations

There was high concordance between titrations of allelic template
and relative abundance of AR-a/b PCR products, confirming that
under optimal conditions the PCR product abundance does reflect
that of the starting template (Fig. 2). Use of 7-deaza-2'-dGTP
yielded slightly reduced incorporation into the HMW allele than
dGTP, seen as a marginally lower percentage of measuredHMW
PCR products. We have used titrated sperm DNAs to confirm
linearity of allelic amplification under a range of conditions
beyond that of Figure 2, including varying DNA input from 20 to
500 ng, and changing cycle number from 22-26 cycles (data not
shown).

Iypes of PCR 'failures' under non-standard PCR
conditions

The desired endpoint for all experiments was quantitation of
relative abundance of the two androgen receptor allele PCR
products. We were unable to do this under several circumstances
(Figs 3 and 4), including absence of PCR products (a blank lane),
or obscuring of specific products by a ladder of non-specific bands.
For example, we were unable to quantitate results under conditions
of increasing Mg2+ concentration (data not shown) due to
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Figure 3. 7-deaza-2'-dGTP reduces allelic biasing during PCR. Co-amplification of 17 and 12 CAG repeat unit alleles in uterine myometrium DNA (93-99) remains
stable under a wide variety of conditions when using 7-deaza-2'-dGTP, whereas amplification with dGTP produces variable results, under-representing the allele with
mostCAG repeats (HMW allele). (A) Shows an autoradiogram of 233 and 218 bp AR-a/b PCR products generated in presence of 6mM sodium acetate, representative
of results quantitated for inclusion in (B) and (C). The dGTP amplified DNAs variably demonstrate biasing towards the LMW allele whereas 7-deaza-2'-dGTP
amplified samples have equivalent signal intensity of each allele except for lane 9, a 'failure' with no signal. Eighteen hour exposure. (B) and (C) The PCR products
of AR-alb amplified DNA (93-99) were quantitated, and results expressed as percentage of specific signal (HMW + LMW) present in the HMW allele. PCR was in
the presence ofdGTP (B) or 7-deaza-2'-dGTP (C). 50 ng template DNA and 26 PCR cycles used except forDNA titrations where 5 ng and 0.5 ngDNA were amplified
for 30 and 34 amplification cycles, respectively. Amounts of listed electrolytes are supplemental additions to 1 x PCR buffer. Each barcontains data from all 10 reactions
performed for each group, except in cases where the number of failed reactions is recorded in italics above the bar. The median is indicated by a horizontal line within
the box which delineates mid-range data points, and whiskers extend an additional 1.5 times the interquartile range. Outliers are shown as circles or asterisks. The 1

mM NaCl dGTP group had seven (*) tubes with no signal, and three with all signal in the LMW allele: the three cases with 0% HMW do not appear as a visible box
in this representation.

overwhelming loss of PCR specificity. Blank lanes were the usual
pattern of failures noted in Figures 3 and 4, although at very low
quantities of input DNA non-specific bands appeared.

Failed PCR reactions became commonplace under extreme ionic
conditions. Although changes in target DNA melting and secondary

structure were probably significant, a direct effect on the activity of
Taq polymerase, or primer-template interactions is also possible.

Isolated 'blank lane' failures were occasionally seen under
conditions where the remaining samples within the group not
only had strong signal, but tightly reproducible allelic ratios (for

A.
1 2
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Figure 4. Biased co-amplification of androgen receptor alleles is seen with a variety of template DNAs and PCR primers. Substitution of 7-deaza-2'-GTP
('deaza-GTP') for dGTP ('dGTP') during PCR consistently reduces biased amplification ofHUMARA alleles, independent of the template genotype or PCR primers
used. (A) When using primers AR-a/b under 7.5 mM ammonium acetate PCR conditions, generation ofHMW PCR products is variably diminished in DNAs in which
the two HUMARA alleles differ by either five (93-99) or two (94-157) CAG repeat units, of which the HMW allele PCR product measures 233 bp and 236 bp,
respectively. (B) Results of amplification of a single DNA (93-99) using three different PCR primer pairs, each ofwhich flank the CAG repeat region of the HUMARA
gene. TheHMW PCR product generated from DNA 93-99 using primers AR-a/b, AR-c/d and AR-e/g was 233,273 and 344 bp, respectively. Under the 6.0mM sodium
acetate PCR conditions used, there is strong bias against amplification of the HMW allele when using dGTP. Both panels used 50 ng template DNA, 26 PCR cycles
and autoradiogram quantitation as described in the text. Figure format is as described in the Figure 3 legend.

example, Fig. 3A, 7-deaza-2'-dGTP lane 9). This suggests a low
frequency of random failure such as might be caused by faulty
pipetting, or thermal transfer (loose tubes) during PCR.

Effect of DNA quantity

Genomic DNA template quantities of 5 ng or more generate
consistent PCR product allelic signal ratios, whereas lesser
amounts (0.5 ng) are associated with deterioration of reproduc-
ibility manifest as large coefficients of variation (Figs 3B and 4C).
The variation seen with small template amounts (0.5 ng) is further
increased by non-specific products that obscure precise densito-
metry.

Effect of DNA integrity

DNA damaged by low to moderate levels of ultraviolet exposure
was much more consistently amplified by 7-deaza-2'-dGTP (Fig.
3C) than dGTP (Fig. 3B). When using 7-deaza-2'-dGTP for PCR,
non-irradiated, and 5 or 50 mJ/cm2 UV irradiated DNA have
similar means (37.6, 38.4 and 40%, respectively) and only
slightly increased coefficients of variation (4.6, 4.5 and 8.0%,
respectively) of measured HMW allele signal. In contrast, when
using dGTP a sporadic biasing towards the LMW allele was

notable along with a 4-fold increase in the coefficient of variation
at the lowest exposure level.

Effect of added salts

Irrespective of the type of GTP utilized for PCR, increasing
concentrations of ammonium acetate, sodium acetate and sodium
chloride eventually diminish overall signal intensity to undetect-
able levels creating PCR 'failures' unsuitable for densitometry
(Fig. 3). At low salt concentrations 7-deaza-2'-dGTP consistently
maintained a reproducible allele signal ratio (Fig. 3C) similar to
that of standard PCR buffer. dGTP amplified DNAs all showed
systematic but highly variable biasing towards the LMW allele in
the presence of low concentrations of the salts evaluated (Fig. 3B).

Effect of number of trinucleotide repeat (CAG) units

Salt-induced biasing of PCR amplification, reversed upon use of
7-deaza-2'-dGTP, was seen in DNAs with alleles differing by
either five (patient 93-99, Fig. 4) or twoCAG repeat units (patient
94-157, Fig. 4).

Effect of changing PCR primers flanking the repetitive
HUMARA target

In addition to the extensively tested PCR primer pair AR-a/b (Fig.
3), two different external flanking PCR primer sets (AR-c/d,
AR-e/g, Fig. 4) show salt-induced biasing or failure of PCR
amplification, reversed upon use of 7-deaza-2'-dGTP. The ability
to generate specific PCR products under salt-spiked conditions
varies with the primers used, with a higher frequency of 'failures'
observed when using primers (AR-c/d or AR-e/g) which generate
amplification products longer than those of primers AR-a/b. We
initially attempted to use 7.5 mM ammonium acetate PCR
conditions to generate Fig. 4B, but in that case only primers
AR-a/b generated any specific products capable of analysis (data
not shown).

PCR product melting and secondary structure predictions

Thermodynamic properties of HUMARA alleles encountered in
the primary test DNA (patient 93-99, used for Figs 1 and 3) are

shown in Figure 5. Homoduplex DNA melting profiles were

essentially identical throughout conserved portions of the
sequence (panel A). The expanded repeat region in the HMW
allele resulted in an elongated CAG melting domain without an

apparent increase in the melting temperature itself. Regional
melting temperature predictions do not, therefore, explain a

different amplification efficiency between the two alleles.
Secondary structure calculations (panel B) of single stranded

DNA PCR products show a high degree of self-complementarity,
with thermal stability of the LMW and HMW alleles of -127.6
and -138.8 kcallmol, respectively. Intramolecular base pairing
overwhelmingly involved GC pairs, which comprised 79.7% (59
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Figure 5. Regional melting profile and secondary structure of AR-a/b PCR
products. (A) Regional melting temperatures of double stranded PCR products
generated with primers AR-a/b from alleles with 12 (LMW allele, 218 bp) or
17 (HMW allele, 233 bp) CAG trinucleotide repeats, as present in DNA from
patient 93-99, used to generate Figures 1 and 3. The melting profiles have
comparable melting temperatures in trinucleotide repeat areas (indicated by
arrows) and similar flanking regions of maximal stability (highest melting
temperature). (B) Secondary structure predictions of single stranded PCR
products. The upper line drawing is of the complete sequence, with details of
areas of divergence between the HMW (large arrowhead) and LMW (small
arrowhead) allele PCR products shown below.

of 74) of all bases paired in the folded single stranded HMW
allele. The LMW allele differed only in containing six fewer
paired bases, all of which were G-C pairs (Fig. SB).

DISCUSSION

We have shown a tendency for allelic biasing in PCR amplifica-
tion of the GC-rich androgen receptor gene under conditions of
scanty, damaged or salt contaminated DNA. These effects, which
are independent of the primer design or template genotype, might
be attributed to the inherent structure of the HUMARA gene
target, the most characteristic feature of which is a hypervariable
CAG trinucleotide repeat region. Much of the biasing is resolved
by substitution of 7-deaza-2'-dGTP during PCR.

The basis of allelic biasing

As the template DNA quantity drops, more PCR cycles are
required to detect signal, and the resultant allelic ratios are less
consistent. Some bias may be due to molecular sampling error
caused by a small cohort of potential templates. The smallest
quantity of genomic DNA tested, 0.5 ng, contains only -78
diploid cell equivalents. Additionally, at these low template
amounts there was some loss of specificity of PCR, with
numerous unexpected bands appearing. Some of these non-spe-
cific products migrated close to, or with, the expected alleles,
complicating accurate densitometry. For example, an apparent
increase in HMW allele PCR products measured using 0.5 ng of
genomic template and 7-deaza-2'-dGTP reagents may be erron-
eous for this reason (Fig. 3C). In any case, the variation in results
using dGTP or 7-deaza-2'-dGTP dropped dramatically (to 5.1 nd
7.5% coefficient of variation, respectively) at a level of 5 ng input
DNA. We chose to use 50 ng input DNA for additional
experiments, due to the high stability of these baseline results.
Diminution of salt-induced allelic biasing during PCR with

7-deaza-2'-dGTP compared to dGTP is strongly suggestive of a
reversible inhibitory effect caused by intramolecular or intermo-
lecular GC bonding. Others have reported regional homoduplex
melting temperatures (10) and single-stranded template second-
ary structure (9) as significant determinants ofPCR amplification
efficiency. In a system where two different templates are
competitively co-amplified, small divergences of amplification
efficiency may be manifest by dramatically altered PCR product
ratios. Biased amplification consistently favors the LMW allele,
which contains fewer trinucleotide CAG elements than its HMW
counterpart. Homoduplex melting temperatures (Fig. 5) are not
significantly different between the two modeled alleles, but
secondary structure stability increases rapidly with increasing
numbers of repeat elements, with a 9% increase in secondary
structure stability conferred by the additional six GC base pairs
which distinguish the two alleles in the test DNA (93-99). The
extent of biasing diminishes as the number of repeats become
more similar between the alleles co-amplified (Fig. 4A), offering
additional evidence that it is divergence within the CAG repeat
region which is primarily responsible for the divergence of allele
amplification efficiency. We conclude that secondary structure of
the PCR template is a probable major determinant ofthe observed
effect, although we cannot rule out participation of other factors.
Damage of DNA by UV irradiation leads to more variable

results using dGTP than 7-deaza-2'-dGTP, probably for multiple
reasons. First, chemical modification or breakage of template
reduces the number of intact PCR targets, increasing sampling
bias of remaining copies. The minimum UV dose used for these
experiments (5 mJ/cm2), however, is only 0.25% of that used for
selective UV destruction (2 J/cm2) (3) of 90% of the HUMARA
(AR-a/b) PCR signal from paraffin sections (data not shown).
Secondly, the biasing effect of preferential amplification is
additive with molecular sampling error. We propose this preferen-
tial amplification is diminished by use of 7-deaza-2'-dGTP, and
may explain maintenance of a consistent result in spite ofreduced
template numbers. When using dGTP for PCR, dilution of
non-irradiated DNA produces progressive loss of amplification
specificity, whereas irradiation of larger quantities of DNA leads
to diminished signal without substantial changes in specificity.

%P.J
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There must be additional factors which reduce PCR specificity in
scanty, compared to damaged, DNA template.

Use of 7-deaza-2'-dGTP in PCR

7-deaza-2'-dGTP may. be stoichiometrically substituted for its
isomer dGTP in PCR reactions using Taq polymerase, and has been
shown to increase PCR efficiency of GC rich targets (18) with
extensive single stranded hairpin loop formation such as the human
FMR-1 (9) and murine ODC (21) genes. 7-deaza-2'-dGTP
preserves GC base pairing albeit at a 28% [from -50 to -36 kJ/mol
of stack (22)] reduced stability level compared to dGTP. This
produces measurable reductions in homoduplex melting tempera-
tures (22), and predicts lower stability of single stranded DNA
secondary structure. PCR products synthesized with
7-deaza-2'-dGTP tend to have slightly reduced labelling efficiency
([32P]TTP incorporation) and higher molecular weight than those
with dGTP.

Baseline relative signal intensities remain slightly in favor of the
LMW androgen receptor allele with either dGTP or
7-deaza-2'-dGTP PCR (40.1 or 37.6% HMW allele signal,
respectively using 50 ng starting DNA (93-99) and normal PCR
conditions). Relative to the LMW allele, the H-1MW allele either
incorporates [32P]lTP less efficiently, or fewer PCR products are
made. Although the explanation for this has eluded us, the
consistency of 7-deaza-2'-dGTP PCR, and resistance to biasing
under the conditions noted, do not press for investigation of this
point.

Relevance of the parameters studied

The conditions evaluated approximate several problems inherent
in utilization of archival paraffin-embedded tissues, or forensic
samples. Archival and forensic templates may be unsuitable for
PCR due to DNA quality or quantity, or contaminants which
co-isolate with the DNA. In both cases a semi-quantitative
assessment of amplified alleles is crucial: for detenrining the
pattern ofX inactivation in clonality studies, and for assessment of
admixed DNAs in forensic studies.
DNA quantities recovered from optimally fixed and paraffin

embedded human tissues may be as much as 2 ,ug per section (23),
but small lesions such as precursor or early stage lesions may
occupy only a fraction of a larger tissue block (3). For DNAs
isolated by selective UV irradiation (24) or microdissection,
technical limitations of DNA quantity and quality may define the
lower limits of application.
UV irradiation is a well characterized model for dose-dependant

introduction of lesions which prevent polymerase extension through
formation of stable thymine dimers (25). This is in many ways
functionally equivalent to the strand breakage created during
processing of paraffin embedded tissues, a problem further exacer-
bated by DNA extraction protocols which favor smaller fragments
(23). While the wavelength spectrum of solar UV itadiation at sea
level is more diverse and of longer wavelength than that generated
by the germicidal lamps used in these experiments, substantial UV
exposure by ambient natural light is a common event for forensic
specimens collected from outdoor sites.
The amounts and types of salts studied here are approximations

of those retained following typical pre-PCR precipitation and
concentration of DNA. These may persist by several routes
following ethanol precipitation; crystals which co-precipitate with
the DNA, incomplete decanting of salt-containing supematants, and

solubilized salts trapped in the dead space of the DNA pellet.
Washing of the pellet with 70% ethanol helps to remove these
retained compounds, but may not always be completely efficient.
The lowest salt levels studied for ammonium acetate, sodium acetate
and sodium chloride (7.5, 0.6 and 1 mM, respectively), represent
only 1/10 000 of those added pre-precipitation and later retained in
a 20-fold concentrated resuspension. If only solubilized salts are
considered, a 1 ml aqueous solution precipitated under these
conditions would contain this amount of salt in 0.3 j1 of carried-over
supernatant, either within the pellet dead space or tube sidewalls.
Even with small DNA quantities, added carrier can contribute
substantially to pellet dead space, further compromising washing.

Lastly, it is possible that GC-rich targets similar to, but different
from, the HUMARA target might demonstrate similar amplification
bias. While we have no data on other genes, our experience suggests
that it is the CAG repeat itself which is the predominant detenninant
of the effect. Since this motif is shared by a number of other cloned
genes, such as the Huntington's disease locus (16,17), it will be
interesting to see if they demonstrate similar amplification prop-
erties.

Conclusions

PCR co-amplification of GC-rich allelic targets may preferentially
favor one of the two templates under a variety of suboptimal
conditions including small amount of available template, damage
to template, and contaminants which are carried over into the PCR
reaction itself. This bias is not detectable when using large
quantities of pure high molecular weight DNA, a pre-condition
which cannot always be met. Implementation of several precau-
tions may improve the quantitative fidelity of co-amplification of
these templates. First, use of 7-deaza-2'-dGTP during PCR
minimizes many of the confounding effects. Secondly, the effect of
contaminating salts can be minimized by judicious selection of salt
type used for pre-PCR precipitation (sodium acetate instead of
ammonium acetate), and careful removal by washing of the DNA
pellet. Alternatively, concentration by a method such as ultrafiltra-
tion avoids use of salts entirely. Repeat, or multiple analysis of a
single sample will further reduce the likelihood of misinterpreta-
tion due to random variation.

Finally, the conditions under which reproducible results are
obtained must consider all potential confounding factors, and be
validated for each experimental system. For example, reproduc-
ibility data gamered on DNA isolated from fresh tissue is difficult
to extrapolate to partially degraded archival paraffin isolated DNA.
This is of special concern when defining the lower limits of
resolution of a complicated clonality PCR assay such as that
utilizing the HUMARA marker system. In this case, reproducible
results must control not only analytical bias conferred by the
kinetics of PCR, but also potential errors in sampling a subset of
cells from a complex tissue.
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