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studyquestion: Are PCOS risk variants identified in women of Han Chinese ethnicity also associated with risk of PCOS or the phenotypic
features of PCOS in European women?

summaryanswer: One variant, rs2268361-T, in the intron of FSHR was associated with PCOS and lower FSH levels, while another variant
rs705702-G near the RAB5B and SUOX genes was associated with insulin and glucose levels after oral glucose testing in women with PCOS of
European ethnicity.

what is known already: Three of the eleven variants associated with PCOS in the Han Chinese genome-wide association studies
were also associated with PCOS in at least one European population when corrected for multiple testing (DENND1A, THADA and YAP1).
However, additional replication is needed to establish the importance of these variants in European women and to determine the relationship
to PCOS phenotypic traits.

study design, size, duration: The study wasa case–control examination in a discovery cohort of women with PCOS (n ¼ 485) and
controls (n ¼ 407) from Boston (Boston 1). Replication was performed in women from Greece (cases n ¼ 884 and controls n ¼ 311) and an
additional cohort from Boston (Boston electronic medical record (EMR); n ¼ 350 cases and n ¼ 1258 controls).

participants/materials, settings, methods: Women had PCOS defined by the National Institutes of Health criteria in
Boston 1 and Greece (n ¼ 783), with additional subjects fulfilling the Rotterdam criteria (hyperandrogenism, polycystic ovary morphology and
regular menses) in Greece (n ¼ 101). Controls in Boston and Greece had regular menstrual cycles and no hyperandrogenism. The second
cohort from Boston was defined using the EMR and natural language processing. Allele frequencies for variants associated with PCOS in Han
Chinese women were examined in PCOS cases and controls, along with the relationship to quantitative traits.

main results and the role of chance: A variant rs2268361-T in an intron of FSHR was associated with PCOS (0.84 [0.76–
0.93], OR [95% CI]; P ¼ 0.002). The rs2268361-T was associated with lower FSH levels (20.15+0.05; P ¼ 0.0029). A variant rs705702-G
near RAB5B and SUOX was associated with insulin (20.16+0.05, P ¼ 0.0029) and glucose levels (20.20+0.05, P ¼ 0.0002) 120 min after
an oral glucose test.

limitations, reasons for caution: The study was large and contained replication cohorts, but was limited by a small number of
controls in the Greek cohort and a small number of cases in the second Boston cohort. The second Boston group was identified using electronic
medical record review, but was validated for the cardinal features of PCOS.

wider implications of the findings: This study demonstrates a cross-ethnic PCOS risk locus in FSHR in women of European
ancestry with PCOS. The variant may influence FSH receptor responsiveness as suggested by the associated change in FSH levels. The relationship
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between a variant near RAB5B and SUOX and glucose stimulated insulin and glucose levels suggests an influence of one of these genes on glucose
tolerance, but the absence of a relationship with PCOS points to potential differences in the international PCOS patient populations.

study funding/competing interests: The project was supported by Award Number R01HD065029 from the Eunice Kennedy
Shriver National Institute Of Child Health & Human Development, Award Number 1 UL1 RR025758, Harvard Clinical and Translational Science
Center, from the National Center for Research Resources, award 1-10-CT-57 from the American Diabetes Association and the Partners Health-
care Center for Personalized Genetics Project Grant. C.K.W. is a consultant for Takeda Pharmaceuticals.

trial registration number: NCT00166569.
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Introduction
Polycystic ovary syndrome (PCOS) is the most common endocrino-
pathy in reproductive age women, affecting 7–10% of this group. Car-
dinal features include irregular menstrual cycles, hyperandrogenism
and polycystic ovarian morphology (Rotterdam, 2004). Obesity and
insulin resistance are also common, along with increased risk of diabetes,
metabolic syndrome and other cardiovascular diseases (Ehrmann et al.,
1995, 1999). Despite the detrimental impact of the disorder on women’s
health, the etiology remains poorly understood.

Twin studies suggest that genetic influences explain over 70% of PCOS
pathogenesis (Vink et al., 2006). A genome-wide association study
(GWAS) in Han Chinese women identified eight risk loci for PCOS at
9q22.32, 11q22.1, 12q13.2, 12q14.3, 16q12.1, 19p13.3, 20q13.2 and
an independent signal at 2p16.3 (Shi et al., 2012), in addition to three
loci identified previously at 2p16.3, 2p21, and 9q33.3 (Chen et al.,
2011). Three of the eleven variants associated with PCOS in the Han
Chinese GWAS were also associated with PCOS in at least one European
population when corrected for multiple testing, including DENN/MADD
domain containing 1A (DENND1A), thyroid adenoma associated (THADA)
and yes-associated protein 1(YAP1) (Goodarzi et al., 2012; Welt et al.,
2012; Louwers et al., 2013; Brower et al., 2014). However, additional rep-
lication is needed to establish the importance of these variants in European
women and to determine the relationship to PCOS phenotypic traits. We
examined the eightnew susceptibility variants ina PCOScase–controldis-
covery cohort in Boston (Boston 1) and replicate populations in Greece
and a second cohort in Boston identified through the electronic medical
record (Boston EMR). We also examined important phenotypic PCOS
traits in relation to these variants.

Materials and Methods

Study subjects
Subjects in the discovery cohort from Boston (Boston 1) were of European
ethnicity, aged 18–45 years and with PCOS defined by the NIH criteria,
i.e. irregular menses and clinical or biochemical hyperandrogenism
(n ¼ 527). Subjects with non-classic congenital adrenal hyperplasia, hypothy-
roidism, elevated prolactin levels, Cushing syndrome and primary ovarian
insufficiency were excluded (Welt et al., 2006). Control subjects (n ¼ 426)
consisted of women aged 18–45 years with regular menses, between 21
and 35 days, and no hyperandrogenism (Welt et al., 2006).

Replication was performed in women from Greece with PCOS defined by
the NIH criteria, as above (n ¼ 783) and Rotterdam criteria, i.e. clinical or
biochemical hyperandrogenism, polycystic ovary morphology and regular

menstrual cycles (n ¼ 101). Controls had regular ovulation, serum proges-
terone levels .10 ng/ml in the luteal phase of the menstrual cycle,
and no evidence of clinical or biochemical hyperandrogenism (n ¼ 311)
(Georgopoulos et al., 2013). An additional cohort from Boston was identified
using the electronic medical record to identify the term ‘polycystic ovary
syndrome’ in clinical notes and natural language processing to confirm the
diagnosis with two out of three Rotterdam criteria (Boston EMR, n ¼ 350)
(Savova et al., 2010). Controls were also identified through the electronic
medical record, age-matched to cases (n ¼ 1258).

Ethical approval
The study was approved by the Institutional Review Board at Partners Health-
care, the School of Medicine at the University of Patras, and the Aristotle
University of Thessaloniki. All subjects gave written informed consent.

Protocol
All PCOS subjects were studied .10 days after their last menstrual period and
aftera 12 h fast (Welt etal., 2006). Subjectsunderwent a detailedhistory; phys-
ical exam including measurement of waist circumference at the umbilicus and
hip circumference at the widest diameter; a pelvic ultrasound (Phillips, 5 MHz
convex array transducer); and blood samples for lipids, glucose, insulin, go-
nadotrophin and sex-steroid levels. LH and FSH levels were obtained at
10 min intervals to calculate an average gonadotrophin concentration. Using
data from blood samples collected every 10 min over 12 h in women with
PCOS and ovulatory controls (Taylor et al., 1997), we documented that the
mean LH secretion from 12 h of frequent blood samples correlates well
with the value obtained from the mean of three samples collected from
0800–0820 h (r ¼ 0.92, P , 0.01) (Welt et al., 2006).

SNP selection and genotyping
Ten SNPs from the eight loci reported by Shi et al. (2012) and listed in Table I
were selected for analysis in all sample sets. Genotyping in the discovery
Boston 1 cohort was performed using the OmniHumanExpress Bead Chip
(Illumina, San Diego, CA, USA). Subjects were removed for inbreeding
(n ¼ 16) and for population stratification after analysis using Eigenstrat
(n ¼ 60), with some samples overlapping (n ¼ 15) (Eigensoft version 6.0.1,
github.com/DReichLab/EIG, USA). Therefore, a total of 93.6% of the
samples passed the quality control review. Only single-nucleotide poly-
morphisms (SNPs) present at a frequency of ≥1% in the population were
included. Of these 951 117 SNPs, 940 474 SNPs (98.9%) passed quality
control. SNPs removed included 3851 for a call rate of ,95% or unmatched
call rates in cases and controls, 6123 which demonstrated a batch effect
(P , 1 × 1026) and 1624 that departed from Hardy–Weinberg Equilibrium
(P , 1 × 1026). Imputation was performed in the software package Impute
2 (Marchini et al., 2007) using the 1000 genomes phase 1 v2 March 2012
panel. Genotyping in the Greek cohort was performed with single-plex
PCR reactions using nanofluidics technology (Fluidigm, San Francisco).
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Table I Odds ratios (OR) and P-values for the association of PCOS with ten SNPs (single-nucleotide polymorphism) identified in a genome-wide association study of
Han Chinese women with PCOS.

SNP-allele Nearest gene OR Chinese Frq Chinese Samples P Study OR (95% CI) Frqcases Frqcontrols PCombined Combined OR (95% CI) PHet

rs2268361-T FSHR 0.84 0.496 Boston 1 0.11 0.83 (0.68–1.01) 0.61 0.65 0.002 0.84 (0.76–0.93) 0.9

2p16.3 Greek 0.048 0.79 (0.54–1.00) 0.57 0.62

Boston EMR 0.11 0.85 (0.64–1.03) 0.59 0.63

rs2349415-T FSHR 1.33 0.181 Boston 1 0.61 1.07 (0.87–1.24) 0.35 0.33 0.09 1.14 (0.99–1.31) 0.4

2p16.3 Greek 0.97 1.00 (0.83–1.22) 0.37 0.37

Boston EMR 0.04 1.20 (1.01–1.42) 0.38 0.34

rs4385527-A C9orf3 0.78 0.219 Boston 1 0.12 0.86 (0.71–1.04) 0.4 0.43 0.91 0.99 (0.90–1.10) 0.097

9q22.32 Greek 0.63 0.96 (0.79–1.15) 0.45 0.47

Boston EMR 0.13 1.14 (0.96–1.35) 0.46 0.42

rs3802457-A C9orf3 0.69 0.096 Boston 1 0.36 0.86 (0.49–1.53) 0.026 0.03 0.65 0.93 (0.67–1.30) 0.92

9q22.32 Greek 0.67 0.88 (0.49–1.59) 0.023 0.026

Boston EMR 1 1.00 (0.62–1.62) 0.031 0.031

rs1894116-G YAP1 1.30 0.194 Boston 1 0.37 1.13 (0.83–1.52) 0.11 0.1 0.007 1.25 (1.04–1.49) 0.66

11q22.1 Greek 0.12 1.26 (0.94–1.67) 0.14 0.11

Boston EMR 0.03 1.37 (1.04–1.80) 0.11 0.083

rs705702-G RAB5B/SUOX 1.32 0.245 Boston 1 0.85 0.95 (0.78–1.16) 0.33 0.34 0.88 1.01 (0.90–1.13) 0.51

12q13.2 Greek 0.38 1.10 (0.89–1.36) 0.27 0.25

Boston EMR 0.54 0.95 (0.79–1.13) 0.3 0.32

rs2272046-C HMGA2 0.67 0.093 Boston 1 0.96 1.00 (0.56–1.80) 0.026 0.026 0.52 1.12 (0.78–1.59) 0.43

12q14.3 Greek 0.15 1.59 (0.84–2.99) 0.031 0.019

Boston EMR 0.8 0.93 (0.53–1.63) 0.023 0.025

rs4784165-G TOX3 1.26 0.325 Boston 1 0.03 1.36 (1.10–1.67) 0.32 0.26 0.02 1.15 (1.02–1.29) 0.16

16q12.1 Greek 0.76 1.03 (0.84–1.26) 0.31 0.31

Boston EMR 0.3 1.10 (0.92–1.33) 0.3 0.27

rs2059807-A INSR 1.24 0.301 Boston 1 0.61 0.91 (0.68–1.10) 0.36 0.39 0.85 1.01 (0.92–1.11) 0.2

19p13.3 Greek 0.16 1.15 (0.94–1.40) 0.36 0.33

Boston EMR 0.44 0.93 (0.79–1.11) 0. 37 0.39

rs6022786-A SUMO1P1 1.24 0.339 Boston 1 0.37 0.95 (0.74–1.13) 0.42 0.43 0.54 1.03 (0.93–1.14) 0.58

20q13.2 Greek 0.16 1.04 (0.86–1.25) 0.47 0.46

Boston EMR 0.29 1.10 (0.93–1.30) 0.46 0.44

For each SNP, the table includes the OR and frequency (Frq) of the risk allele in the Chinese population, the P-value, OR, and frequency in cases and controls for the three sample sets, and the P-value (Pcombined) and OR (ORcombined) for the three
samples sets combined using a Mantel–Haenszel model (Mantel and Haenszel, 1959), together with the P-value, PHet, for the test of heterogeneity in the effect estimates between the sample sets.
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Genotyping in the replicate Boston cohort was performed using OpenArray
TaqMan assays (Life Technologies, New York, NY, USA).

Statistical analysis
Genetic PCOS case–control association analyses were performed using
SNPtest (Marchini et al., 2007) using genotyped and imputed SNPs with
observed/expected variance information greater than 0.88. A P-value
,0.005 was considered significant to account for 10 independent tests.
The primary association analysis, but not the replication cohort analyses,
included adjustment for four principal components (PCs) calculated by
multidimensional scaling (MDS) analysis of identity-by-state distances of
ancestry-informative markers. The odds ratios and P-values for the combined
discovery and replication groups were calculated using a Mantel–Haenszel
model (Mantel and Haenszel, 1959). Heterogeneity was tested assuming a
log-normal distribution for the effect estimates and using a likelihood ratio
x2-test with degrees of freedom equal to the number of groups compared
minus one. Linear regression using an additive genetic model was used to
test for association of Han Chinese PCOS risk variants with 30 log-
transformed quantitative traits in the combined sample of PCOS cases and
controls in the discovery Boston cohort. A P-value ,0.0033 was considered
significant after Bonferroni correction for 15 independent traits (FSH, LH,
prolactin, 17-OH progesterone, testosterone, cholesterol, sex hormone
binding globulin (SHBG), estradiol, blood pressure, pulse, thyroid-stimulating
hormone (TSH), body mass index (BMI), fasting glucose, fasting insulin and
ovarian volume), with other variables highly correlated.

Results
One variant, rs2268361-T, was associated with PCOS in the combined
dataset (P ¼ 0.002; Table I). The variant was underrepresented in PCOS
cases in all three cohorts. The rs2268361 variant was only nominally
significant in the subset of subjects in the Boston 1 and Greek cohorts
and in the same cohorts diagnosed according to the NIH criteria, likely
related to decreased power (Supplementary Tables SI and SII). A
second independent SNP in the same region, rs2349415 (r2 , 0.1 in
1000 genomes data from Utah residents with ancestry from northern
and western Europe [CEU], Han Chinese in Beijing [CHB] and Japanese
in Tokyo [JPT] populations), exhibited a similar directionality as in the
Han Chinese population, but was not significant. Two additional variants
were nominally significant, but did not remain significant after correction
for multiple testing (rs1894116 and rs4784165). The results did not
change when only subjects diagnosed according to the NIH criteria in
the Boston 1 and Greek cohorts were included (Supplementary
Table SII). With the exception of rs705702 and rs2272046, the additional
variants also exhibited a similar directionality to the Han Chinese
population in two out of three of the cohorts (Table I).

There was an association between rs2268361-T and lower FSH levels
(Table II). There was also an association between rs2268361-T and

lower FSH (20.059+ 0.016, b+ SE; P , 0.0004) and LH levels
(20.13+0.03, b+ SE; P , 0.0004) in the Greek cohort. There was
a relationship between rs705702-G and lower glucose and insulin
measurements 120 min after an oral glucose tolerance test (Table II),
although the relationship with insulin did not remain significant after
correction for BMI. These relationships were not observed (P ¼ 0.70
and P ¼ 0.05) in previously published meta-analyses of 2 h glucose and
2 h insulin GWAS performed in 15 000 and 7800 non-diabetic subjects
without enrichment for PCOS cases (Saxena et al., 2010). It was also
not observed in the Greek cohort.

Discussion
The data demonstrate that a PCOS risk variant in Han Chinese women in
the region of FSHR is also associated with PCOS in women of European
ethnicity, including those in the subset diagnosed according to the NIH
criteria. The same variant is associated with FSH levels. An additional
variant, rs705702, is associated with glucose and insulin levels 120 min
after an oral glucose load, although it was not associated with PCOS in
a European population. The data point to common PCOS risk variants
in women of European and Chinese ethnicity and to potential mechan-
isms underlying PCOS.

The association between a variant near FSHR and PCOS highlights
the longstanding interest in the FSH receptor and failure of follicular
development in PCOS. While the current variant is an intronic variant
in FSHR, coding variants in FSHR have been examined in association with
follicle stimulation and PCOS. Coding sequence changes in exon ten,
Ala307Thr and Asn680Ser, appear to influence the ability of exogenous
FSH to stimulate the ovary in some studies (Simoni et al., 2002). Since
folliclegrowth isarrested inPCOS, thevariantshavealsobeen implicated in
PCOS pathogenesis. There have been mixed results in association studies
of PCOS, with increased frequency of Ala307Thr and Asn680Ser in PCOS
individuals in some studies (Du et al., 2010; Dolfin et al., 2011), but not
others (Fu et al., 2013, Liaqat et al., 2014, Wu et al., 2014). While there
was variability in the number of subjects studied and ethnic background,
a recent large study demonstrated no relationship with Ala307Thr in
European women (Mutharasan et al., 2013).

The current variant, rs2268361, is located in an intron between exons
8 and 9 in FSHR. Therefore, the functional effect is more difficult to ascer-
tain. Nevertheless, the FSH levels are higher in carriers of the ancestral C
allele, the alternate to the allele examined, and the risk for PCOS is
increased. Therefore, it is possible that the C variant alters FSH receptor
expression or action, resulting in a need for higher FSH levels to stimulate
the receptor for follicle growth. There is no evidence for change in
ovarian expression of FSHR in carriers of the variant (GTex), although
there are few ovaries in the dataset and these tissues are mainly from

.............................................................................................................................................................................................

Table II The association of three phenotypic traits with Han Chinese polycystic ovary syndrome risk variants.

SNP-allele Nearest gene Measured trait P b PBMI bBMI

rs2268361-T FSHR FSH 0.0046 20.15+0.05 0.0029 20.15+0.05

rs705702-G RAB5B/SUOX Glucose 120 min post glucose 75 g 0.0002 20.20+0.05 0.0008 20.17+0.05

rs705702-G RAB5B/SUOX Insulin 120 min post glucose 75 g 0.0029 20.16+0.05 0.0089 20.12+0.05

The PBMI and bBMI are controlled for body mass index (BMI).
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post-menopausal women. Further studies are needed to determine the
functional effect of rs2268361 in PCOS.

In addition, rs705702-G was associated with lower glucose and
insulin levels 120 min after an oral glucose load, suggesting better
insulin sensitivity. rs705702 is found between the RAB5B and SUOX
genes. In previous studies RAB5B expression has been found to be 2–
3 times greater in skeletal muscle in insulin resistant subjects (Bao
et al., 1998). RAB5B decreases glucose transporter type 4 (GLUT4)
translocation to the plasma membrane, which would be expected to in-
crease insulin resistance (Tessneer et al., 2014). The rs705702-G variant
decreases expression of RAB5B in skeletal muscle (P-value ¼ 5.9 ×
10213) (Genotype Tissue-Expression Project; www.gtexportal.org),
and is associated with lower insulin and glucose associations in the
current study. Taken together, the rs705702-G variant would be
expected to result in changes that increase insulin sensitivity. rs705702
was not associated with PCOS in the current study and was only nomin-
ally significant in previous European studies (Louwers et al., 2013).
Therefore, the ultimate role of this variant in PCOS pathogenesis
remains to be determined.

The study was large and contained replication cohorts, but was limited
by a small number of controls in the Greek cohort and a small number of
cases in the Boston EMR cohort. The selection of the second Boston
group based on record review may also be contributing to some of the
observeddifferences. However, the cohort wasvalidated for the cardinal
features of PCOS (unpublished data) and results without including the
cohort demonstrated the same effects with less power. The power to
detect a nominal association with PCOS was adequate for all variants
examined (Supplementary Table SIII). However, two variants were insuf-
ficiently powered to detect an association at the alpha ¼ 0.005 level
indicated when a Bonferroni correction is applied (rs3802457 and
rs2272046). Finally, the replication Greek and Boston EMR cohorts
were not controlled for population stratification. The cases and controls
were from the same geographical area in Greece. However, the Boston
EMR cohort has only self-reported race. While the failure to control for
population stratification theoretically could result in false positive find-
ings, the significant data trended in the same direction as the Boston 1
cohort, which was well defined.

PCOS is a very complex syndrome, with much left to discover in rela-
tion to pathogenesis and the relevance of different genetic components.
The findings that FSH levels are influenced by the same variant,
rs2268361, that is found near the FSHR gene and is significant in Han
Chinese and European PCOS populations suggest that disrupting FSH
stimulation of follicle development is a key etiologic feature of PCOS.
The connection between insulin and glucose levels with rs705702
points to the importance of insulin resistance in women with PCOS,
even if it is not associated with pathogenesis in European women. On
a clinical level, the presence of the variant may identify patients that are
less prone to insulin resistance or type 2 diabetes. These findings
provide the foundation to begin to dissect the etiology of PCOS and
base treatment recommendations for specific subgroups of women.
Thus, the current findings may lead to further understanding of this syn-
drome and different approaches to therapy.

Supplementary data
Supplementary data are available at http://humrep.oxfordjournals.org.
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