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Abstract

Objective—To evaluate genes involved in androgen receptor (AR) signaling as candidate genes
for polycystic ovary syndrome (PCOS).

Design—Two groups of PCOS and control women (discovery and replication cohorts) were
genotyped for single nucleotide polymorphisms (SNPs) in eight genes for AR chaperones and co-
chaperones: HSPA1A, HSPAS, ST13, STIP1, PTGES3, FKBP4, BAG1, and STUBL. SNPs were
tested for association with PCOS status, and with androgenic and metabolic parameters.

Setting—Tertiary referral center.
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Capsule:
Single nucleotide polymorphisms in the FKBP4 gene, which codes for a co-chaperone of the androgen receptor, may be associated

with PCOS and body mass index.
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Patients—Discovery cohort: 354 PCOS and 161 control women. Replication cohort: 397 PCOS
and 306 control women.

Interventions—Phenotypic and genotypic assessment.

Main outcome measures—SNP genotypes, association with PCOS status, and androgenic and
metabolic parameters.

Results—In the discovery cohort, FKBP4 SNPs rs2968909 and rs4409904 were associated with
lower odds of PCOS. This finding was not confirmed in the replication cohort analysis; however,
when combining the two cohorts, rs4409904 was associated with lower odds of PCOS. In PCOS
subjects in the replication cohort as well as in the combined cohort, rs2968909 was associated
with lower BMI.

Conclusions—SNPs in FKBP4, which codes for the AR co-chaperone FKBP52, may be
associated with PCOS and BMI in PCOS patients. The remaining genes studied do not appear to
be major contributors to the development of PCOS. These findings warrant confirmation in future
studies, and genes encoding other androgen pathway components remain to be studied.

Keywords
PCOS; androgen receptor; chaperones; co-chaperones

Introduction

Polycystic ovary syndrome (PCOS) affects 6-8% of reproductive aged women and is
characterized by clinical and/or biochemical androgen excess, ovulatory dysfunction, and
polycystic ovaries. Genetic factors are thought to play a role in the etiology of PCOS. A
central feature of PCOS is androgen excess, manifesting as hirsutism and/or
hyperandrogenemia. However, hirsutism and ovulatory dysfunction may occur without
significantly elevated androgen levels (1). Among PCOS patients, 20-40% have normal
levels of circulating androgens, and even those with hyperandrogenemia often have a mild
degree of androgen elevation (1, 2).

In addition, approximately two-thirds of women with PCOS diagnosed by the NIH 1990
(classic) criteria demonstrate insulin resistance and compensatory hyperinsulinemia. Insulin
functions as a co-gonadotropin to promote ovarian androgen biosynthesis (3). However,
although hyperinsulinism is associated with hyperandrogenism in PCOS, insulin resistance
alone is not sufficient for the development of PCOS (4), suggesting that an underlying
(genetic) predisposition to hyperandrogenism must also be present.

Given these observations, it appears that women with PCOS are genetically predisposed to
heightened androgen sensitivity. This rationale led us to hypothesize that inherited
abnormalities in genes involved in the androgen signaling pathway may contribute to the
development of PCOS.

Androgen signaling occurs via the androgen receptor (AR). The AR is a ligand-dependent
transcription factor belonging to the nuclear receptor superfamily. When unbound to ligand,
the AR is maintained in a state of readiness for ligand-binding through interactions with a
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large dynamic hetero-complex composed of chaperones and co-chaperones that associate
with the AR in an assembly-line fashion (5-11) (Figure 1). Chaperones are molecules that
bind directly to the AR to affect its configuration, while co-chaperones bind to and assist in
the function of chaperones. Chaperones allow steroid receptors to reach their mature and
functional conformation by assisting in receptor folding, and are involved in the intracellular
trafficking, transcriptional activity, and degradation of steroid receptors. The chaperone
hetero-complex consists of heat shock proteins (Hsp), which act mainly as chaperones, and
their co-chaperones. The two principal heat shock proteins are Hsp70 and Hsp90. Upon
hormone binding, the AR is transformed into the DNA-binding competent state and
transported into the nucleus, where it regulates gene expression. In addition to chaperones
and co-chaperones, coregulators (coactivators that enhance gene expression by the receptor
and corepressors that inhibit gene expression) also affect the function of nuclear receptors
(10, 12, 13). Similar to the chaperone heterocomplex, these coregulators exist in large
multiprotein complexes, and the sequential recruitment of coregulators is thought to be
required for proper gene expression (12).

Abnormal function or expression of chaperones and co-chaperones has been shown to affect
AR activity, which may contribute to androgen-dependent disease states such as prostate
cancer (5). One study found that over-expression of Hsp70 and its co-chaperone Bag-1 in
prostate cancer cells enhanced transcriptional activity of the AR (14). Mice deficient in the
AR co-chaperone Fkbp52 have phenotypic changes including hypospadias, ambiguous
external genitalia, and malformation of the seminal vesicles and prostate (15). Genes
encoding components of the chaperone complex are logical candidates to delineate the role
of androgen signaling in conditions such as PCOS.

The hypothesis of the present study is that inherited abnormalities in genes encoding AR
chaperones and co-chaperones may influence the development or phenotype of PCOS. This
was tested by determining whether single nucleotide polymorphisms (SNPs) within such
genes are associated with PCOS or androgenic and metabolic parameters in women with
PCOS. This first genetic association study of these genes in PCOS also includes a
replication effort.

MATERIALS AND METHODS

Subjects and Phenotyping

Discovery cohort—The discovery phase aimed to investigate the role of the selected
chaperones and co-chaperones in the androgen signaling pathway as new candidate genes
for PCOS. The discovery cohort included 354 unrelated Caucasian women with PCOS and
161 healthy Caucasian controls. These subjects were recruited at two centers, the University
of Alabama at Birmingham (242 PCOS and 146 controls) and Cedars-Sinai Medical Center
(CSMC, 112 PCOS and 15 controls).

Subjects with PCOS were recruited by offering participation in research studies to patients
meeting the following inclusion criteria: premenopausal, non-pregnant, taking no hormonal
therapy including oral contraceptives for =3 months, and meeting diagnostic criteria for
PCOS. PCOS was defined according to the 1990 NIH criteria: oligomenorrhea, hirsutism
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and/or hyperandrogenemia, and the exclusion of related disorders (16). Parameters for
defining hirsutism, hyperandrogenemia, ovulatory dysfunction, and exclusion of related
disorders were previously reported (17).

Controls were recruited by word of mouth and posted advertisements. Controls were
healthy, eumenorrheic, premenopausal women taking no hormonal therapy for =3 months,
and having no personal or family history of hirsutism or endocrine disorders. All subjects
underwent a physical examination and morning blood sampling in the fasting state per a
previously described protocol (17).

Fasting glucose and insulin levels were available for a subset (70%) of subjects in the
discovery cohort. This subset did not differ demographically or hormonally from the study
subjects overall. Using the fasting glucose and insulin data, the computer-based homeostasis
model assessment (HOMA, www.dtu.ox.ac.uk/homa) was used to calculate indices of
insulin resistance (HOMA-IR) and insulin secretion/beta-cell function (HOMA-%B). The
following parameters were tested for association with SNP genotypes: PCOS status, total
testosterone, DHEAS, fasting insulin, fasting glucose, HOMA-IR, HOMA-%B, and body
mass index (BMI).

Replication cohort—The second part of the study was the replication phase, where the
intent was to reproduce significant results identified in the discovery phase of the study in a
larger group of PCOS and control women. The replication cohort consisted of 397 unrelated
Caucasian women with PCOS (all meeting 1990 NIH criteria) and 306 Caucasian controls.
The subjects were derived from three sources: 380 PCOS subjects and 71 controls
previously recruited at Pennsylvania State University (18), 17 PCOS subjects and 2 controls
recruited at CSMC, and 233 control women derived from the Cholesterol and
Pharmacogenetics (CAP) study (19). The CAP samples consist of general community
controls.

All subjects gave written consent to study participation. The study was approved by the
Institutional Review Boards of the recruiting centers and CSMC.

Eight genes were selected based on their roles in the AR signaling pathway. These genes
encode chaperones and co-chaperones of the AR (Figure 1). Gene selection and Figure 1
were primarily based on the review by Prescott and Coetzee (5). The candidate genes
include heat shock 70kDa protein 1A (HSPALA, on chromosome 6p21.3) and heat shock
70kDa protein 8 (HSPAS8, on chromosome 11924.1), which encode the hsp70 family
member chaperones Hsp70 protein 1A and Hsc70, respectively. The following co-chaperone
genes were also studied: ST13 (on chromosome 22g13.2, encodes Hsc70 interacting protein
(Hip)), STIP1 (on chromosome 11q13, encodes Hsp organizer protein (Hop)), PTGESS3, on
chromosome 12¢13.3, encodes p23), FKBP4 (on chromosome 12p13.33, encodes FK506-
binding protein of 52 kDa (FKBP52)), BAG1 (on chromosome 9p12, encodes Bag-1), and
STUBL (on chromosome 16p13.3, encodes carboxy terminus of Hsc70-interacting protein
(CHIP)).
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SNPs within these genes were selected using the genotype data of the International HapMap
database (release 24), which allows selection of a limited number of tagging SNPs to capture
the majority of genetic variation within genes (20). The CEU population (Utah residents
with ancestry from northern and western Europe) of HapMap was used, as all subjects in our
study were Caucasian. Fifty SNPs were selected to capture the common variation in these
eight genes plus 50 kb upstream and 5 kb downstream: 11 in FKBP4, 8 in ST13, 7 in
HSPAS, 6 in STUBL, 6 in STIPL, 5 in HSPA1A, 4 in PTGESS3, and 3 in BAGL. All 50 SNPs
were genotyped in the discovery cohort using Golden Gate technology (I1lumina, San Diego,
CA). Of the 50 SNPs, two failed to genotype properly (rs138349 in ST13 and rs2186571 in
STIP1). In the replication cohort, two SNPs in FKBP4 (rs2968909 and rs4409904) were
genotyped using Applied Biosystems Tagman Assays-on-Demand (Applied Biosystems,
Foster City, CA). All genotyping was conducted at Cedars-Sinai Medical Center.

Statistical analysis

In the primary analysis, SNPs were tested for association with PCOS status. In secondary
analyses, SNPs were tested for association with the following quantitative traits: total
testosterone, DHEAS, fasting insulin, fasting glucose, HOMA-IR, HOMA-%B, and BMI.
The additive genetic model was used in all analyses. The discovery cohort was used to test
for association of all 48 SNPs with the presence or absence of PCOS. This was evaluated
using logistic regression, adjusting for age, BMI, and recruitment site. SNPs that were found
to be significantly associated with PCOS in the discovery cohort were genotyped again in
the larger replication cohort. Association of SNPs with quantitative metabolic and
androgenic traits were evaluated using analysis of covariance (ANCOVA), adjusting for age,
BMI, and site. The analyses where BMI was the dependent variable were adjusted for
recruitment site and age only. Quantitative traits were log- or square root-transformed as
appropriate to reduce non-normality. Similar analyses were conducted in the replication
cohort and in a meta-analysis of both cohorts. Unpaired t-tests were used to compare clinical
characteristics between cases and controls.

Significance was taken as P<0.05 for association with PCOS status (the primary analysis) in
both the discovery and replication cohorts. For testing association with quantitative
parameters in the discovery cohort, significance was taken as P<0.003, given that eight
genes were analyzed against two families of traits (androgens and metabolic traits), yielding
a Bonferroni correction factor of 16 (0.05/16 = 0.003). For testing association with
quantitative parameters in the replication cohort, significance was taken as P<0.025, given
that one gene was analyzed against two families of traits, yielding a Bonferroni correction
factor of 2. Data are displayed as median (interquartile range). The above analyses were
carried out using Statview 5.0 (SAS Institute, Cary, NC).

Using the Genetic Power Calculator program (21), the power for an association study was
calculated for case-control design for discrete traits. Assuming a population prevalence of
PCOS of 7%, the power was calculated for various allele frequencies and relative risks.
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RESULTS

The clinical characteristics of PCOS and control subjects are detailed in Table 1. In both
cohorts, women with PCOS were younger and had higher BMI, total testosterone, DHEAS,
insulin, HOMA-IR, and HOMA-%B compared to the controls (P<0.0001).

In the discovery cohort, the sample size of 354 cases and 161 controls had excellent power
(=90%) to detect association of risk alleles of frequency =0.1 with PCOS at odds ratio =3,
and fair-to-excellent power (62-93%) to detect association at odds ratio =2 (Supplementary
Table 1). In the replication cohort, the sample size of 397 cases and 306 controls had good to
excellent power (>80%) to detect association of risk alleles of frequency =0.1 with PCOS at
odds ratio =2, and fair-to-excellent power (62-94%) to detect association at odds ratio 1.75.
The power calculations revealed lower power to detect association of rare risk alleles
(frequency <0.1) with PCOS at odds ratios of 1.5.

The minor allele frequencies of the 48 SNPs genotyped in the discovery cohort and their
locations within the genes are listed in Supplementary Table 2. All SNPs were in Hardy-
Weinberg equilibrium except rs3830140 in STUB1 (P=0.005). Of the SNPs studied in the
discovery cohort, two SNPs in the FKBP4 gene had significant association with PCOS
status. Rs2968909 (OR=0.62, 95% CI 0.39-0.99, P=0.048) and rs4409904 (OR=0.48, 95%
Cl 0.29-0.78, P=0.003), were both associated with reduced odds of PCOS. These SNPs are
not in linkage disequilibrium (r2=0.18). Rs7290793 in ST13 was also associated with
reduced odds of PCOS (OR=0.51, 95% CI 0.27-0.95, P=0.035). There was no association of
these three SNPs with any of the quantitative parameters assessed. The remaining SNPs in
FKBP4, ST13, STIP1, HSPA1A, HSPA8, STUB1, PTGESS3, and BAG1 had no significant
association with either PCOS status or the quantitative parameters among PCOS subjects.

Because two independent SNPs in FKBP4 were associated with PCOS, we decided to focus
on this gene in the replication effort. The minor allele frequencies of the two FKBP4 SNPs
were similar to the frequencies observed in the discovery cohort (rs2968909, overall 0.17,
PCOS 0.15, control 0.19; rs4409904, overall 0.13, PCOS 0.10, control 0.15). Before
adjusting for age, BMI, and site, both SNPs were associated with reduced odds of PCOS:
rs2968909, OR=0.74, 95% CI 0.56-0.99, P=0.045; rs4409904, OR=0.63, 95% CI 0.45-0.88,
P=0.006. However, after adjustment, the statistical significance of the associations was lost:
rs2968909 OR=0.84, 95% CI 0.51-1.37, P=0.48; rs4409904 OR=0.74, 95% CI 0.39-1.41,
P=0.36. Analysis of the quantitative parameters in the PCOS cases revealed an association
of rs2968909 with BMI, with increasing copies of the minor allele G correlating with
decreasing BMI: CC 35.70 (12.04), GC 33.28 (12.34), GG 26.73 (16.11) kg/m?; P=0.004.
This association with BMI was not observed in the control group. The two FKBP4 SNPs
were not significantly associated with the remaining quantitative traits (Supplementary
Table 3).

A final analysis of the two FKBP4 SNPs was performed in a meta-analysis of the discovery
and replication cohorts. rs2968909 was not significantly associated with PCOS (P=0.054),
while rs4409904 was associated with significantly reduced odds of PCOS (OR=0.56, 95%
Cl 0.39-0.84, P=0.004) after adjusting for age, BMI, and site. Meta-analysis of the
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quantitative parameters in the PCOS cases revealed a trend for association of rs2968909
with BMI similar to that in the replication cohort, with each additional copy of the minor
allele G decreasing BMI by 1.2 kg/m?; P=0.025.

DISCUSSION

This study was based on the general hypothesis that inherited abnormalities in genes
involved in androgen signaling may contribute to PCOS. Previous studies examining the
association of PCOS with genes involved in androgen biosynthesis and action have lent
some support to this hypothesis. Several studies focused on the AR gene. Exon 1 of the AR
gene contains a variable length CAG repeat polymorphism, and shorter CAG repeats may
increase the transactivation function of the androgen receptor (22). Some studies found
associations of this variant with PCOS and androgenic traits including testosterone levels,
hirsutism scores, and acne (23-29); however, other studies have not found these associations,
and a meta-analysis was negative for association with PCOS (30). Therefore, it is not yet
known with certainty whether this polymorphism is a major contributing factor to the
development of PCOS.

Variants in other genes that promote androgen signaling have been studied for association
with PCOS, including the genes encoding the two 5a-reductase enzymes, which convert
testosterone to the more potent dihydrotestosterone in target tissues such as hair follicles. In
these studies, variants in both the SRD5A1 and SRD5A2 genes (which encode the type 1 and
type 2 isoforms, respectively) were associated with PCOS, and variation in SRD5A1 was
associated with the degree of hirsutism in PCOS women (31, 32). Another gene found to be
associated with PCOS is small glutamine-rich tetratricopeptide repeat-containing protein
alpha (SGTA). SGTA is a co-chaperone that binds to the AR and inhibits its action by
holding the AR in the cytoplasm, preventing it from translocating to the nucleus and
activating target genes. Variants within SGTA were found to be associated with PCOS and
with increased insulin resistance in affected women (33, 34).

Given the above evidence that variation in genes involved in androgen signaling may
contribute to PCOS, we aimed to expand the number of genes studied in the androgen
signaling pathway. None of these genes had been previously studied as candidate genes for
PCOS. The chaperone and co-chaperone proteins encoded by these genes play critical roles
in changing the AR’s conformational state, which is crucial to the function of the AR (5).
The chaperone complex configures the AR into an inactive intermediate with a high affinity
for hormone. Without the chaperone complex, the AR is not accessible to hormone. The
cycle of this complex in the proper folding, transport, and transcriptional activity of the AR
is depicted in Figure 1.

In our analysis, minor alleles of two SNPs in FKBP4, rs2968909 and rs4409904, were found
to be associated with reduced odds of PCOS in the discovery cohort. This association was
not confirmed in the replication cohort after adjustment for age, BMI, and site. However,
before adjustment, both SNPs had significant protective associations with PCOS. In the
meta-analysis, rs4409904 was significantly associated with reduced odds of PCOS. In
women with PCOS, the minor allele of SNP rs2968909 was associated with lower BMI,
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which might explain why adjustment eliminated the association of this SNP with PCOS.
These results suggest that the co-chaperone coded by FKBP4, FKBP52, might influence
PCOS risk not only by effects on androgen signaling, but also via effects on adiposity, a trait
known to exacerbate the PCOS phenotype.

If these FKBP4 variants, both of which are located upstream of the gene, were to have true
association with PCOS, they may be causal or they may be in linkage disequilibrium with
functional variants elsewhere in the gene or in its promoter. Potential residence of SNPs in
regions of predicted regulatory function was evaluated using data from the ENCODE
(Encyclopedia of DNA Elements) Project implemented in the UCSC Genome Browser
(Supplementary Figure 1) (35, 36). DNase hypersensitivity sites in fibroblasts and induced
pluripotent stem cells overlap the SNP rs4409904, indicating this locus is transcriptionally
active. This SNP is also on the shore of an estrogen receptor alpha binding motif that is
occupied in the breast cancer cell line T-47D, indicating this transcription factor binding site
may play a role in hormone dependent signaling. Absence of detected regulatory or
transcriptional activity around rs2968909 suggests it may not be a functional variant.
However, this variant is in strong linkage disequilibrium (r2>0.8) with a number of other
markers, particularly rs10047621, which overlaps active promoter marks, enhancer marks,
transcription factor binding sites and alters the motifs for 11 transcription factors, and
therefore likely influences transcription of FKBP4.

Our study has several strengths. The genes studied have not been previously assessed for
association with PCOS, and therefore our analysis contributes to the fund of knowledge
about the genetic basis of PCOS. A major strength is the inclusion of two cohorts of women
in the study. Replicating positive findings is a critical aspect of performing genetic
association studies, as replication decreases the chance of false positive findings. In addition,
our analysis included a well-characterized, homogenous group of PCOS cases in both
cohorts, with all patients meeting the 1990 NIH criteria. This minimizes the heterogeneity
that arises when different diagnostic criteria for PCOS are used. Consequently, however, our
results may not be generalizable to women who meet 2003 Rotterdam criteria for PCOS (37)
but not 1990 NIH criteria (e.g. those with oligo-ovulation and polycystic ovarian
morphology without hyperandrogenism) or to non-White race groups.

While our cohort sizes were not small, an even larger number of cases and controls would be
required to detect more modest associations between SNPs and odds of PCOS. The
candidate gene approach of this study presents a potential limitation. This approach relies on
the a priori knowledge of the functional role of a relatively small number of possible gene
candidates. This is in contrast to the genome-wide association study (GWAS) approach, of
which two have been conducted in Chinese PCOS cohorts (38, 39) and one in European
cohorts (40). While FKBP4 was not a signal in these GWAS, we should note that a benefit
of a hypothesis-driven study of candidate genes is the lower P value penalty resulting from
fewer tests performed than in GWAS.

In summary, our initial data suggested an association of two SNPs in FKBP4 with reduced
odds of PCOS; however, while this finding was not robustly reproduced in the replication
cohort, the meta-analyses did show a protective association of rs4409904 with PCOS and of
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rs2968909 with lower BMI in affected women. Additional studies of FKBPA4, particularly in
larger cohorts, are needed. While variations in the other genes examined do not appear to be
major contributors to the development of PCOS, minor effects cannot be excluded. Future
studies investigating the role of other AR pathway genes including coactivators and
corepressors of the AR, as well as other genes relevant to androgen sensitivity, are required
to fully elucidate the role of inherited abnormalities in androgen sensitivity in the
pathogenesis of PCOS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Molecular chaperones of the androgen receptor
Shaded chaperone and co-chaperones are those whose genes were included in this study.

The first chaperone to interact with the AR as it is translated on the ribosome is Hsp70 and
its co-chaperone Hsp40. Together, these proteins prevent irreversible aggregation of the AR
in the cytoplasm. Next, Hip, another Hsp70 co-chaperone, prolongs the interaction of the
AR and this intermediate chaperone complex. Hop then forms a bridge between Hsp70 and
Hsp90 using tetratricopeptide repeat (TPR) domains, which mediate protein-protein
interactions. Next, co-chaperone p23 binds to Hsp90 to stabilize the AR in this intermediate
conformation, while Hip, Hop, and Hsp70 dissociate. The release of Hop allows other TPR-
containing co-chaperones, including FKBP52 and SGTA, to compete for the TPR binding
site on Hsp90. FKBP52 binding generates the final complex prior to hormone binding. Upon
hormone binding, the AR is transformed into the DNA-binding active state. Hormone
binding leads to dissociation of the AR from the chaperone complex. However, Hsp70 and
Hsp40 re-associate, and assist in transporting the AR across the nuclear membrane. In the
nucleus, Hsp70 and Bag-1 (a Hsp70 co-chaperone) are recruited with the AR to promoter
regions of AR target genes. Bag-1 is thought to upregulate AR transcriptional activity,
binding directly to the N-terminal domain of the AR which contains its major transactivation
function. Degradation of structurally unsound AR occurs via the ubiquitin-proteasome
pathway. CHIP (not depicted), a TPR-containing Hsp70 co-chaperone, interacts with the
complex at multiple stages to cause dissociation and loss of ligand binding ability. This is
followed by ubiquitylation and degradation via the proteasome.
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Table 1

Clinical characteristics of PCOS and control subjects
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Age (years)

BMI (kg/m?)

Total testosterone (ng/dl)
DHEAS (pg/dl)

Insulin (uIU/ml)

Glucose (mg/dl)
HOMA-IR

HOMA-%B

Discovery

Control PCOS

(n=161) (n=354)
330(15.0) 267 (10.2)2
24.0 (5.5) 31.2 (14.9)2
40.0(26.8)  70.0 (40.0)2
98.4(733)  218.8(183.1)

7.1(6.4) 14.0 (16.2)2
85.0 (10.0) 85.0 (11.0)
098(082) 177 (1.91)2
106.7 (52.2) 1525 (100.8)2

Replication

Control PCOS

(n=306) (n=397)
51.0 (23.8) 28.0 (9.0)2

25.9 (8.3) 35.0 (12.3)2
20.0(150)  70.1 (32.0)2
137.1(626) 2107 (145.3)2

12.0(7.5) 21.0 (16.0)2
90.3(12.2)  87.5(115)
158(0.96)  270(1.82)2
1295(58.3)  196.8 (82.0)2

aP<0.0001 compared to control group. Data are median (interquartile range).
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