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1  |  INTRODUC TION

Polycystic ovary syndrome (PCOS) is a common multifactorial dis-
order characterized by anovulation, hyperandrogenism, and ovarian 
cysts.1 The underlying mechanism of PCOS is not fully understood; 

although previous studies have suggested that various cellular 
events, such as chronic inflammation, oxidative stress, and endo-
plasmic reticulum (ER) stress, contribute to this condition.2,3 In 
addition, increased serum arsenic levels were observed in patients 
with PCOS.4 To date, efforts were made to identify genetic factors 
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Abstract
Purpose: Genetic factors associated with the risk of polycystic ovary syndrome (PCOS) 
remain largely unknown. Here, we conducted an optimal sequence kernel association 
test (SKAT-O), an exome-based rare variant association study, to clarify whether rare 
variants in specific genes contribute to the development of PCOS.
Methods: SKAT-O was performed using exome data of 44 Japanese patients with 
PCOS and 301 control women. We analyzed frequencies of rare probably damaging 
variants in the genome.
Results: Rare variants of GSTO2 were more commonly identified in the patient group 
than in the control group (6/44 vs. 1/301; Bonferroni-corrected p-value, 0.028), while 
the frequencies of variants in other genes were comparable between the two groups. 
The identified GSTO2 variants were predicted to affect the function, structure, sta-
bility, hydrophobicity, and/or the formation of intrinsically disordered regions of the 
protein. GSTO2 encodes a glutathione transferase that mediates the oxidative stress 
response and arsenic metabolism. Previously, common variants in GSTO2 and its par-
alog GSTO1 were associated with the risk of PCOS.
Conclusions: The results indicate that there are no genes whose rare variants account 
for a large fraction of the etiology of PCOS, although rare damaging variants in GSTO2 
may constitute a risk factor in some cases.
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associated with the risk of PCOS. Candidate gene approaches iden-
tified several single-nucleotide polymorphisms (SNPs) and repeat-
number polymorphisms in various genes, including GSTO1, CYP19A1, 
and DENND1A, whose frequencies were significantly higher in pa-
tients with PCOS than in unaffected women.5–12 Furthermore, 
genome-wide association studies identified 46 relatively common 
SNPs that are possibly associated with the risk of PCOS.10,13–21 
However, these known risk variants are likely to account for only a 
small fraction of the genetic heritability of PCOS.10

In the present study, we tested a hypothesis that rare damaging 
variants in specific genes constitute risk factors for PCOS. To this end, 
we conducted an optimal sequence kernel association test (SKAT-O), 
a gene-based rare variant association study that uses exome data of 
cases and controls.22 SKAT-O is optimized for small-sized groups.22 To 
date, SKAT-O has successfully identified risk genes for several mul-
tifactorial disorders including idiopathic scoliosis and chronic central 
serous chorioretinopathy.23,24 In the present study, we performed 
SKAT-O for 44 patients with PCOS and 301 control women.

2  |  MATERIAL S AND METHODS

2.1  |  Ethics statement

This study was approved by the Institutional Review Board 
Committee at the National Center for Child Health and Development 
and performed after obtaining informed consent from all partici-
pants. This study was performed in accordance with the Declaration 
of Helsinki and relevant guidelines and regulations.

2.2  |  Subjects

The patient group comprised 44 Japanese women with PCOS. All 
patients satisfied the Rotterdam criteria.1 Clinical data of the pa-
tients are summarized in Table S1. The control group consisted of 
301 healthy Japanese women aged between 19 and 49 years who 
had at least one child.

F I G U R E  1 Results of molecular analysis. (A) Manhattan plot of the results of SKAT-O. The broken line depicts the Bonferroni-corrected 
p-value of 0.05. Only GSTO2 on 10q25.1 showed a significant association with POCS. (B) Genomic structure of GSTO2. The thick black arrow 
indicates the genomic position of GSTO2 on chromosome 10 (GRCh37/hg19). The white and gray boxes indicate the noncoding and coding 
exons, respectively. The PCOS-associated missense variants identified in the present and previous studies are indicated by thin solid and 
broken arrows, respectively.
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2.3  |  Exome sequencing and SKAT-O

Genomic DNA was extracted from the peripheral blood sam-
ples of the participants. DNA libraries were constructed using the 
SureSelect Human All Exon V6 kit (Agilent Technologies) and se-
quenced on NovaSeq or HiSeq sequencers (Illumina). VCF files were 
created using DRAGEN (version 3.9.5; Illumina). The sequence reads 
were mapped to the human reference genome (GRCh37/hg19 with 
decoy sequences [hs37d5]).

Exome data of the patients and control individuals were sub-
jected to SKAT-O using the SNP and Variation Suite (version 8.4.1; 
Golden Helix). We focused on protein-altering variants (missense and 
nonsense variants, indels, and splice-site substitutions), whose allele 
frequency in the ToMMo database (version 8.3KJPN; https://www.
megab​ank.tohoku.ac.jp/) was less than 5%.25 All missense variants 
underwent in silico functional assessment; we selected variants that 
were assessed as damaging by three or more of the six programs in 
dbNSFP (version 3.0, http://datab​ase.liulab.scien​ce/dbNSF​P/).

SKAT-O was carried out using the very-small-sample algorithm 
with the rho = 1 setting. We searched for genes whose rare variants 
were more commonly present in the patient group than in the con-
trol group. In addition, we examined whether rare variants of known 
PCOS-related genes accumulated in the patient group. Bonferroni-
corrected p-values of <0.05 were considered statistically significant.

The effects of identified variants on protein function and struc-
ture were assessed using the combined annotation-dependent de-
pletion program (CADD; https://cadd.gs.washi​ngton.edu/snv) and 
PyMOL (version 2.5, https://pymol.org/2/), respectively. CADD 
scores of ≥20 were assessed as probably damaging.26 The protein 
IDs were obtained from the protein data bank (https://www.rcsb.
org/). The effects of the variants on splice-site recognition were ana-
lyzed with Human Splicing Finder (https://hsf.genom​nis.com/home), 
Alternative Splice-Site Predictor (http://wangc​omput​ing.com/
assp/), and NNSPLICE (http://fruit​fly.org/seq_tools/​splice.html), and 
the effects on the protein stability were predicted using I Mutant 
Suite (http://gpcr2.bioco​mp.unibo.it/cgi/predi​ctors/​I-Mutan​t3.0/I-
Mutan​t3.0.cgi). In addition, the hydrophobicity of wildtype and 
variant GSTO2 proteins was assessed by using ProtScale (https://
web.expasy.org/prots​cale/) with the Kyte and Doolittle model.27 
The formation of intrinsically disordered regions, a region without 
fixed 3-dimensional structures,28 was predicted by the Predictor of 
natural disordered regions (PONDR; http://www.pondr.com/) using 
the VL-XT method.29

3  |  RESULTS

Exome sequencing of the patients and control individuals identified 
42 168 rare protein-altering variants of 11 961 genes, which were as-
sessed as probably damaging by in silico analyses. SKAT-O for these 
variants revealed that, with the exception of GSTO2, there were no 
genes whose rare variants were significantly accumulated in the pa-
tient group (Figure 1). In particular, the frequencies of rare SNPs of TA
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the previously reported PCOS-related genes were comparable be-
tween the patient and control groups (Table S2).

Rare variants in GSTO2 were more frequently identified in the pa-
tient group than in the control group (Bonferroni-corrected p-value, 
0.028) (Figure 1). Specifically, four rare missense variants in GSTO2 
were shared by six of the 44 patients with PCOS (13.6%), while only 
one missense variant was present in one of the 301 control individ-
uals (0.3%) (Table 1 and Table S1). The GSTO2 variants were identi-
fied as monoallelic SNPs each in one individual. The five variants are 
known as very rare SNPs in the general population (Table 1). Four of 
the five variants were assessed as damaging by CADD. The five vari-
ants were predicted to alter the structure, splice recognition, stabil-
ity, hydrophobicity, and/or the formation of intrinsically disordered 
regions of the GSTO2 protein (Table 1, Figures 2 and 3).

4  |  DISCUSSION

The results of SKAT-O provide no evidence that specific genes ex-
cept for GSTO2 are associated with the risk of PCOS. In particular, 

rare variants in CYP19A1, DENND1A, and other known PCOS-
related genes did not accumulate in the patient group. Our data 
argue against the notion that rare damaging SNPs of a few genes 
play a major role in the etiology of PCOS. These results may reflect 
the etiological heterogeneity of PCOS. Furthermore, environmen-
tal factors may significantly contribute to the development of 
PCOS. Alternatively, our negative results may be due to the small 
number of subjects. Although we utilized the SKAT-O algorithm 
optimized for small sample sizes,22 the power of this study may 
not be sufficient to detect all rare risk variants. Moreover, because 
menstrual patterns and blood hormone levels of women in the 
control group were not examined, it remains possible that some of 
these women had mild PCOS.

SKAT-O showed a possible association between GSTO2 and 
PCOS. Four rare missense variants of GSTO2 were shared by six 
of 44 patients, whereas only one missense variant was identified 
in one of 301 control individuals. The identified variants were rare 
SNPs in the general population and were assessed as damaging by 
multiple in silico programs. In addition, these variants were likely to 
alter the structure, stability, hydrophobicity, and/or the formation 

F I G U R E  2 Predicted structures of GSTO2 variants. The protein structure of GSTO2 was obtained from the protein data bank (PDB ID: 
3Q19). The most likely structure of each variant protein is shown. The wildtype and mutant amino acids are shown as orange and blue sticks, 
respectively. Red disks in the variant proteins indicate steric clashes.
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of intrinsically disordered regions of the GSTO2 protein. GSTO2 is 
a broadly expressed gene that encodes omega-class glutathione 
S-transferase.30 Miraghaee et al.5 proposed that common SNPs in 
GSTO2 and its paralog GSTO1 increase the risk of PCOS in Iranian 
women. The authors found that women carrying the minor alleles of 
rs156697 in GSTO2 (c.424A>T, p.Asn142Tyr) and rs4925 in GSTO1 
(c.419C>A, p.Ala140Asp) had a 1.53-fold higher risk of PCOS than 
women without these alleles. GSTO2 is known to be involved in 
the oxidative stress response and arsenic metabolism,30,31 both of 
which have been linked to the mechanism of PCOS.2,4 Since the 
dehydroascorbate reductase activity of GSTO2 is approximately 
70–100-fold higher than that of GSTO1, GSTO2 may play a more 
protective role against oxidative stress than GSTO1.32 Furthermore, 
because GSTO2 has been implicated in p38 phosphorylation,33 
which is essential for ER stress,34 GSTO2 variants may increase the 
risk of PCOS through aberrant ER stress. However, the clinical sig-
nificance of the GSTO2 variants identified in this study needs to be 
confirmed in future studies. Moreover, because rare GSTO2 variants 
were shared only by 13.6% of our patients, the contribution of these 

variants to the entire etiology of PCOS appears to be limited. Our 
findings imply that rare SNPs of GSTO2 are possibly associated with 
the risk of PCOS in a small percentage of the cases.

In conclusion, the results of SKAT-O indicate that rare damaging 
variants in GSTO2, but not in other genes in the genome, constitute a 
risk factor for PCOS. Our data await further validation.
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