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The role of androgen receptor activity mediated by the CAG repeat
polymorphism in the pathogenesis of PCOS
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Abstract

Polycystic ovary syndrome (PCOS), one of the most common and complex endocrine disorders affecting up to 15 % of reproductive
age women, is considered a predominantly hyperandrogenic syndrome according to the Androgen Excess Society. It is generally
accepted that androgens determine the characteristic features of PCOS; in this context, a hyperactive androgen receptor (AR) at the
levels of the GnRH pulse generator in the hypothalamus and at the granulosa cells in the ovary, skeletal muscle or adipocytes
senses initially normal testosterone and dihydrotestosterone as biochemical hyperandrogenism and might be a crucial connection
between the vicious circles of the PCOS pathogenesis.

Polymorphism of the AR gene has been associated with different androgen pattern diseases. Several studies have demonstrated an
association between AR with increased activity encoded by shorter CAG repeat polymorphism in the exon 1 of the AR gene and
PCOS, although there are conflicting results in this field. The phenomenon is more complex because the AR activity is determined by
the epigenetic effect of X chromosome inactivation (XCI). Moreover, we must evaluate the AR as a dynamic heterocomplex, with a
large number of coactivators and corepressors that are essential to its function, thus mediating tissue-specific effects. In theory, any
of these factors could modify the activity of AR, which likely explains the inconsistent results obtained when this activity was
quantified by only the CAG polymorphism in PCOS.
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Background

Polycystic ovary syndrome (PCOS) is a complex
endocrine disorder [1-3] that affects up to 15% of
reproductive age women [4]. Although the aetiology
remains unknown, some investigators consider that
androgen excess is the sine qua non of PCOS [5], which
is consistent with the theory that androgens determine the
characteristic features of the syndrome, for example,
oligo-anovulation and infertility, inhibition of follicle
development with polyfollicular ovarian morphology,
hirsutism, acne or androgenic alopecia [6-10].

Experiments conducted in animal models as well
as equivalent natural situations in humans, i.e., pregnancy
in PCOS or congenital adrenal hyperplasia, demonstrated
that exposure to androgen excess during the foetal life
and infancy determines the PCOS features in adult life,
with LH hypersecretion, oligomenorrhoea, polyfollicular
enlarged ovaries, insulin resistance, abdominal obesity,
impaired insulin response to glucose and dyslipidemia
[11-17]. These data provide evidence that androgen
excess is a key factor in the PCOS etiopathogeny.

In women with PCOS, the abnormality in the
regulation of hypothalamic GnRH secretion, with

persistently rapid GnRH pulsatility, pituitary synthesis of
LH over that of FSH, and increased LH concentrations
and LH/FSH ratios, has been explained, at least in part,
by a decreased sensitivity of the GnRH pulse generator to
the progesterone suppression [18-20]. In these adult
women with PCOS, the blockade of androgen action by
flutamide administration restored the sensitivity of GnRH
to estradiol and progesterone, thus supporting the role of
an increased androgenic activity mediated by the
androgen receptor (AR) to reduce the progesterone
negative feedback at the level of the GnRH pulse
generator [18,21]. More specifically, experiments
conducted in animal models showed that a special KNDy
subpopulation of cells in the arcuate nucleus, which
colocalise three important neuropeptides, kisspeptin,
neurokinin b and dynorphin, express steroid receptors
that include AR and connect with GnRH neurons in a
network, are responsible for transporting the testosterone
influence on GnRH neurons in the hypothalamic GnRH
pulse generator [22].

Although the insulin resistance of PCOS partially
has a genetic substrate [23,24], an increased



androgenic activity could amplify insulin resistance as
soon as testosterone in physiological concentrations
enhanced the insulin-induced IRS-1 serine 636/639
phosphorylation in differentiated rat skeletal muscle
myotubes [25]. AR is present in human addipose tissue,
at the level of preadypocites and adipocytes [26,27] and
Corbould demonstrated that testosterone induces a
selective insulin resistance in cultured subcutaneous
adipocytes of women, with action mediated by the
classical AR, given that AR antagonists, cyproterone
acetate and flutamide attenuated the effect of
testosterone on the glucose uptake [28].

These data suggest a link between an
increased androgenic activity, AR mediated, and the
development of insulin resistance in PCOS.

Whereas the classic target tissues such as
muscle and fat manifest insulin resistance in PCOS, the
ovaries of these patients remain sensitive to insulin or
perhaps hypersensitive to it [29]. In this condition,
compensatory hyperinsulinaemia in synergistic action with
LH will amplify all steroidogenesis and specifically
testosterone synthesis at the level of responsive ovarian
theca cells. The androgens, either circulatory or produced
locally, impair the ability of primary follicles to grow
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normally, with a marked increase in the number of
growing preantral and antral follicles, particularly in the
population of growing and classic primary follicles, leading
to the typical polycystic ovarian morphology [30]. Several
studies have demonstrated that high-dose androgen
treatment of transsexual women induced enlarged ovaries
with increased numbers of cystic follicles and theca-
interstitial hyperplasia, which meet the morphological
criteria for PCOS [31-33]. Although the gonadotropins
were suppressed in these subjects, their ovaries were not
suppressed. These observations suggested that
androgens per se might induce ovarian follicular and
theca interstitial growth [7]. These data, correlated with
experiments in non-human primates [7] and the evidence
for expression of AR in the human ovary, at germinal
epithelium, granulosa cells of antral follicles, corpus
luteum, and thecal and stromal cells [34], indicated that
the characteristic polycystic ovarian morphology, with
enlarged ovaries and numerous small follicular cysts,
might be the result of direct, receptor-mediated androgen
activity.

Therefore, the androgens modulate different
axes in the PCOS pathogenesis (Fig. 1), with androgenic
effects mediated by the AR.

Skeletal muscle

Adipocytes

Insulin resistance

Chronic hyperinsulinaemia

Fig. 1 Increased androgenic activity in the PCOS pathogenesis.

There is increased GnRH pulse frequency with preferential LH secretion at the pituitary level. LH stimulates testosterone
synthesis at the level of theca cells in the ovary. Testosterone reduces the negative progesterone feedback on the GnRH pulse
generator and amplifies insulin resistance in the adipocytes and skeletal muscle. Compensatory hyperinsulinaemia in synergy

with LH amplifies the testosterone production in the ovary.



Although the PCOS has demonstrated a familial
clustering and a suspected genetic basis, to date, there is
no evidence to support that a single gene defect might be
responsible for this syndrome [1,10,35]. However, several
studies have supported AR with higher activity, mediated
by AR gene polymorphism, as a significant determining
factor in the PCOS development [10,36-38] via increasing
androgenic activity, although androgens are in the normal
range.
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Fig. 2 The AR gene and encoded AR protein
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Molecular basis of AR activity and general
consequences in androgen pattern diseases

The AR, encoded by the AR gene located at
Xq11-g12, is a nuclear transcription factor and member of
the steroid receptor superfamily [39]. Its structure is
common to all of the nuclear receptors, comprising an N-
terminal activation domain, encoded by the exon 1 of the
gene, a central DNA-binding domain (DBD), encoded by
the exons 2 and 3, and a C-terminal ligand-binding
domain (LBD) encoded by the exons 4-8 [40,41] (Fig. 2).

X-q11-12

DBD

The AR gene consists of eight exons, encoding three domains in the AR protein: the transcription regulation domain (NTD),
the DNA-binding domain (DBD) and the specific ligand-binding domain (LBD). Exon 1 contains the polymorphic CAG repeat,
which encodes a polyglutamine (GIn) n tract in NTD. Elsevier granted permission to reproduce and modify this figure.

The unbound AR is inactive in the cytoplasm as
a large dynamic heterocomplex, together with heat shock
proteins (Hsp70 and Hsp90) and their co-chaperones
[42]. After ligand binding, AR adopts an active
conformation that facilitates the dissociation of heat shock
proteins, dimerisation, and binding to response elements
in the promoters of responsive genes in the nucleus. The
N-terminal activation domain accounts for more than 60%
of the AR protein and has a potent transcriptional activator
function (AF-1) at the level of androgen response
elements [43].

So far, have been described different point
mutations, deletions or insertions at the level of the
AR gene that influence the activity of AR in different
diseases, such as complete androgen insensitivity
syndrome (CAIS) [44], partial androgen insensitivity
syndrome (Reifenstein syndrome) [45] or prostate cancer
[44].

Moreover, has been shown that the activity of AR
is influenced by a genetic polymorphism in exon 1 of

20

the AR gene. There are two polymorphic trinucleotide
repeat fragments, CAGn and GGNn, in the first exon of
the AR gene, encoding two polyglutamine and polyglycine
tracts in the N-terminal activation domain. Although the
functional consequences of variation in the length of the
GGNn fragment are unclear, several in vitro studies have
evidenced an inverse relationship between the length of
the CAG polymorphic repeat (normal range, 8-35) and the
AR transcriptional activity [46-49]; however, there is no
uniform consensus [50].

In vivo studies support the majority of functional
data, which demonstrate a negative correlation between
the CAG repeat number and AR activity. Healthy men
whose AR has a CAG repeat length of greater than 28
have an increased incidence  of impaired
spermatogenesis and infertility [47], whereas the
expansion of the CAG repeat length of over 40 is related
to SBMA, a rare neuromuscular disorder characterised by
spinal and bulbar muscular atrophy and is associated with
androgen insensitivity, decreased virilisation, testicular



atrophy, reduced sperm production, and infertility [51].
Expanded CAGn repeat in the AR gene modulates other
male-specific phenotypes, such as prostate growth under
androgen substitution in hypogonadal men [52] or
different phenotypic features in untreated patients with
Klinefelter syndrome [53,54].

Conversely, shorter AR polyglutamine tracts and
thus a more transcriptionally active AR have been
associated with prostate cancer [55-59] or premature
pubarche [60].

CAG polymorphism of AR gene in PCOS

According to functional and in vivo data, CAG
repeat polymorphism, encoding an AR with increased
activity, might play a role in PCOS pathogenesis.
However, several studies centred on the association
between the CAG repeat polymorphism of the AR gene
and PCOS have conflicting results [10,36-38,61-69].

Some authors observed that short androgen
receptor CAGn alleles tended to appear more frequently
in women with PCOS than in controls [36]; this finding is
consistent with that of another study that described all of
the subjects with 15 or fewer CAG repeats as part of the
PCOS group [37]. Azziz et al and Schuring et al reported
significantly lower CAG repeats in patients with PCOS
than in controls [10,38,69], a finding consistent with our
preliminary data that demonstrated significantly shorter
biallelic means of CAG repeats in patients with PCOS
than in normal women [67].

Mohlig et al demonstrated that in women with
PCOS, the AR CAG repeat polymorphism has metabolic
consequences by modifying the impact of testosterone on
insulin resistance, which is consistent with prior known
functional data. In a statistical model that described
42.5% of the HOMA-IR variation, the elevated
testosterone increased the insulin resistance in carriers of
short CAG lengths; this effect attenuated with increasing
biallelic CAG length until it turned into the opposite at a
CAG length of longer than 23 [70].

Other studies showed no difference in CAG
repeat length between patients with PCOS and controls,
regardless of the fact that both alleles were considered
together or separately [61,63-66,68]; however, when
compared PCOS groups constructed by androgen levels,
one of these studies showed a trend for lower CAG
biallelic means in the subgroup of women with PCOS and
lower testosterone levels, which was consistent with a
role for androgen hyperactivity in the development of the
syndrome [61].

Contrary to the theory of an inverse relation
between CAG repeat number and receptor activity, the
study published by Hickey et al has shown that infertile
women with PCOS exhibited a greater frequency of CAG
alleles or biallelic means greater than 22 repeats
compared with both the fertile controls and the general
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population [62].

Regarding clinical hyperandrogenism of PCOS,
several studies found that neither hirsutism (or modified
Ferriman-Gallwey score) [38,61,65,68] nor acne [68] was
significantly ~ associated with the CAG repeat
polymorphism, whereas other studies found that short
CAG repeat was associated with hirsutism and acne
(69,71].

In addition to the conflicting data on the
association between genetically encoded CAG repeats
and PCOS, we should consider the X chromosome
inactivation (XCI) as a significant phenomenon present
in females because the AR gene is located on the X
chromosome; therefore, the AR activity is determined not
only by the AR genotype but also by the epigenetic effect
of XCI [69]. DNA methylation is an important epigenetic
mechanism in X chromosome inactivation [72], which
normally occurs in early embryogenesis as a random
event. A nonrandom X inactivation, either due to
environmental exposures or allelic differences, may
contribute significantly to the expression of PCOS [38].
Experimentally induced animal models, in monkeys or
sheep, showed that in utero hyperandrogenism
exposure may lead to abnormalities of epigenetic
reprogramming in foetal reproductive and metabolically
active tissues and may produce an impact on the
neuroendocrine development, gonadal differentiation and
pancreatic organogenesis [16], which ultimately results in
a PCOS phenotype in the adult life [3,16]. Prenatally
androgenised female rhesus monkeys developed a
PCOS-like phenotype as adults with increased visceral
adipose tissue and basal serum insulin levels [73],
conditions that correlated with different DNA methylation
patterns in both infant and adult visceral adipose tissue
[74]. An equivalent, naturally occurring situation with foetal
exposure to the androgen excess occurs in pregnant
women with PCOS [13,16,75-77].

The transitory foetal hyperandrogenemic

environment could modify (in humans as well as
monkeys) the foetal DNA methylation patterns in
various tissues, including the X chromosome
inactivation pattern and AR expression in the active X
chromosome, of which both are critical mechanisms
involved in the activity of AR.
We hypothesise that a hyperandrogenemic
environment could modify the process of
methylation, including the AR expression in the active
X chromosome, even when it appears in adult life,
based on the data that demonstrated a loss of
methylation of the LH receptor in the ovary of a
mouse model with PCOS induced by the
administration of dehydroepiandrosterone [78].

However, the controversies have also persisted
in the studies that analyse the XCl in patients with PCOS.
(Table 1).



Table 1. Studies of the CAG repeats and XCl in patients with PCOS
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Country No. of subjects PCOS Conclusions
Ethnicity diagnostic
Article criteria
PCOS Controls CAGn genetically XCl
encoded
Hickey Australia  Caucasian 122 83 NIH 1990 - greater frequency - preferential expression of longer CAG
2002 (infertile  of CAG alleles or biallelicrepeats in PCOS
patients) means >22 repeats in
infertile patients with
PCOS vs fertile controls
or general population
Shah USA Caucasian 270 165 NIH 1990 - a smaller biallelic mean - shorter CAG alleles, preferentially
2008 and of CAG repeats active in the PCOS with nonrandom X
Black associated with inactivation
increased odds of PCOS
Dasgupta India Asian 249 296 Rotterdam - the mean CAG repeats - among the PCOS with non-random X-
2010 2003 number was similar inactivation, alleles with <19 repeats were
between patients with ~ more frequently activated among patients
PCOS and controls than controls
Laisk Estonia  Caucasian 32 79 Rotterdam - no direct associations - no direct associations between XCl and
2010 2003 between AR CAG PCOS
repeats and PCOS
Radian Romania Caucasian 137 130 Rotterdam - biallelic means of CAG - the non-random subgroup of patients with
2010 2003 repeats were PCOS has significantly shorter X-weighted
significantly shorter biallelic means
between patients with
PCOS and controls
Schuring Germany  Caucasian 72 179 Rotterdam - biallelic means of CAG - X-weighted biallelic means of CAG
2011 2003 repeats, significantly ~ repeats were significantly shorter between

shorter between patients patients with PCOS and controls
with PCOS and controls

*In all of the studies, XCl was not significantly different between patients with PCOS and controls.

There are several limitations of the CAG repeat
polymorphism association studies in PCOS.

1. Regarding genetically encoded CAG repeat number
a. The inconsistent results could be explained, at least in
part, by the different ethnic backgrounds of individuals
with PCOS and controls, i.e., the Caucasian population of
an immigration country [62] or the heterogenic
populations of Chinese and Indians in Singapore [10,61].
The normal range of CAG repeats varied according to
ethnicity (approximately 10-30 in Caucasians [79], slightly
shorter in African-Americans and longer in Asians [80,81]
and became important if the control subjects were
recruited in a different population compared to the
corresponding groups with PCOS [37,61-63].

b. Other confounding factors could be the different criteria
used to define PCOS or sample sizes of patients and
controls.

2. Regarding the epigenetics

a. Presently, only two Hpall methylation pattern sites have
been assessed in the analysis of the AR gene by PCR-
based assays after digestion of DNA with methylation-
sensitive Hpall [10,38,62,65-67]. The results concluded
that overall XCl was not significantly different between
patients with PCOS and controls. However, three
important studies have found that the shorter allele of the
AR was preferentially active in PCOS in the subgroup of
women with non-random XCI [10,38,65]. Our preliminary
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results demonstrated significantly lower biallelic means
and X-weighted biallelic means of CAG repeat in the non-
random subgroup of patients with PCOS [67].

In the hirsute PCOS, one study concluded that
normoandrogenemic hirsutism was associated with
preferential methylation of the longer allele of the two AR
alleles, allowing for the shorter (and presumably, more
functional) allele to be expressed on the active X
chromosome [82]. On the contrary, no difference in the X
inactivation pattern was shown in other studies when the
hirsutism was analysed in patients with PCOS [10,38,83];
however, in one of these, a discrete preferential
expression of the shorter CAG allele was observed [38].

In this context, supplementary information can

be derived by investigating the methylation pattern of
AR’s entire sites near the polymorphic CAG repeats
because all of those CpG sites may be involved in
regulating AR expression in the active X chromosome
[78].
b. We should consider that XCl| can vary in different
tissues. In all of the previous studies, XCI was generally
tested by using blood samples, which does not appear to
reflect the condition in androgen target tissues [69]. One
important study demonstrated that total methylation of
peripheral blood leukocyte DNA is unaltered in patients
with PCOS vs. matched controls [84].

3. Finally, a large number of AR coactivators and
corepressors have been identified as critical to the AR



function. When they mediate tissue-specific androgen
effects, a variation in the expression or function of these
coregulators might contribute to the development of
PCOS [38,85]. Future genetic and physiologic studies are
required to identify the functional interactions between the
CAG repeats and these AR coregulators [38].

Conclusions

Genetic data that demonstrate a hyperactive
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of the CAG repeat polymorphism of the AR gene and are
inconsistent, thereby requiring more in vitro studies to
identify functional AR polymorphisms that affect AR
transactivity and different PCOS phenotypes. The
important role that AR with increased activity plays in the
PCOS pathogenesis is interesting in light of continuous

efforts to understand this complex disease, which might
represent an important connection between the multiple

characteristic  pathways,
neuroendocrine and insulin axis.

androgen receptor in PCOS are limited to the evaluation
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