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Abstract
Polycystic ovary syndrome (PCOS) is a highly complex endocrine disorder, characterized by
hyperandrogenemia, menstrual irregularities and polycystic ovaries. A strong genetic component
to the etiology of PCOS is evident. However, due to the genetic and phenotypic heterogeneity of
PCOS and the lack of insufficiently large cohorts, studies to identify specific contributing genes to
date have yielded only few conclusive results. In this review we discuss the currnt status of the
genetic analysis of PCOS including the results of numerous association studies with candidate
genes involved in TGF-β and insulin signaling, type 2 diabetes mellitus and obesity susceptibility.
Furthermore, we address current challenges in genetic studies of PCOS, and the promise of new
approaches, including genome-wide association studies and next-generation sequencing.

1. Introduction
Polycystic ovary syndrome (PCOS) is a common endocrine disorder, present in ~7% of
reproductive age women [1], and is characterized by hyperandrogenemia, menstrual
irregularities, chronic anovulation, polycystic ovaries, and reduced fertility [2]. In addition
to its reproductive features, PCOS also has numerous metabolic consequences, including
increased risk of obesity [3], insulin resistance (IR) [4], type 2 diabetes mellitus (T2DM) [5]
and premature arteriosclerosis [6]. As such, the impact of this disorder is not just limited to
reproductive age, but continues throughout life. Male and female first-degree relatives of
women with PCOS are also at increased risk of developing obesity, IR and T2DM [7,8].
Therefore, PCOS and its related disorders have a broad impact on the population at large,
and contribute significantly to the health burden of Western societies [9].

PCOS is a highly complex and heterogeneous disorder with significant contributions of both
genetic and environmental factors. The multiple reproductive and metabolic features that
define PCOS as a disorder may reflect an underlying genetic heterogeneity. This genetic
heterogeneity, combined with broad variability in the diagnostic criteria, contributes to the
complexity of the genetic studies of PCOS, and poses considerable challenges for
identifying susceptibility genes (Box 1).

In this review, first, we briefly present different approaches and challenges in genetic studies
of PCOS. Then, we discuss the current state of candidate gene association studies. We
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particularly emphasized eight genes with functions in TGF-β pathway, insulin signaling, and
associated with T2DM and/or obesity. These genes are among the most thoroughly
investigated functional candidates for PCOS susceptibility. We will concentrate on studies
published since 2007, as earlier studies were discussed in detail by us and the others (for
example, see reviews [10–13]). Lastly, we discuss utilization of more recent genetic
approaches that are gaining popularity among PCOS researchers, namely genome-wide
association studies (GWAS) and next-generation sequencing (NGS). Although the existing
studies using these approaches are still very scarce, the success of the follow-up replication
studies so far points to a promising start to a new era in PCOS research.

2. Genetic Basis of PCOS
PCOS is a complex disorder influenced by both environmental and genetic factors. Evidence
for genetic contribution includes a well-documented familial clustering of PCOS, as well as
increased prevalence of its components, including hyperandrogenemia, and T2DM in first-
degree relatives of women with PCOS [8,14]; and a high heritability (h2 = 0.70) in a Dutch
twin study [15]. Nonetheless, the mode of heritance of PCOS remains unclear, and both
dominant and multigenic modes of transmission have been proposed [15–17].

3. Genetic Association Studies of PCOS
Association studies have been regarded as a powerful method to identify disease
susceptibility loci in genetics research [18]. Although both family-based and population-
based (case-control cohorts) approaches can be employed, case-control studies have been
more popular due to easier subject recruitment (no need to obtain parental information and
samples), reduced costs (no need to genotype parents), and lower levels of identity by
descent (IBD). To date, much of the PCOS genetic research has been based on candidate
gene association studies, which have the advantage of identifying variants with relatively
small effect sizes and do not require extensive genotyping (cost effective and reduced
multiple testing); but, it also requires a good understanding of the disease biology and/or
gene function. As has been the case for other complex phenotypes, the findings from these
studies, however, have lacked consistent replication. Phenotypic heterogeneity among
recruited subjects, differences in the genetic backgrounds between different populations and
incomplete genotyping coverage in candidate genes are all possible factors contributing to
observed inconsistencies across studies. In addition, the majority of these studies are
underpowered due to inadequate sample sizes, leading to false-negative associations;
furthermore, the liberal significance thresholds often used in candidate gene association
studies are likely to generate false-positive findings (Box 1). Genome-wide association
studies (GWAS), on the other hand, are becoming feasible in PCOS genetic studies. The
GWAS approach provides the advantage of surveying large number of variants covering
much of the genome at once, thus facilitating the discovery of novel genes, regardless of
whether their function has previously been implicated in PCOS. However, due to the large
number of loci being tested, and thus, extensive correction is required for multiple testing,
GWAS need large sample sizes, and are more ideal for detecting variants with large effect
sizes.

3.1. Candidate Gene Association Studies
3.1.1. Fibrillin-3 (FBN3)—In an earlier screen of 37 candidate genes by Urbanek et al., a
PCOS susceptibility locus was mapped to chromosome 19p13.2, with the strongest evidence
for association with D19S884 allele 8 (A8) [19]. Although D19S884 maps to exon 55 of the
fibrillin-3 (FBN3) gene, a member of the fibrillin/LTBP (latent TGF-β binding protein) gene
family, the association with this marker was initially compelling due to its proximity (~800
kb upstream) to insulin receptor gene (INSR). However, further fine mapping in this region
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by genotyping additional microsatellites and single nucleotide polymorphisms (SNPs), and
by sequencing the coding regions of all the genes within 100kb of D19S884 failed to
identify any other association stronger than D19S884 A8 [20–22]. In addition, according to
data from public databases (i.e. HapMap [23]), this marker falls within a recombination
hotspot, and displays very limited linkage disequilibrium (LD; the biological basis for
association studies). Therefore, D19S884 itself is the likely causal variant for PCOS
susceptibility. Function of FBN3, however, is not fully characterized. Other members in this
family, FBN1 and FBN2, encode ubiquitously expressed extracellular matrix (ECM)
proteins, and function as regulators of the TGF-β signaling pathway by binding and
sequestering cytokines in the ECM. Therefore, fibrillins are critical to the appropriate spatial
and temporal availability of TGF-β ligands [24]. As such, potential effects of D19S884 A8
on FBN3 gene function is yet to be elucidated.

After its first identification, numerous studies have been published on association between
D19S884 and PCOS. Our group has replicated the observed association in two independent
sets of families [20,22]. In addition, we also showed association between higher fasting
insulin levels and homeostatic model assessment (HOMA)-IR in women with PCOS,
independent of obesity [21]. Tucci et al. also reported similar findings with the association
of PCOS, despite the small sample size [25]. On the other hand, both Villundeas et al. and
Prodoehl et al. failed to replicate this association in 108 PCOS patients and 66 healthy
controls from Spain and Italy [26], and 173 PCOS patients and 194 controls from Australia
[27], respectively.

Several studies investigated expression patterns of FBN3 in humans. FBN3 expression in
adult tissues is highly restricted, and localized to the specialized perifollicular stroma of
follicles specifically transitioning from primordial to primary stage [28], while absent in rest
of the ovarian tissues, as well as corpora lutea and human ovarian cancer cell lines [27].
Interestingly, the number of transitional follicles in PCOS ovaries were greatly reduced
compared to controls, resulting in decreased amounts of FBN3 found in these tissues [28]. In
addition, a recent study by Hatzirodos et al. demonstrated expression of FBN3 in the stromal
compartments of fetal ovaries during the first trimester of gestation when the follicles are
forming, and declining significantly afterwards, being undetectable in adult ovaries [29].
This finding is particularly exciting, as it suggests that FBN3 may exert its effect during
fetal development, and influence a person's predisposition to PCOS later in life, supporting
previously proposed hypotheses on fetal origins for PCOS [30,31].

TGF-β signaling pathway members are ideal candidates for PCOS, and its related metabolic
phenotypes, including insulin resistance (IR), due to their roles in tissue differentiation,
hormone regulation, cell proliferation, immune system, and healthy functioning of muscle,
adipose and ovary tissues. In relation to the proposed role of FBN3 in TGF-β signaling,
Raja-Khan et al. studied the differences in the circulating levels of TGF-β superfamily
molecules between PCOS women, based on their D19S884 genotype. They found that
PCOS women carrying D19S884 allele 8 (A8) had significantly lower circulating total TGF-
β1, and higher Inhibin B and aldosterone levels, compared to PCOS women without A8
[32]. This was the first report to show the effects of a polymorphism in FBN3 on TGF-β
signaling molecules.

3.1.2. Insulin (INS)—Insulin is produced in the β-cells of the pancreas and affects
multiple organ systems in the body. In the reproductive system, it stimulates ovaries to
produce and secrete androgens, enhances ovarian growth, and inhibits apoptosis in the
ovarian follicles, which may cause cyst formation [33,34]. Because insulin resistance,
hyperinsulinaemia, and β-cell dysfunction are common features of PCOS [5], insulin, and
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the other members of insulin-signaling pathway have been considered to be candidates for
PCOS.

A variable number tandem repeat (VNTR) polymorphism located in the 5' regulatory
element of the insulin gene, INS, affects its transcriptional regulation, and is associated with
hyperinsulinemia, fasting insulin levels, susceptibility to T2DM, birth weight, and childhood
obesity and juvenile obesity (for a review, see ref. [35]). Evidence for role of INS in PCOS
was first demonstrated by Waterworth et al., indicating linkage in 17 families and
preferential transmission of longer (class III) alleles at this locus from fathers of PCOS
patients [36]. The latter finding was replicated by Michelmore et al [37]. In addition, Ferk et
al. found significant association between class III VNTR alleles and PCOS in 117 cases and
108 healthy controls from Slovenia [38]. However, these findings have not been replicated
consistently, including studies with much larger data sets and different ethnic backgrounds
[19,39–41]; and therefore, contribution of INS to the etiology of PCOS is still in question.

3.1.3. Insulin receptor (INSR)—The insulin receptor (INSR) has long been considered a
strong candidate gene for PCOS as mutations in INSR result in hyperandrogenemia [42].
INSR is still being studied widely in order to elucidate its putative role in PCOS. The
tyrosine kinase domain of INSR (exons 17–21) is of particular interest, as mutations in this
domain are associated with moderate hyperinsulinaemia and insulin resistance [43]. A silent
C-to-T substitution at His1058 position (designated His1085 in dbSNP) was previously
shown to be associated with PCOS in a study of 99 cases and 136 controls [44]. However,
replication of this association has been highly variable: two studies found increased
frequency of His1058 T allele in PCOS patients from China and India [45,46]; whereas two
studies did not see a significant association in Korean and Turkish PCOS patients [47–49],
although it should be noted that all these studies lacked power due to small sample sizes. To
overcome this limitation, Ioannidis et al. combined the data from these studies for a meta
analysis of the His1058 C/T polymorphism in a total of 795 cases and 576 controls, and
estimated the combined odds ratio (OR) of 1.28 (95% confidence interval (CI) 0.88–1.85)
[50], which suggests that His1058 variation is likely not a major contributor to the etiology
of PCOS.

Two other studies, however, have investigated INSR gene in a more comprehensive manner.
Lee et al. sequenced the exons of INSR in 24 healthy Korean women to survey all coding
variation present in the general population; 9 SNPs identified from the resequencing study
were then genotyped in 134 Korean women with PCOS and 100 body mass index (BMI)-
matched controls. They found no significant associations, except with a novel SNP,
rs2252673, for which, the minor T allele confers a modest protective effect to the carriers
[48]. In contrast, Goodarzi et al. [51] selected “tag-SNPs” in the INSR gene (along with 38
other genes in insulin signaling pathway), based on Caucasian subjects in HapMap project
[23], which aims to capture >80% of all genetic variation in this population. They utilized a
two-step strategy, where they first genotyped all the selected SNPs in a discovery cohort of
275 cases and 171 controls, and then proceeded to genotype the SNPs with the strongest
associations in a replication cohort of 526 cases and 3,585 controls. At the discovery stage, 4
SNPs in INSR showed significant association with PCOS; however, only one of them,
rs2252673, was found to be associated with PCOS in the replication cohort [51], supporting
the findings of Lee et al. [48].

3.1.4. Insulin receptor substrate 1 (IRS1)—Insulin receptor substrates (IRS) are
mediators in insulin signaling, acting downstream of insulin receptor as docking proteins
between the receptor and the intracellular signaling molecules, making them functionally
plausible candidates for PCOS susceptibility. Among the numerous polymorphisms
identified in IRS1, Gly972Arg is the most commonly studied polymorphism for its possible
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association with PCOS; however the outcome has been highly variable, with examples of
both presence [52–54] and absence [55–58] of significant association found in current
literature. Similar to the INSR His1058 polymorphism analysis, Ioannidis et al. performed
meta analysis for association with IRS1 Gly972Arg polymorphism in a combined set of 889
PCOS cases and 1,303 controls, obtained from 11 studies. They found that the Arg972 allele
is a risk factor for PCOS, with an OR of 1.77 (95% CI 1.28–2.45), and suggested that PCOS
susceptibility due to the Arg972 is mediated through increased levels of fasting insulin [50].

3.1.5. Transcription factor 7-like 2 (TCF7L2)—TCF7L2 is a transcription factor in the
wnt signaling pathway, which is critical for embryogenesis and cell proliferation, including
development of the pancreas and the islets. Associations between two SNPs, rs7903146 and
rs12255372 (in introns 3 and 4, respectively) and T2DM have been replicated in numerous
studies, and are the SNPs that provide among the strongest evidence of association with
T2DM [59,60].

Barber et al. was the first to test associations between the two T2DM associated SNPs in two
large data sets; one is a UK British/Irish cohort of 369 PCOS cases and 2,574 controls, and
the second set of 540 women with PCOS symptoms and 1,083 controls chosen from the
Northern Finland Birth Cohort of 1966. However, they did not find a significant association
either with PCOS or androgen levels; and therefore concluded that genetic variation
influencing β-cell function is not a major predictor of PCOS pathogenesis [61]. A recent
study by Ewens et al. also evaluated the association with the same two SNPs and PCOS
using 400 probands and affected sisters, as well as 395 PCOS patients and 171 controls of
European descent, and failed to detect significant associations with PCOS or β-cell function
(measured by HOMA-IR and HOMA-%β) [62]. Likewise, two studies conducted in Asian
populations to date have failed to provide any evidence of association between variants in
TCF7L2 with PCOS [63,64].

On the other hand, Christopoulos et al. reported a modest association between rs7903146
and PCOS in 183 cases and 148 controls from Greece [65], whereas Tan et al. detected
association with only obesity related traits (body weight, BMI, waist circumference), but not
with insulin resistance, androgen levels or other PCOS specific symptoms, such as
hirsutism, amenorrhea, acne and polycystic ovaries [66]. Biyasheva et al. studied the entire
genomic region of TCF7L2 by tagging the entire gene with 58 SNPs to test for associations
with PCOS in 624 cases and 553 controls, as well as seven PCOS related reproductive and
metabolic quantitative traits. Although T2DM locus also failed to provide evidence of
association with PCOS as in the studies described above, another variant located
approximately 100 kb downstream, rs11196236, was associated with PCOS, particularly in
normoglycemic patients, even after adjustment for multiple testing [67]. In contrast, T2DM
locus showed significant association with proinsulin:insulin molar ratio (marker for β-cell
function) in dysglycemic PCOS patients. The authors therefore concluded that different
variation in the same gene might result in susceptibility to different phenotypes [67].

3.1.6. Calpain 10 (CAPN10)—CAPN10, which encodes a cysteine protease, was
discovered as a susceptibility locus for T2DM through positional cloning [68,69], with two
haplotypes (denoted as 112 and 121), comprised of three SNPs (UCSNP-43, -19 and -63)
were identified to confer an increased risk for susceptibility to T2DM to individuals
heterozygous for both haplotypes [69]. Subsequently, CAPN10 was found to play a role in
insulin secretion and action [70,71]. Although the evidence for association with T2DM has
weakened recently due to the fact that no significant association signal was observed in any
GWAS [72], CAPN10 remained as one of the candidate genes most frequently investigated
in PCOS research. Despite the lack of significant associations in earlier studies (for a
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review, see ref. [11]), more recent studies in diverse ethnic groups support a putative role for
CAPN10 in PCOS.

Gonzalez et al. was first to report a significant association between UCSNP-44 and PCOS-
related phenotypes; as well as CAPN10 haplotypes and other phenotypic characteristics of
PCOS (including hypercholesterolemia and hirsutism) in Spanish patients [73,74]. A study
in a Turkish population has also found significant association between UCSNP-44 and
PCOS, and other metabolic feature of PCOS, including androgen and insulin levels [75].
Other studies demonstrated associations of T2DM risk alleles (UCSNP-43, -19 and -63;
alone or in combination) with PCOS in Germans [76], Chileans [77] and Koreans [78]; and
also with metabolic syndrome in Brazilian PCOS patients [79]. However, it should be noted
that many of these studies have relatively small sample sizes, therefore, either replication in
a larger sample, or meta analysis (similar to INSR and IRS1) should be performed in order
to provide stronger support to this argument.

3.1.7 Fat and obesity associated gene (FTO)—Recent genome-wide association
studies identified variation in the FTO gene strongly associated with childhood and adult
obesity [80–82] in individuals with European ancestry. Subsequently, these findings have
also been replicated across many other ethnically diverse populations (for examples, see
refs. [83–87]). Similar to T2DM, obesity is also a key feature in the etiology of PCOS, and
is observed in approximately 50% of PCOS patients. Frequent co-occurrence of PCOS and
obesity raises the possibility of shared genetic predispositions to both traits, and therefore,
variants shown to influence BMI and are risk factors for obesity are also plausible
candidates for PCOS.

Barber et al. studied whether genetic variation in FTO also influences risk of PCOS in 463
cases and 1,336 controls from Britain. They identified an association between the SNP
rs9939609 and PCOS, however, this association was largely attenuated when BMI was
included in the analyses as a covariate, suggesting that the observed PCOS risk can be
attributed to increased adiposity [88]. Yan et al. reported similar results in a Chinese cohort,
where an initial significant association between rs9939609 and PCOS was attenuated after
adjustment for BMI [89]; and Attaoua et al. found a significant association with PCOS only
in patients exhibiting obesity or metabolic syndrome [90]. Other studies either did not find
direct association with PCOS [91], or did not consider the association between FTO and
PCOS per se [66,92,93]; but all reported significant associations with BMI in PCOS
patients, therefore, it seems likely that possible effects of FTO in PCOS is limited to the
metabolic phenotypes.

The nature of the relationship between FTO and PCOS, however, remains unclear because
phenotypic manifestations of PCOS are often confounded by BMI (i.e. possible
improvement of the reproductive phenotypes of PCOS after weight loss [94]). Both Tan et
al. and Kowalska et al. showed that the average increase in BMI attributable to FTO risk
alleles is greater in PCOS patients than it is in normal population, suggesting FTO variants
are greater risk factors for obesity in PCOS [66,92]. We should note that, however, this
claim should be regarded with caution given that samples sizes used to estimate the relative
effects of FTO in PCOS in both studies are much smaller than those used in GWAS of
obesity. It is therefore possible that their estimated effect sizes are inflated.

3.1.8. Sex hormone-binding globulin (SHBG)—SHBG is a glycoprotein that is
synthesized in the liver, and regulates bioavailability of androgens by binding sex steroids
[95]. Previous studies have demonstrated that decreased serum SHBG levels are associated
with incread risk of PCOS [96–102] in women, as well as IR and T2DM in both men and
women [103,104]. (TAAAA)n pentanucleotide repeat polymorphism in the promoter region
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have been shown to affect transcription efficiency of SHBG, as longer repeat numbers at this
locus resulting in decreased serum SHBG levels [98,102,105–107]. The hypothesis that
SHBG (TAAAA)n polymorphism is a susceptibility locus for PCOS, however, is only
supported by the studies of Xita et al., conducted in two small case-control cohorts in
Greece, where they showed a positive associations between the longer alleles of (TAAAA)n
repeat polymorphism (>8 repeats) and PCOS [101,102]. Others reported lack of association
between PCOS and SHBG variants (including this repeat polymorphism) in diverse
populations with European and Asian descent ([96–100]; Urbanek et al., personal
communication). These results indicate that SHBG likely influence PCOS phenotype
indirectly, perhaps by altering the bioavailable androgen levels in the target tissues,
however, genetic variation in SHBG is not associated with PCOS per se.

In summary, although a large number of candidate gene studies have been conducted for
PCOS, findings for these studies have been mostly inconclusive. Furthermore, the
significance of even the most robust of these studies needs to be regarded with caution since
the evidence for association remains relatively modest. None of the studies are significant at
the genome-wide level (P < 1×10−8), the gold standard for genetic studies. While a strict
requirement for significance levels to reach this threshold is most likely too conservative,
some correction for multiple testing must be applied. The extent of correction for multiple
testing needs to be specific for each study, and should take into account both the number of
phenotypes, as well as the number of independent genetic loci being tested. Independent
genetic loci could be individual variants with little to none correlation (linkage
disequilibrium) between them, or haplotype blocks.

3.2. Genome-wide Association (GWA) Studies
To date, GWAS have been very fruitful for identifying susceptibility loci for a wide range of
complex human diseases including T2DM, obesity, asthma, psychiatric disorders, and
fertility [108–112]. Implementing this method to PCOS research, however, has only just
begun, owing to a lack of sufficiently large data sets and the phenotypic heterogeneity
inherent to PCOS. Because of these reasons, there is only one published GWAS of PCOS to
date. Chen et al. carried out a GWAS with a discovery group of 744 women with PCOS and
895 controls of Han Chinese ancestry [113]. Loci showing strong association in the first
stage were then genotyped in two independent replication cohorts of 2,840 cases and 5,012
controls of northern Han Chinese ancestry, and 498 cases and 780 controls of southern and
central Han Chinese decent. Three distinct regions were designated PCOS susceptibility loci
after the replication stage, and showed strong evidence of association with PCOS in the
combined meta-analysis (Pmeta < 1×10−18) [113]. The first locus is located on chromosome
2p16.3, and contains two genes, GTF2A1L (TFII1-alpha and beta like factor) and LHCGR
(luteinizing hormone/choriogonadotropin receptor). Luteinizing hormone (LH) initiates
ovulation by releasing the mature oocyte through stimulating ovaries to produce estrogen
and progesterone; choriogonadotropin (hCG) functions in maintenance of pregnancy.
Therefore, LHCGR has a crucial function in ovarian physiology and reproductive processes.
Interestingly, this locus is also ~200 kb downstream of FSHR (follicle stimulating hormone
receptor) gene, which is another plausible PCOS candidate due to its role in development of
ovarian follicles. FSHR contains another group of SNPs (independent of LHCGR locus)
which show evidence for association with PCOS just below the level of genome-wide
significance. The second locus is located on chromosome 2p21, and two independently
associated SNPs at this locus are located in the THADA (thyroid adenoma associated) gene.
This region has previously been implicated in T2DM susceptibility in Europeans [114].
Lastly, the third locus is located on chromosome 9q33.3, in the DENND1A (DENN domain-
containing protein 1A) gene, which encodes a protein involved in endosomal membrane
trafficking [115], and also has a function in guanine exchange for the small GTPase Rab35.
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Because DENND1A affects a wide range of physiological processes, and is expressed
ubiquitously, it is expected that it might also influence some of the many organ systems
PCOS affects, perhaps through altered activity of endoplasmic reticulum aminopeptidase 1
(ERAP1) [113]. Chen et al. also checked the significance of the SNPs in their array data that
are located in 51 previously reported PCOS candidate genes. Among the genes discussed in
this review, INSR had 10 SNPs located within ~45kb region with P-values < 0.05 (min
P=7×10−5); however the two SNPs mentioned earlier in the previous section were not on the
genotyping array. FTO and CAPN10 also had numerous SNPs with P-values < 0.05,
however the strength of the association was much weaker (min P=0.017 and 0.043,
respectively). Obesity-associated rs9939609 SNP in FTO had a P-value of 0.039, whereas
two previously studied SNPs in CAPN10 (UCSNP-43 and -44) both had P-values > 0.1.
There were no significant associations with 16 SNPs in IRS1 and 37 SNPs TCF7L2 genes;
association with variants in FBN3, INS and SHBG were not reported in this study. Overall,
after the three primary genetic regions identified in the GWAS, insulin receptor is one of the
most promising candidate gene for PCOS susceptibility in Asian populations [113].

While the GWAS carried out by Chen et al. is one of the biggest genetic studies of PCOS to
date, replication of these findings in different populations is a key to validate their roles in
PCOS. Four studies have been published within last year investigating the effects of the
three identified loci on PCOS in women with European descent [116–119]. Lerchbaum et al.
and Eriksen et al. studies only genotyped three SNPs (most significantly associated SNPs at
each of the three loci), and both reported a similar trend with the G allele at rs2479106 in
DENND1A being associated with increased risk for PCOS. They found no significant
association with either of LHCGR or THADA loci [116,117]. On the other hand, in the
studies by Goodarzi et al. and Welt et al., all seven SNPs were considered for the analyses,
one SNP in LHCGR, and three SNPs in both THADA and DENND1A [118,119]. Both
studies reported significant associations with rs10818854 in DENND1A (P=6.5×10−8 and
3.3×10−4,respectively), but not with rs2479106 in the same gene. Goodarzi et al. also
reported significant associations with rs12468394 in THADA (P=9.4×10−3)[118], whereas
Welt et al. only reported increased testosterone levels associated with this marker [119].
There were no significant associations with the LHCGR locus in either study, however the
authors have also noted that due to the low minor allele frequency at this marker in the
European populations, the power to detect an effect of a similar size to Chen et al. was
considerably reduced [118,119].

Despite the fact that associated SNPs in DENND1A differed between the studies, due to the
success of replication attempts in both Asian and European populations, DENND1A has
gained recognition as a true PCOS susceptibility gene. We should underline that,
DENND1A is a novel gene identified through GWAS, and implicated in etiology of PCOS
for the first time, without any a priori knowledge. This demonstrates the utility of GWAS in
generating novel hypotheses to understand the genetics of complex phenotypes like PCOS.
We believe, with the continuous development of new and more powerful analytical tools,
decreasing costs, and availability of larger data sets, the GWAS approach followed by
replication studies will be employed more often in PCOS research. In fact, at least two
additional PCOS GWAS will be completed in the near future. These studies will help to
move the PCOS field forward, and add greatly to our understanding of the genetic
underpinnings of this disorder.

4. Future Directions for the PCOS Genetic Research
Although there still a number of strong PCOS susceptibility candidate genes under close
scrutiny, and a promising start to GWAS, we are still far from fully understanding all the
genetic contributions to this disorder. However, with the recent technological advancements
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and availability of newer analytical methods that are also cost-effective, research in genetics
is rapidly moving towards a much more exciting era. In particular, development of next-
generation sequencing (NGS) methods has revolutionized the field by offering wide range of
applications available to researchers. Not surprisingly, this will also influence the
approaches commonly used in PCOS research. For example, targeted and/or whole-genome
resequencing studies will likely replace the current SNP-based association studies, which
will circumvent the problem of incomplete coverage of genes, as this has been a downfall in
nearly all association studies to date. In addition, genome sequencing will enable genotyping
the rare variants. The contribution of rare variants to complex diseases is currently not well
understood and still under debate, as the SNP selection in many association studies (and in
commercially available genotyping platforms) are targeted for common variants (with minor
allele frequencies higher than 5–10%). More importantly, sequencing will facilitate the
identification of the causal variants, which, in the long run, will also help to address the long
standing common disease-common variant vs. common disease-rare variant hypothesis
[120].

Other applications of NGS are also possible. Based on a similar technology, RNA
sequencing (RNA-seq) allows more robust analysis of transcriptomes, and has becoming
increasingly popular. The advantages and applications of RNA-seq are countless. First, it
provides the complete expression profile of a given transcriptome, including, genes
expressed at very low levels, alternative splice variants and previously unidentified
transcripts; and compared to microarray based approaches, the range of expression that can
be detected and quantified is much greater. In addition, because it is a sequencing-based
method, sequence variations in the coding regions of the genome can be detected
simultaneously [121]. Therefore, this method can be used to search for possible
perturbations in expression of certain genes (for example, members of TGF-β pathway), or
discover other genes whose function may be altered due to abnormal expression or splice
variation in tissues of women with PCOS, while the same sequence data can be used to look
for coding variations that might be responsible for the functional differences. Last, but not
least, the effect of intrauterine environment, particularly androgen exposure during fetal
development and epigenetic alterations during this time, have been proposed as risk factors
for PCOS later in life [122]. It is beyond the scope if this review to discuss the validity of
this argument, however, we note that, studies looking at differences in DNA methylation
profiles between PCOS cases and controls are increasing in number. Along with NGS,
methods for genome-wide DNA methylation analysis at a single base pair resolution are
evolving quickly [123]. Therefore, it will soon be more feasible to carry out studies with
sufficiently large sample sizes, in different tissue types and in a genome-wide manner.

5. Conclusions
Although a considerable progress has been made in identifying PCOS susceptibility genes in
the last decade, this progress has been much slower in comparison to mapping studies of
some of the other complex human traits, such as T2DM and obesity. Contribution of many
of the studied genes remains controversial or inconclusive, owing to lack of consistent
replication. There are several possible reasons for this. First, due to complex nature of
PCOS, and variability in PCOS diagnosis criteria, there is a large phenotypic heterogeneity
across different studies. Second, the majority of the studies are considerably underpowered
due to small sample sizes (i.e. < 300 affected women), which can lead to false positive and
false negative associations. Third, many candidate gene studies assessed the effects of only
few variants in each gene, rather than surveying the variation in the entire gene. Increasing
the sample sizes, as well as including power analysis for detecting associations in a sample
of a given size are necessary in order to improve the quality of gene association studies of
PCOS. However, efforts to increase sample size often compromise the phenotypic
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homogeneity in the group. For the purposes of genetic association studies, it is also
important to define stricter and more uniform diagnostic criteria. If larger sample size is not
attainable, multi-center collaborative studies and meta-analyses, or studies of intermediate
phenotypes can be opted as alternative approaches. Given the availability of common human
genetic variation data (i.e. HapMap [23], 1,000 genomes [124], Human Genome Diversity
Project [125]), and relatively inexpensive high-throughput genotyping methods, association
studies should be designed to capture as much genetic variation as possible in a given gene,
rather than just a few SNPs. In addition, haplotypes associated with PCOS are more likely to
carry the functional variant, and decrease the chance of false-positive findings. Likewise,
using gene- or pathway-level tests, and looking for associations within gene networks, rather
than with individual SNPs may increase the chances of finding true susceptibility genes
(particularly those with small effect size), and can lead to better understanding of the
complex genetic architecture of PCOS. Lastly, with remarkable advancements in gene
sequencing technology today, and development of new analytical methods, there is a lot to
look forward to in the coming years for delineation of genetic risk factors in PCOS.

Abbreviations

AUCI: Area under the curve of insulin response

BMI: Body mass index

CAPN10: Calpain 10

CI: Confidence interval

ECM: Extracellular matrix

FAI: Free androgen index

FBN3: Fibrillin 3

FSH: Follicle stimulating hormone

FTO: Fat-mass and obesity associated gene

GWAS: Genome-wide association studies

HOMA-%β: Homeostatic model assessment, β-cell function

HOMA-IR: Homeostatic model assessment, insulin resistance
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INS: Insulin

INSR: Insulin receptor

IR: Insulin resistance

IRS: Insulin receptor substrate
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LTBP: Latent TGF-β binding protein

NGS: Next-generation sequencing
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T2DM: Type 2 diabetes mellitus

TCF7L2: Transcription factor 7-like 2

TGF-β: Transforming growth factor, beta

VNTR: Variable number tandem repeat polymorphism
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BOX 1. Current Challenges in Genetic Studies of PCOS

• Phenotypic heterogeneity

PCOS cohorts are usually comprised of a phenotypically heterogeneous group
of subjects, due to the broad range of reproductive (hyperandrogenemia,
menstrual irregularity and polycystic ovaries) and metabolic symptoms (insulin
resistance, obesity, T2DM, dyslipidemia) they exhibit, variability in the
commonly used diagnostic criteria, and the subjective nature in evaluation of
certain symptoms (i.e. hirsutism, acne). Because the underlying
pathophysiologies for different PCOS phenotypes may differ from each other,
susceptibility genes affecting these phenotypes may also be different, which
decreases our ability to identify contributing genetic factors.

• Environmental confounders

In complex traits like PCOS, it is often impossible to fully identify all the non-
genetic contributors to the observed phenotype, and accurately quantify their
effects. Lifestyle modifications, such as weight loss and moderate exercise may
alter phenotypic expression of PCOS substantially [126]. Contributions of other
factors, such as exposure to certain chemicals, are still under debate [127–129].
As a result, dissecting out effects of individual genes (or loci) from other
unknown factors presents a major challenge.

• Genetic heterogeneity

It is a common feature of complex traits to be influenced by many genes, each
with small effects. These genes may each contribute separately, or they might
act collectively (i.e. have roles in the same pathways or result in the same
downstream effects). Furthermore, different variation in the same gene may
have similar effect on gene function (allelic heterogeneity). Because many of the
existing methods consider the contribution of each locus independently (rather
than as a whole) for a gene or a pathway, detecting significant effects from all
possible causal loci is often not possible.

• Unknown nature of gene-gene and gene-environment interactions

Gene by gene, and/or gene by environment interactions also likely have roles in
disease outcome. However, most of these interactions are not yet known, and
with the current statistical methods, it is very difficult to detect such interactions
in the absence of a priori hypothesis.

• Small sample size

Recruitment of sufficiently large cohorts, which would provide enough power to
detect genes with small effects, is difficult because of the inherent
characteristics of the disorder. PCOS can only be reliably diagnosed in women
who are reproductive age and not on several common medications (such as oral
contraceptives). There is no accepted PCOS-equivalent diagnosis for men; and
because PCOS is associated with reduced fertility, large families with multiple
affected sister pairs are uncommon, therefore, family based genetic studies are
often not feasible.

• Limitations of commonly used approaches

To date, candidate gene analyses have been the predominant approach used in
PCOS genetics. Although several very promising PCOS susceptibility genes (or
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loci) have been identified by this method (also discussed in this review), no
single gene has been successfully replicated and identified as truly causative
across all studies. Among the reasons for lack of replication are inadequate
sample sizes which could lead to false positive or false negative findings, and
incomplete coverage of the candidate gene (i.e. many studies testing
associations with just a few variants in each gene). Lastly, the candidate gene
approach can be useful only when there is an a priori hypothesis about
involvement of a given gene in the etiology of PCOS because of its known
function; consequently, it falls short of identifying novel genes or genes whose
functions are less well characterized. On the other hand, although studies
designed to capture the complete variation in these genes (such as GWAS and
NGS) are becoming more feasible, they still face other problems, including high
genotyping costs and multiple testing adjustments.

KOSOVA and URBANEK Page 21

Mol Cell Endocrinol. Author manuscript; available in PMC 2014 July 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



HIGHLIGHTS

• PCOS is a highly complex disorder with reproductive and metabolic
consequences.

• Disease heterogeneity and small sample sizes complicate the identification of
causal PCOS genes.

• Candidate gene association studies have been the common approach in PCOS
research.

• Development of new methods including GWAS and NGS offers promising
progress in identifying PCOS genes.
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