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Objectives: To develop and evaluate a new method for determina-
tion of the CAG repeat length in Exon 1 of the androgen receptor
gene.
Design and Methods: The method is based on PCR amplification
of a DNA region encompassing the repeats and analysis of the
length of the PCR product on a sequencing gel. One of the PCR
primers was labeled with Cy5.5 fluorescent dye to facilitate detec-
tion after laser excitation. We used a fully automated system for
electrophoretic separation of the PCR product and accurate sizing
of the length of the PCR product using fragment analysis.
Results: The major advantages of the new technique are its
simplicity, speed, accuracy, and reproducibility. Analysis of the
CAG repeats in genomic DNAs from 18 males indicated that they
were all hemizygous with a mean CAG repeat number of 22 (range
20–30 repeats). Among 60 DNAs from females, 16 were homozy-
gous and 44 were heterozygous. The repeat length ranged from
17–30 with a mean of 22. In both males and females, the distribution
of CAG repeats was bimodal.
Conclusion: We anticipate that this improved method for CAG
repeat analysis will find applications in clinical studies involving
prostate and breast cancer patients. Copyright © 1999 The Cana-
dian Society of Clinical Chemists

KEY WORDS: gene polymorphisms; CAG repeats; an-
drogen receptor; prostate cancer; fragment analysis.

Introduction

P
rostate cancer is the most frequently diagnosed
cancer of males and it is the second most common

cause of cancer-related deaths in Americans (1). The
incidence of this cancer differs significantly among
various racial-ethnic groups (2). Androgens play a
direct role in normal and malignant growth of pros-
tate cells via the androgen receptor (AR) gene which
binds dihydrotestosterone and transactivates the

transcription cascade (3,4). It has been established
that the first exon of the AR gene contains two
polymorphic trinucleotide repeat sequences, CAG
and CGG (5,6). The CAG repeats encode for a
polyglutamine tract and the CGG repeats for a
polyglycine tract. The changes in the CAG repeat
lengths have been correlated with reduced expres-
sion or functional alterations in androgen receptor
action (7,8). The diseases caused by the trinucleotide
repeat length variations exhibit a phenomenon
called anticipation, which predicts the increase in
the severity of the disease with earlier onset of
symptoms in successive generations. The severity
and the onset of the disease are correlated with the
size of the repeats on the mutant alleles, the onset
being inversely related with the size of the expan-
sion (9). Among the pathological conditions associ-
ated with CAG repeat expansions is the disease
neurodegenerative spinal and bulbar muscular atro-
phy (SBMA) or Kennedy’s disease, which is associ-
ated with low virilization, oligospermia or azoosper-
mia, testicular atrophy, and infertility (10). The
contraction of the CAG repeat lengths has also been
associated with higher incidence, aggressiveness
and early onset prostate cancer (11–16).

In general, highly polymorphic short DNA repeats
(microsatellites) with uniform distribution within
the human genome may constitute valuable genetic
markers. The detection of the number of CAG repeat
lengths could, therefore, allow either diagnosis, risk
assessment or evaluation of aggressiveness of ge-
netic diseases, including prostate cancer. The use of
microsatellite analysis for possible prediction of an
associated disease state has been hampered by some
technical drawbacks. PCR amplification followed by
electrophoresis and Southern blotting is a labour
intensive technique. The use of radioisotopes poses a
health hazard. In addition, radioactive analysis or
silver staining of polyacrylamide gels produces
shadow bands around the allele bands due to the
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nature of the repeat amplification (see subsequent
text), which, in turn, makes it difficult to differenti-
ate between the main and shadow bands when these
have similar intensities (17). In addition, manual
allele sizing is not very accurate. This is particularly
important in microsatellite analysis where alleles
can differ by as little as two base pairs. Finally,
there is the problem of “stutters” caused by the
misincorporation of bases towards the end of the
repeats due to “slippage” of the Taq polymerase.
This “stuttering” causes confusion in determining
the correct peaks for the purpose of molecular sizing.
In this article, we report a new method which can
accurately determine the size of the CAG repeat in
Exon 1 of the AR gene. This method is characterized
by simplicity, speed, automation and accuracy and is
suitable for CAG repeat analysis in large numbers of
samples.

Methods

DNA EXTRACTION FROM WHOLE BLOOD

DNA was extracted from whole blood using the
Qiagen QIAamp blood kit, following the manufac-
turer’s recommendations (Qiagen, Chatsworth, CA,
USA). Briefly, after lysis of cells, the DNA is en-
trapped onto a silica membrane, washed and then
eluted in a buffer solution. The procedure takes
approximately 1 hour to complete. DNA was quan-
tified by absorbance measurements at 260 nm and
stored at 4° C until analysis.

DNA EXTRACTION FROM SERUM

Recently, a number of methods have been evalu-
ated for isolating traces of genomic DNA from hu-
man serum, suitable for PCR analysis (18,19). We
evaluated two methods: (a) frozen sera were thawed
and then boiled at 100° C for 5 min. The samples
were then spun at 15,000g and the supernatant was
used directly for PCR amplification (18); (b) we used
the QIAamp blood kit with serum samples, as de-
scribed (19).

PCR AMPLIFICATION

The paired primer sequences (59-TCC AGA ATC
TGT TCC AGA GCG TGC-39 and 59 -GCT GTG AAG
GTT GCT GTT CCT CAT-39) flanking the CAG
repeat region in Exon 1 of the AR gene were de-
signed based on the AR sequence deposited in Gen-
bank by Marcelli et al. (20) (accession # M35844).

The primers were fluorescently labeled with Cy5.5
dye as described elsewhere (21). DNA was amplified
using these primers to generate fragments of the
N-terminal domain of the AR gene (approximately
279 bp product). PCR amplification was performed
in a final volume of 25 mL containing approximately
100 ng of DNA template, 10 mM trimethamine (tris)
buffer pH 8.3, 50 mM KCI, 2.5 units of Taq polymer-
ase (Boehringer Mannheim GmbH, Mannheim, Ger-

many), 250 mM deoxynucleoside triphosphates, 1.5
mM MgCl2, 5 mL solution Q (Qiagen) and 10 pmoles
of the primers. Only one of the two primers was
labeled with fluorescent dye Cy5.5 in order to facil-
itate the detection of the PCR product. The thermal
cycling profile on a Perkin-Elmer 9600 instrument
consisted of a 30 s denaturation step at 95° C, a 60 s
annealing step at the optimized temperature of 65° C
and a 60 s extension step at a temperature of 72° C,
for a total of 35 cycles. Each PCR was initiated with
a 5 min denaturation step at 95° C and terminated
with a 5 min extension step at 72° C. The number of
PCR cycles can be decreased or increased if the inten-
sities of the fragment bands are relatively very high or
low, respectively. The success of the PCR was verified
by running an 8 mL aliquot of the PCR product on a
0.8% agarose gel containing ethidium bromide.

PREPARATION OF MOLECULAR WEIGHT MARKERS

Fluorescently labeled standard size markers
(SSM) were produced by PCR amplification of a
segment of the cDNA sequence of the PSA gene
deposited in the Genbank, accession # X07730. One
of the primers (upper primer) was labeled at its 59
end with the fluorescent dye Cy5.5. The sequences of
the primers were as follows:

Upper primer: 59-TGC GCA AGT TCA CCC
TCA-39 (common for the two lower primers shown
below).

200 bp marker: 59-TCC GGT AAT GCA CCA CCT
T – 39

400 bp marker: 59-TTT AAG AAA CAC TCT CGT
C – 39

PCR was performed as previously described (22).

SAMPLE PREPARATION

Two microliters of the PCR product were mixed
with 4 mL of a gel loading buffer (Visible Genetics
Inc., Toronto, Ontario, Canada) to which we also
added 2 mL each of the two molecular weight mark-
ers, prepared by PCR as described above. This
mixture was denatured at 95° C for 2 min, placed on
ice and then loaded onto the sequencing gel (see
subsequent text).

SEQUENCING APPARATUS–ANALYSIS

The MicroGene Blaster™ (Visible Genetics Inc.)
automated sequencer is a compact device containing
a visible light laser diode (675 nm) as the excitation
source. The laser power is 0.5 mW per lane. The
machine applies high voltage across the sequencing
gel and can complete a run in 30 min, resolving
approximately 300 bases of sequence. The instru-
ment accepts 14 3 14 cm polyacrylamide sequencing
gels with a 50 mm thickness. The gel is cast between
two disposable glass plates (MicroCel™ cassette).
For this application (fragment analysis), each gel is
capable of analyzing 16 patient samples (16 lanes).
The cassette is filled with 6% acrylamide solution
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containing a photoinitiator which is activated by
UV-light on a special unit (Gel Toaster™ polymer-
ising unit). The process of gel filling and casting
takes about 5 min. Once the gel is ready, it is
positioned into the sequencer and the buffer cham-
bers filled with 150 mL of 1 3 TBE (Tris-Borate-
EDTA) buffer, pH 8.3. The gel temperature and
voltage are set at 54° C and 1200 V, respectively. A
5 min pre-run is initiated to bring the gel tempera-
ture to the set values. Each of the 16 lanes is loaded
with 2 mL of denatured mixture of unknown DNA,
molecular weight markers and loading buffer. For
quality control purposes, every fourth lane is loaded
with molecular weight standards only. In total, 12
samples and four control lanes can be loaded on each
MicroCel plate. The laser is switched on and the
electrophoresis started. Laser intensity can be var-
ied accordingly in order to bring the signals within
the dynamic range of the detectors. If the signals are
too intense, the sample dilution should be increased
appropriately. At the end of the run (30 min), the
data can be analyzed by using the Fragment Tool™
of the Gene Objects™ software (Visible Genetics).
The unknown PCR product in the three lanes can be
aligned with the fourth lane which contains the size
standards only. This minimizes any discrepancy
that may have arisen during the run and increases
accuracy of determining PCR product length. A
more detailed description of the Visible Genetics
sequencing system has been recently published (21).

CLINICAL STUDIES

In order to evaluate the capabilities of the new
method, we analyzed DNA obtained from 18 blood

samples from males and from 60 blood samples from
females.

Results

Our method is based on PCR amplification of the
region of the AR gene containing the CAG repeats
and then analysis of the length of the PCR product
on a high resolution gel, capable of resolving length
differences of 1 base. A DNA containing 19 CAG
repeats will produce a PCR product of 279 bp. For
every additional CAG repeat, the length will in-
crease by 3 bases. In Figure 1, we show a represen-
tative example of 3 DNAs from females along with a
lane containing only the molecular weight sizing
standards. Because the AR gene is localized on
chromosome X, females can be either heterozygotes
(lanes 1 and 2) or homozygotes (lane 3). The lengths
of the CAG repeats are 20/23 (lane 1), 18/21 (lane 2)
and 21/21 (lane 3). In Figure 2, we show represen-
tative examples for three males. Because males have
only one chromosome X, they produce a single PCR
band in all cases (hemizygous state). The number of
CAG repeats are 22 (lane 1), 23 (lane 2) and 18 (lane
3). In order to assess precision, we have repeated the
analysis of various DNA samples from 3–10 times.
In all cases, the calculated CAG repeat length was
the same, and the variation in PCR product length
was 61 base pair, indicating that our method is
highly precise.

We have also examined the possibility of amplify-
ing genomic DNA isolated from serum. Using the
two alternative extraction methods described (18,
19), we were able to amplify DNA and quantify CAG
repeats in approximately 30% of the samples. If the

Figure 1 — Analysis of CAG repeats in three DNAs from females. M.W., molecular weight. The numbers below the peaks
represent lengths of PCR products in bases. A PCR product of 282 bases represents 20 CAG repeats.
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DNA was amplifiable, the number of CAG repeats
calculated from serum DNA or blood leucocyte DNA
was identical in all cases.

Analysis of 18 DNAs isolated from whole blood of
normal males (ages 40–50 years) indicated that they
were all hemizygous, as expected. CAG repeat
length ranged from 20–30 with a mean of 22 and a
median of 21. The frequency distribution is shown in
Figure 3. Among 60 normal females, 16 were ho-
mozygous (27%), and 44 were heterozygous (73%).
Among the homozygotes, the range of CAG repeats
was between 19–25 with a mean of 22 and a median
of 22. Among the heterozygotes, the CAG repeats
ranged from 17 to 30 with a mean of 22 and a
median of 21. The frequency distribution of the
alleles in homozygotes, heterozygotes and the whole

female population is shown in Figure 4. In panel 4C,
we have considered that each homozygous female
possessed two identical alleles (60 women 5 120
alleles).

Discussion

Analysis of polymorphic repeats in genomic DNA
is useful in various areas of genetic analysis. The
CAG/polyglutamine tract is implicated in the patho-
genesis of at least eight different neurodegenerative
disorders. Among these diseases is spinal and bul-
bar muscular atrophy (Kennedy’s disease) (9). Other
repeats associated with length expansion in various
diseases include CGG (fragile X syndrome), CTG
(myotonic dystrophy) and GAA (Friedreich’s ataxia)
(9).

Recently, the CAG/polyglutamine tract length
polymorphism in the androgen receptor gene has
attracted much attention. It is believed that length
variation in this repeat alters the transcriptional
activity of the androgen receptor and this may affect
the transcription of genes that are regulated by
androgens. In turn, this may contribute to the biol-
ogy of prostate cancer that is dependent on andro-
gens (4,23).

Studies of various ethnic groups have established
that the length of the CAG repeat is generally
shorter in populations that are at high risk for
developing prostate cancer (e.g., African-Ameri-
cans), in comparison to low risk populations (e.g.,
Asians) (4,13). Indeed, this is in accord with the
finding that AR activity or transcription is reduced
when the CAG repeat is expanded (7,8,24). Other
authors have shown that shorter CAG repeats in the

Figure 2 — Analysis of CAG repeats in three DNAs from males. For more details see legend of Figure 1.

Figure 3 — Frequency distribution of CAG repeats in 18
males.
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AR gene is associated with early onset prostate
cancer (11) and more aggressive disease (15,16).
These data suggest that the determination of CAG
repeats may be a useful indicator of risk for devel-
oping prostate cancer and/or a marker of disease
aggressiveness. Recently, serum IGF-1 levels were
also found to be associated with increased risk of
developing prostate cancer (25).

In this article, we have attempted to improve on
the methodology for determining the length of CAG
repeats. Our method capitalizes on the recent intro-
duction of new sequencing instruments, which pro-
duce fast results with minimal labor. The advan-
tages of our method are as follows:

1. We have optimized our PCR reaction to avoid
polymerase “stuttering” as much as possible.

Thus, shadow bands around the major PCR band
are small and do not interfere with the CAG
repeat sizing (Figures 1 and 2). This “stuttering”
is a serious problem in other published PCR-
based methods (17).

2. Our method is non-isotopic and it is based on
fluorescence detection.

3. We used a sequencing gel to ensure length reso-
lution of 1 base. The sequencing cassette is dis-
posable and can be prepared in ;5 min.

4. The electrophoresis run is completed within 30
min and 12 samples along with 4 sizing stan-
dards can be run simultaneously on one gel.

5. Sizing is automatic and accurate due to align-
ment of the molecular weight standards with the
samples, using a special fragment analysis soft-
ware.

CAG repeat sizing with this method is accurate
and highly precise. While we were able to determine
the CAG repeat size in all DNAs isolated from whole
blood, only ;30% of sera tested contained enough
DNA to allow amplification and detection. However,
when the serum DNA was amplifiable, the results
were identical to those of the corresponding DNA
from blood.

In males and females there is a bimodal distribu-
tion of CAG repeat lengths with peaks around 20–21
repeats and then around 23–25 repeats. These data
are in accordance with those reported for males by
other groups (11,13). To our knowledge, this is the
first report describing allele frequency of CAG re-
peats in women. We are now in the process of using
this method for clinical studies involving prostate
and breast cancer patients.
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