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Background: Polycystic ovary syndrome (PCOS) is a complex genetic 
trait, the pathogenesis of which is governed by an interplay of genetic and 
epigenetic factors. However, the aetiology of PCOS is not fully understood. 
Aims: The objective of this study was to investigate the genetic causes of 
PCOS by identifying rare variants in genes implicated in its pathophysiology. 
Settings and Design: This was a hospital‑based observational study. 
Materials and Methods: We used whole‑exome sequencing for 52 PCOS women 
to identify the rare variants in genes related to PCOS pathogenesis. Subsequently, 
we analysed these variants using in silico prediction software to determine their 
functional effects. We then assessed the relationship between these variants and 
the clinical outcomes of the patients. Statistical Analysis Used: Student’s t‑test 
and Fisher’s exact test were used to compare clinical parameters and frequency 
differences amongst PCOS patients with and without variants. Results: A total 
of four rare exonic variants in obesity‑ and hyperinsulinaemia‑related genes 
including UCP1 (p.Thr227Ile), UCP2 (p.Arg88Cys), IRS1 (p.Ser892Gly) and 
GHRL (p.Leu72Met) were identified in eight patients. Significant differences 
were observed between the patients carrying variants and those without variants. 
PCOS patients with identified variants exhibited significantly higher average 
body mass index and fasting insulin levels of PCOS subjects with identified 
variants compared to those without variants (P < 0.05). Additionally, there 
were significant differences in the variant frequencies of four variants when 
compared to the population database (P < 0.05). Conclusion: This study shows 
a prevalence of rare variants in obesity and hyperinsulinaemia‑related genes in 
a cohort of PCOS women, thereby underscoring the impact of the identified rare 
variants on the development of obesity and associated metabolic derangements 
in PCOS women.
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that the global prevalence of PCOS ranges between 4% 
and 21%.[2,3] The reproductive and metabolic disruptions 
associated with PCOS cause the characteristic 
features of the syndrome, namely oligomenorrhoea/

Introduction

Polycystic ovary syndrome (PCOS) is a prevalent 
endocrinopathy common amongst women of 

reproductive age.[1] Apart from the regional and ethnic 
variations, the prevalence of PCOS also greatly depends 
on the diagnostic criteria used. Most reports suggest 
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amenorrhoea, androgen excess and/or polycystic 
ovarian morphology (PCOM).[4] The pathogenesis of 
PCOS involves an interaction between genetic and 
environmental factors. The studies identifying PCOS 
being a familial condition[5,6] opened new avenues for 
the exploration of the genetic basis of the syndrome. 
While some clinical genetic studies are suggestive of 
an autosomal dominant inheritance,[5,7,8] others point 
at a polygenic basis of the syndrome.[9,10] Additionally, 
common diagnostic features of the syndrome are 
observed not only in affected women but also amongst 
their male and female family members.[11] The estimated 
heritability of PCOS is close to 70% as demonstrated 
by mono‑ and dizygotic twin studies.[12] Because of the 
association of PCOS with conditions that affect androgen 
biosynthesis and action, systemic inflammation and 
glucose metabolism, studies have focussed on mutations 
in genes related to these pathways including CYP11A1, 
CYP17A, CYP19, CYP21, HSD17B5, HSD17B6, INS, 
INSR, IRS‑1, IRS‑2, IGF, interleukin‑6 and tumour 
necrosis factor‑α.[13]

Despite the extensive research, none of the proposed 
pathophysiologic mechanisms such as hypothalamic–
pituitary–gonadal pathways have been able to give 
a conclusive explanation for the development of the 
disorder. Studies suggesting a potential link between 
metabolic pathways and PCOS ignited a surge of interest 
amongst researchers, with a focus on obesity and insulin 
resistance with compensatory hyperinsulinaemia to 
understand the pathophysiology of PCOS.

Obesity is a multifactorial condition, showing 40%–
70% heritability.[14] The prevalence of obesity amongst 
PCOS women ranges between 42% and 74% which is 
significantly higher than in general population (25%).[15,16] 
Importantly, obesity is a risk factor for the development 
of impaired glucose tolerance (IGT), insulin 
resistance, hypertension, cardiovascular disease and 
dyslipidaemia.[17,18] Additionally, increased insulin 
sensitivity has been observed to be more prevalent 
amongst PCOS women as compared to weight‑matched 
women in the general population.[19,20] A recent study 
has highlighted the prevalence of insulin resistance and 
hyperinsulinaemia amongst obese women with PCOS.[21] 
The fact that PCOS women also tend to exhibit higher 
rates of cardiometabolic derangements makes it clear 
that there is a perturbing influence of obesity on the 
disorder. Additionally, PCOS women with superimposed 
obesity may exhibit a profoundly worsening state of 
hyperandrogenaemia and hyperinsulinaemia.[22] Recently, 
it has been established that obese/overweight women are 
at an increased risk for type 2 diabetes (T2D).[23] The 
metabolic aspects of obesity and PCOS frequently run 

in parallel, worsening with age.[24] Given the inherent 
complexity of each condition, the discernment of their 
pathophysiology and the molecular pathways involved 
can be a challenging task.

To date, no candidate genes associated with PCOS 
pathophysiology have been attributed to or found to 
play a fundamental role in its aetiology. This is mainly 
due to studying heterogeneous groups of PCOS without 
phenotypic characterisation. Several novel risk loci for 
PCOS have been reported using genome‑wide association 
studies (GWAS). However, the findings from these 
studies have only contributed to <10% of heritability in 
PCOS or poor associations and repeatability. Hence, it is 
reasonable to speculate that distinct phenotypes of PCOS 
may result from varied underlying aetiological factors, 
potentially involving rare genetic variants. Thus, through 
this study, we aimed to identify potentially pathogenic 
variants in the genes implicated in the pathogenesis of 
PCOS.

Materials and Methods
Subjects and ethics statement
For this study, 52 PCOS patients were recruited. Our 
research was approved by the Institute Ethics Committee. 
The patients were recruited based on the National 
Institutes of Health criteria, 2012, according to which 
two of the three characteristics are required for PCOS: 
hyperandrogenism, ovulatory dysfunction and/or PCOM. 
PCOM, examined through ultrasonography, is defined as 
the presence of antral follicles (≥12) measuring 2–9 mm 
in diameter and/or ovarian volume (>10 cm3).[25] 
Clinical hyperandrogenism was diagnosed on the basis 
of Ferriman–Gallwey score (≥9).[26] Biochemically, 
hyperandrogenism was determined by elevated total 
testosterone (TT) levels according to laboratory 
criteria. The inclusion criteria were age between 18 and 
35 years and hormonal analysis to study the profile of 
thyroid (T4 and thyroid‑stimulating hormone), serum 
prolactin, luteinising hormone (LH), follicle‑stimulating 
hormone (FSH), oestradiol (E2), TT and fasting 
insulin (FI) from morning fasting samples on D2‑5 of 
the menstrual cycle. Exclusion criteria were based on 
the clinical diagnosis of congenital adrenal hyperplasia, 
hypothyroidism, premature ovarian failure and ovarian 
neoplasm. Women under medication affecting the 
hypothalamic–pituitary–gonadal axis were also excluded.

The procedures followed were in accordance with the 
Helsinki Declaration of 1975, as revised in 2013. Written 
informed consent was obtained from the subjects before 
sample collection. Our research was approved by the 
Institute Ethics Committee.

Ethics Committee approval number: IEC‑730/29.12.2017.
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The sample size calculation was not performed for the 
present study.

Anthropometric measurements
The height (cm) and weight (kg) of the patients were 
measured in the morning in the fasting state. Body mass 
index (BMI) was calculated by dividing the body weight 
in kilograms by the square of the height in meters. The 
BMI was calculated using the age, height and sex of the 
patients.

Fasting insulin measurement
Collection of fasting blood was done from the patients 
in the morning on empty stomach. Serum was separated 
by centrifugation at 5000 rpm for 5 min. Concentration 
of FI (µIU/mL) was measured using the ARCHITECT 
Insulin assay, Abbott (Chicago, US).

DNA extraction and whole‑exome sequencing 
analysis
Genomic DNA was extracted from fresh peripheral 
blood samples of the patients using the salting‑out 
method.[27] The patients’ DNA samples were subjected 
to whole‑exome sequencing. Targeted gene capture was 
performed using Agilent SureSelect V5 exome capture 
kit. The libraries were sequenced to mean >80‑X100 
coverage on Illumina sequencing platform.

Bioinformatics
The sequences obtained were aligned to human 
reference genome (GRCH37/hg19) using Sentieon 
aligner and analysed using Sentieon for removing 
duplicates, recalibration and re‑alignment of indels. 
Sentieon HaplotypeCaller was used to identify variants 
which are relevant to the clinical indication. Gene 
annotation of the variants was performed using VEP 
programme against the Ensembl release 91 human gene 
model. In addition to single‑nucleotide variants and 
small indels, copy number variants were detected from 
targeted sequence data using the ExomeDepth (v1.1.10) 
method. Clinically relevant mutations were annotated 
using published variants in literature and a set of disease 
databases – ClinVar, OMIM, GWAS, HGMD (v2018.3) 
and SwissVar. Common variants are filtered based 
on allele frequency in 1000 Genomes Phase 3, 
Exome Aggregation Consortium (ExAC) (v1.0), 
gnomAD (v2.1), EVS and dbSNP (v151) databases. 
Non‑synonymous variants effect was calculated using 
multiple algorithms such as PolyPhen‑2, Sorting 
Intolerant from Tolerant (SIFT), MutationTaster2 and 
likelihood ratio test (LRT). Only non‑synonymous and 
splice site variants found in the coding regions were 
used for clinical interpretation. Silent variations that do 
not result in any change in amino acid in the coding 
region were not reported.

Variant filtering strategy and effect prediction
Rare variants with minor allele frequency (MAF) 
more than 0.05% in ExAC were retained while those 
with higher MAF (>0.05%) were excluded from the 
data unless reported pathogenic or likely pathogenic 
in ClinVar. Variants with expected pathogenicity were 
selected based on their variant class followed by their 
functional impact prediction based on scores obtained 
from in silico tools Combined Annotation‑Dependent 
Depletion (CADD) phred score, SIFT score, 
PolyPhen‑2 and LRT. Variants with a low CADDphred 
score were excluded unless reported as pathogenic or 
likely pathogenic in ClinVar. Additionally, I‑Mutant 
2.0[28] and MUpro Tool[29] were used to assess the 
effect of single amino acid substitution on protein 
stability.

Functional annotation
Gene ontology analysis was performed on the genes 
harbouring rare variants, using the web‑based tool 
genes annotation co‑occurrence discovery (GeneCodis 
version 4.0) https://genecodis.genyo.es/.[30]

Evolutionary conservation analysis of the variants
The protein sequences from 10 different vertebrate 
species in the GenBank database (https://www.ncbi.
nlm.nih.gov/genbank/) were used to analyse the 
evolutionary conservation status of the identified 
variants. The species included Homo sapiens, Felis 
catus, Canis lupus familiaris, Equus caballus, Pan 
troglodytes, Acinonyx jubatus, Chlorocebus sabaeus, 
Myotis brandtii and Panthera tigris altaica. Multiple 
sequence alignment was performed using Clustal 
Omega (1.2.4) tool by EMBL‑EBI (https://www.ebi.
ac.uk/Tools/msa/clustalo/).

Statistical analysis
Continuous quantitative data are expressed as the 
mean ± standard deviation. Two‑tailed Student’s t‑test 
(P < 0.05) was applied to compare the differences in 
clinical parameters amongst PCOS subjects carrying 
variants and those without variants. Additionally, 
the frequency differences of the identified variants 
were analysed by applying two‑tailed Fisher’s exact 
test (P < 0.05).

Results
Whole‑exome sequencing was done to analyse the 
coding sequences of 52 PCOS patients [Table 1]. After 
examining the variants, we identified four heterozygous 
missense variants within the coding regions of four 
different genes in eight patients. The detailed analysis 
of the variants is given in Table 2. Notably, one of the 
four variants exhibited significant differences in variant 
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frequencies when compared with those in the ExAC 
database (P < 0.05) [Table 3].

The variants were mapped onto their respective genes 
and visualised on the ProteinPaint platform (https://
proteinpaint.stjude.org).[31] The results revealed 
that of the four variants, three were present in 
important functional domains of their respective 
proteins [Figure 1].

Mutational landscape in the obesity‑related genes
A total of two heterozygous missense variants, GHRL 
(p.L72M) and UCP2 (p.R88C), in genes associated with 
obesity, were identified in 11.53% (n = 6) of the PCOS 
subjects. Notably, GHRL (p.L72M) variant exhibited 
homozygosity in one of the patients. The most common 
of these variants was GHRL (p.L72M), identified in 
9.6% (n = 5) of the total patients. Importantly, the most 
deleterious of the identified variants is the heterozygous 
missense variant in UCP2 with a high CADDphred 
score and an extremely low allele frequency. This 
variant is located in the mitochondrial carrier domain 
of the protein [Table 3]. GHRL, on the other hand, was 
predicted to be ‘probably damaging’ by the PolyPhen‑2 
prediction tool and also has a negative effect on protein 
stability.

Mutational landscape in the hyperinsulinaemia‑
related genes
Two of the total identified variants were in the genes 
associated with hyperinsulinaemia. These genes and 
their respective variants, IRS1 (p.S892G) and UCP1 
(p.T227I), were identified in two patients [Table 2]. 

Table 2: Details of the rare variants in genes associated with obesity and hyperinsulinaemia identified through 
whole‑exome sequencing in polycystic ovary syndrome patients

DBN BMI 
(kg/m2)

Insulin (F) 
uIU/mL

Gene CDNA_
CHG

Variant 
class

Zygosity dbSNP ID AA change CADDphred 
score

ClinVar 
significance

ExAc 
AF

82 30.4 (obese) 6.3 GHRL c.214C>A Missense Homozygous rs696217 p.Leu72Met M Pathogenic 0.085572
95 30.8 (obese) 12.2 UCP2 c.262C>T Missense Heterozygous rs540782955 p.Arg88Cys H NA 2.48E‑05
168 34.5 (obese) 14.9 GHRL c.214C>A Missense Heterozygous rs696217 p.Leu72Met M Pathogenic 0.07
20 30.7 (obese) 38.8 GHRL c.214C>A Missense Heterozygous rs696217 p.Leu72Met M Pathogenic 0.07
215 24.9 9.8 GHRL c.214C>A Missense Heterozygous rs696217 p.Leu72Met M Pathogenic 0.07
170 22.3 9.7 GHRL c.214C>A Missense Heterozygous rs696217 p.Leu72Met M Pathogenic 0.07
158 24.9 26.5 UCP1 c.680C>T Missense Heterozygous rs148598275 p.Thr227Ile M NA 0.002
148 28.3 

(overweight)
25.3 IRS1 c.2674A>G Missense Heterozygous rs1801277 p.Ser892Gly M NA 0.002

BMI=Basal metabolic index, DBN=Database number, CDNA_CHG=cDNA change, AA=Amino acid, CADD=Combined Annotation‑Dependent 
Depletion, AF=Allele frequency, ExAC=Exome Aggregation Consortium, NA=Not available

Table 1: Clinical data of the patients
Parameter PCOS 

subjects with 
variants (n=8)

PCOS subjects 
without variants 

(n=44)

P

Age (years) 25.12±2.47 23.25±5.05 0.333
BMI 28.35±4.03 24.447±4.53 0.029*
LH/FSH 1.60±0.68 1.61±0.95 0.986
T (ng/dL) 0.61±0.27 0.53±0.32 0.484
AMH (ng/mL) 10.09±5.74 11.88±5.34 0.404
FI (uIU/mL) 17.93±11.17 10.80±5.46 0.0074*
*P<0.05. Values are expressed as the mean±SD. BMI=Body 
mass index, LH=Luteinising hormone, FSH=Follicle‑stimulating 
hormone, T=Testosterone, AMH=Anti‑Mullerian hormone, 
FI=Fasting insulin, PCOS=Polycystic ovary syndrome, 
SD=Standard deviation

Table 3: Evaluation of the variant effect and assessment of protein stability done through in silico prediction tools
Gene Variant effect Protein stability Catalytic domain AF in 

PCOS 
cohort

AF (ExAC) P
Variant LRT 

prediction
SIFT 
prediction

PolyPhen‑2 
prediction

I‑Mutant 
2.0

MUpro 
tool

UCP2 p.Arg88Cys Deleterious Deleterious Probably 
damaging

Decreased Decreased Mitochondrial carrier 
domain

1/52 3/125,000 0.0017*

IRS1 p.Ser892Gly Deleterious Deleterious Probably 
damaging

Decreased Decreased ‑ 1/52 123/50,000 0.12

GHRL p.Leu72Met Neutral Tolerated Probably 
damaging

Decreased Decreased Motilin/
ghrelin‑associated peptide

5/52 21,393/250,000 0.801

UCP1 p.Thr227Ile Deleterious Deleterious Benign Increased Decreased Mitochondrial carrier 
domain

1/52 4189/2,000,000 0.103

*Denotes a statistically significant difference (<0.05). The Fisher’s exact test (P<0.05) showed significant differences in variant 
distribution between the PCOS cohort and that of ExAC database. LRT=Likelihood ratio test, SIFT=Sorting Intolerant from Tolerant, 
PolyPhen‑2=Polymorphism phenotype v2, AF=Allele frequency, ExAC=Exome Aggregation Consortium, PCOS=Polycystic ovary syndrome
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Both the identified missense variants of IRS1 and 
UCP1 exhibited a medium impact on functionality of 
the proteins and were predicted by the in silico tools 
to be highly deleterious. Additionally, they also have 
a decreasing effect on the protein stability [Table 3]. 
Moreover, the two variants were found at an extremely 
low frequency (0.00246 and 0.002094, respectively) in 
the general population.

Association between the identified variants and 
patients’ clinical outcomes
In the present study, 52 PCOS patients were 
recruited. Of these, 23.07% (n = 12) were 
overweight (BMI ≥25 kg/m2), 17.3% (n = 9) were 
obese (BMI ≥30 kg/m2), 1.9% (n = 1) were lean 
(BMI <18 kg/m2) and the remaining 57.6% (n = 30) of 
the subjects had normal BMI (≥18 kg/m2 to ≤25 kg/m2). 
Abnormally high FI levels (FI >25 iui/mL) were observed 
in 9.61% (n = 5) of the total patients. Three of these 
patients fall in the overweight/obese category, while two 
of the PCOS patients with abnormally high FI levels had 
normal BMI. The average BMI of the subjects in whom 
the variants have been reported was 28.35 ± 4.03 kg/m2, 
which is significantly higher when compared to the 
patients with no variants (24.447 ± 4.53 kg/m2; P = 0.029; 
P < 0.05). Similarly, a significant difference 
was observed in FI levels in the subjects with 
variants (17.93 ± 11.17 uIU/mL) as compared to the ones 
with no variants (10.80 ± 5.46 uIU/mL; P = 0.0074; 
P < 0.05) [Figure 2]. No significant association of other 

parameters such as age, TT, anti‑Mullerian hormone 
and LH/FSH ratio was observed between the two 
groups. Hyperinsulinaemia was exclusively observed in 
two patients with rare IRS1 (p.Ser892Gly) and UCP1 
(p.Thr227Ile) variants. Similarly, obesity was exclusive 
to the patients carrying a highly deleterious rare variant 
in UCP2 (p.Arg88Cys) and a common variant in 
GHRL (Leu72Met). The variant GHRL (p.Leu72Met) 
was observed in five PCOS subjects. Interestingly, four 
of the five patients with GHRL (p.Leu72Met) were 
obese/overweight (30.63 ± 0.191 kg/m2), but their FI 
levels are highly variable (20 ± 15.6 µIU/mL). The 
patient with homozygosity in GHRL (p.L72M) was 
obese.

Evolutionary conservation analysis
Evolutionary conservation analysis of the identified 
exonic variants done in 10 vertebrate species revealed 
that the four variants, GHRL (p.Leu72Met), UCP2 
(p.Arg88Cys), IRS1 (p.Ser892Gly) and UCP1 
(p.Thr227Ile), were highly conserved amongst the 
different species [Figure 3]. IRS1 (p.Ser892Gly) was, 
however, not identified in P. t. altaica.

Discussion
A disproportionately large number of PCOS women 
suffer from metabolic derangements such as obesity, 
hyperinsulinaemia and insulin resistance,[32] which 
translate into a heightened risk of obesity‑related 
comorbidities, namely T2D and possibly hypertension,[33] 

Figure 1: The precise location of the variants on their respective genes visualised by Protein Paint
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making these pathways useful targets for exploring 
potential candidate genes for PCOS. A causal link 
between obesity and PCOS was established through 
recent large‑scale genome‑wide meta‑analysis.[34] With 
this background information, we considered a possible 
role of genetic variants on the susceptibility for the 
development of polygenic obesity and hyperinsulinaemia 
in PCOS patients.

In the present study, we screened rare exonic variants 
in genes associated with the pathogenesis of PCOS. In 
the cohort of 52 PCOS patients, 60.78% (n = 31) of 
the patients had BMI <25 kg/m2, while the remaining 
40.38 (n = 21) were overweight/obese. We reported 
four rare variants, of which one (GHRL p.Leu72Met) 
has been reported previously as pathogenic. The genes 
are significantly enriched in biological processes 
pertaining to metabolism and thermogenesis, and a 
majority of them are localised in the mitochondria 
of the cells, suggestive of their role in energy‑related 
pathways. The four variants exhibited heterozygosity, 
while one of the obese patients with GHRL p.Leu72Met 
was homozygous. Of the eight patients with variants, 
four were obese, one was overweight and two had 
normal BMI (BMI = 24.9 kg/m2). Nevertheless, we 
found a significant difference in the BMI of patients 
with variants versus the patients without variants. 
High insulin levels (≥25 uIU/mL), suggestive of 
hyperinsulinaemia, were observed in four overweight 
patients and one patient with normal BMI. This 
points towards a positive association of BMI with 
hyperinsulinaemia. Additionally, FI levels were 

significantly higher in patients with variants compared 
to patients without variants (P < 0.05).

A number of studies have provided conclusive 
evidence to establish the association of polymorphisms 
in the genes identified in our study with obesity, 
hyperinsulinaemia, insulin resistance and/or T2D 
mellitus (T2DM). These results are consistent with the 
outcomes observed in various knockout/knockdown 
studies of these genes and their associated phenotypes. 
Polymorphisms in these genes and their association with 
PCOS have also been examined in multiple studies. 
Consistent with these reports, we present cases where 
rare variants in these genes are linked to obesity and 
hyperinsulinaemia in women with PCOS.

Uncoupling protein‑1, UCP1 (p.Thr227Ile)
As a mitochondrial‑resident protein, UCP1 is expressed 
in brown adipose tissue (BAT) and is involved in 
thermogenesis regulation of energy metabolism.[35] It 
has been observed that mice deficient in UCP1 develop 
diet‑induced obesity with age.[36] However, the obesity 
phenotype in this case does not manifest at the 
young‑adult stage. Kontani et al. also observed that 
the diet‑induced obesity in UCP1‑deficient mice was 
notably higher in females than in males, making it clear 
that UCP1 deficiency will have a more dramatic effect 
on females. However, the study did not report the effect 
of UCP1 deletion on insulin sensitivity. Nevertheless, 
many subsequent studies have proved the hypothesis 
that BAT activation through cold exposure, β3‑agonist or 
thyroid treatment improves glucose tolerance and insulin 
resistance.[37‑39] In line with these reports, we found 
UCP1 (p.T227I) variant in a PCOS patient (database 
number [DBN] 158) who was borderline overweight and 
had severe hyperinsulinaemia. It seems plausible that 
increased insulin levels in this patient were secondary to 
increased resistance to insulin action and was, in fact, 
a case of compensatory hyperinsulinaemia which itself 
is induced as a result of low thermogenesis due to the 
dysfunctional consequences of UCP1 (p.Thr227Ile) 
variant. Increased energy expenditure as a result of 

Figure 2: Differences in the average body mass index (kg/m2) and fasting 
insulin (uIU/mL) levels between polycystic ovary syndrome subjects 
with variants and those without variants. The patients with variants had 
significantly higher BMI and fasting insulin levels than those without 
variants (*P < 0.05). PCOS: Polycystic ovary syndrome, BMI = Body 
mass index

Figure 3: Evolutionary conservation analysis of the identified mutations 
in 10 different vertebrate species
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increased UCP1 expression was observed in mice 
which were rendered genetically incapable of high‑fat 
diet‑induced fasting hyperinsulinaemia.[40] Therefore, 
increasing the BAT activity by increasing the repertoire 
of UCP1‑positive cells will therefore prove to be useful 
targets for the treatment of obesity, T2DM resulting from 
compensatory hyperinsulinaemia and insulin resistance 
in PCOS women. Additionally, the patient also exhibited 
abnormally high testosterone and DHEA‑S levels, 
typical of PCOS. In a recent study, androgen treatment 
was reported to reduce the β‑adrenoreceptor‑stimulated 
increase in UCP1 expression in PCOS mice, establishing 
a negative correlation between BAT thermogenesis and 
androgen levels.[41] Thus, high levels of androgens can 
have a compounding effect on BMI by downregulating 
the genes other than UCP1, leading to further decline in 
thermogenesis. All in all, considering that the threonine 
at position 227 is highly conserved amongst the different 
vertebrate species [Figure 3], the Thr227Ile substitution 
might have a functional significance.

Uncoupling protein 2, UCP2 (p.Arg88Cys)
The properties of another uncoupling protein, 
UCP2, are consistent with roles both in obesity and 
hyperinsulinaemia.[42] The expression of UCP2 takes 
place at varying levels in a wide range of cells and 
tissues including pancreatic β‑cells.[43] Increase in 
adenosine triphosphate (ATP) as a result of glucose 
metabolism is sensed by pancreatic β‑cells which 
promotes insulin secretion.[44,45] It has been established 
through UCP2 gene knockout experiment that UCP2 
decreases ATP production and thus negatively regulates 
insulin secretion.[43] This indicates that UCP2 is critical 
in the development of obesity and hyperinsulinaemia. 
Additionally, the polymorphism (rs660339) in UCP2 
puts the patient at an increased risk of obesity and 
T2DM.[46] Transcriptional profiling of UCP2 in PCOS 
women has revealed that decreased expression of 
UCP2 in the skeletal muscles is associated with insulin 
resistance.[47] We have presented the case of an obese 
PCOS woman (DBN 95; BMI = 30.8 kg/m2) with 
UCP2 (p.Arg88Cys), having normal serum levels of 
FI (12.2 µIU/mL), suggesting that the variant UCP2 (p.
Arg88Cys). No other metabolic complications were 
reported in the patient. Since UCP2 (p.Arg88Cys) has 
been predicted to be deleterious and decrease protein 
stability, it suggests that the variant confers a phenotype 
of obesity.

Ghrelin, GHRL p.Leu72Met
Our study reveals a significant enrichment of a common 
variant of GHRL gene in PCOS patients. Ghrelin, 
coded by the GHRL gene, is a peptide involved in 
the food intake process.[48] A study done on rodents 

suggested that administration of ghrelin causes weight 
gain by attenuating food utilisation and increasing food 
intake;[49] however, obese subjects have low levels of 
circulating ghrelin in their plasma.[50] Additionally, 
there is a negative correlation between FI and ghrelin 
concentration in obese subjects.[51,52] The association 
of GHRL p.Leu72Met with insulin resistance and 
T2DM risk has remained controversial.[53‑55] However, 
a positive association between GHRL p.Leu72Met 
and early onset of obesity was found amongst Italian 
obese children.[56] In our cohort, we have identified 
GHRL p.Leu72Met in five PCOS patients, of which 
three were obese and two subjects had normal BMI. 
One of the obese patients also had abnormally high FI. 
Four patients were heterozygous for the variants, while 
an obese patient was homozygous. The genotype–
phenotype correlation of GHRL p.Leu72Met can 
moderately substantiate that the variant is associated 
with obesity in PCOS subjects. Furthermore, the 
association of this common variant (MAF = 0.08) with 
PCOS was significantly high frequency in our cohort 
compared to its overall allele frequency in the ExAC 
database (P = 0.0005).

Insulin receptor substrate, IRS1 p.Ser892Gly
IRS1 modulates tissue response to insulin by acting 
as a docking protein between insulin receptor and 
multiple Src homology‑2 (SH2) in the insulin 
signalling cascade.[57,58] Targeted disruption of IRS1 
gene in mice causes the development of insulin 
resistance and IGT.[59] Two IRS1 polymorphisms 
in codon 513 and 972 were found to be associated 
with a 50% reduction in insulin sensitivity.[60] IRS1 
p.Gly972Arg polymorphism has been found to be 
significantly associated with PCOS risk.[61] The 
present study highlights a missense variant in IRS1 
(p.Ser892Gly) identified in an overweight PCOS 
patient with hyperinsulinaemia. The high FI levels 
imply compensatory hyperinsulinaemia linked to 
insulin resistance. Notably, the variant is uncommon 
in the population, as evidenced by a low allele 
frequency (MAF = 0.00246). The utilisation of in 
silico tools predicts a functional consequence of the 
variant, indicating its likely role in influencing the 
observed phenotype. This highlights the significance 
of genetic factors in the intricate development of 
PCOS and its related metabolic characteristics.

Taken together, UCP2 (p.Arg88Cys) and GHRL 
(p.Leu72M) variants impact obesity, while IRS1 
(p.Ser892Gly) and UCP1 (p.Thr227Ile) variants result 
in hyperinsulinaemia. The other three variants, although 
they have been implicated in obesity phenotype, 
were observed in overweight patients. The identified 
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missense variants were considered to be causing 
obesity and hyperinsulinaemia manifestations in PCOS 
patients. While it is unlikely that these variants could 
individually serve as common causes of polygenic 
traits such as obesity and hyperinsulinaemia, there is a 
possibility that they contribute to anticipating the onset 
of these disorders and, in turn, the pathogenesis of 
PCOS.

Conclusion
We identified four rare variants in genes associated 
with obesity and hyperinsulinaemia in PCOS patients. 
The patients with these variants presented with either 
high BMI (suggestive of overweight condition or 
obesity) or hyperinsulinaemia or had these phenotypes 
in combination. Taken together, both in silico and 
genotype–phenotype correlations suggest that amongst 
the identified variants, IRS1 (p.Ser892Gly) and 
UCP1 (Thr227Ile) are associated with hyperinsulinaemia, 
while UCP2 (p.Arg88Cys) and GHRL (p.Leu72Met) 
are associated with obesity. Our study supports the 
hypothesis that exomic rare variants in genes related to 
obesity and hyperinsulinaemia drive the progression of 
PCOS.

Author’s Contributions
PS ‑ Clinical analysis, laboratory work and data analysis, 
secondary bioinformatic analysis and manuscript 
writing. AH ‑ Conceived, designed the experiments, 
clinical analysis, made critical revisions to manuscript 
and arranged funding; MJ ‑ Laboratory work and data 
analysis; MT ‑ Secondary bioinformatic analysis. All 
authors read and approved the final manuscript.

Acknowledgement
We thank the Department of Obstetrics and Gynecology, 
All India Institute of Medical Sciences, New Delhi, 
India, for their extended support in the recruitment of 
PCOS patients. We are thankful to the patients for their 
cooperation during the study.

Financial support and sponsorship
The authors received financial support for this research 
work from the Department of Science and Technology 
(DST), New Delhi, India (EEQ/2017/000214), and an 
SRF grant from the Council of Scientific and Industrial 
Research (CSIR), New Delhi.

Conflicts of interest
There are no conflicts of interest.

Data availability statement
WES data supporting the results reported in this article 
can be obtained from the authors on request.

References
1. Diamanti‑Kandarakis E, Kouli CR, Bergiele AT, Filandra FA, 

Tsianateli TC, Spina GG, et al. A survey of the polycystic 
ovary syndrome in the Greek Island of Lesbos: Hormonal and 
metabolic profile. J Clin Endocrinol Metab 1999;84:4006‑11.

2. Boyle JA, Cunningham J, O’Dea K, Dunbar T, Norman RJ. 
Prevalence of polycystic ovary syndrome in a sample 
of Indigenous women in Darwin, Australia. Med J Aust 
2012;196:62‑6.

3. Lizneva D, Suturina L, Walker W, Brakta S, Gavrilova‑Jordan L, 
Azziz R. Criteria, prevalence, and phenotypes of polycystic 
ovary syndrome. Fertil Steril 2016;106:6‑15.

4. Carmina E, Lobo RA. Polycystic ovary syndrome (PCOS): 
Arguably the most common endocrinopathy is associated 
with significant morbidity in women. J Clin Endocrinol Metab 
1999;84:1897‑9.

5. Cooper HE, Spellacy WN, Prem KA, Cohen WD. Hereditary 
factors in the stein‑leventhal syndrome. Am J Obstet Gynecol 
1968;100:371‑87.

6. Amato P, Simpson JL. The genetics of polycystic ovary 
syndrome. Best Pract Res Clin Obstet Gynaecol 2004;18:707‑18.

7. Wilroy RS Jr., Givens JR, Wiser WL, Coleman SA, 
Andersen RN, Summitt RL. Hyperthecosis: An inheritable form 
of polycystic ovarian disease. Birth Defects Orig Artic Ser 
1975;11:81‑5.

8. Givens JR. Familial polycystic ovarian disease. Endocrinol 
Metab Clin North Am 1988;17:771‑83.

9. Franks S, Gharani N, Waterworth D, Batty S, White D, 
Williamson R, et al. The genetic basis of polycystic ovary 
syndrome. Hum Reprod 1997;12:2641‑8.

10. Jahanfar S, Eden JA. Genetic and non‑genetic theories on the 
etiology of polycystic ovary syndrome. Gynecol Endocrinol 
1996;10:357‑64.

11. Yilmaz B, Vellanki P, Ata B, Yildiz BO. Diabetes mellitus and 
insulin resistance in mothers, fathers, sisters, and brothers of 
women with polycystic ovary syndrome: A systematic review 
and meta‑analysis. Fertil Steril 2018;110:523‑33.

12. Vink JM, Sadrzadeh S, Lambalk CB, Boomsma DI. Heritability 
of polycystic ovary syndrome in a Dutch twin‑family study. 
J Clin Endocrinol Metab 2006;91:2100‑4.

13. Zhao H, Lv Y, Li L, Chen ZJ. Genetic studies on polycystic ovary 
syndrome. Best Pract Res Clin Obstet Gynaecol 2016;37:56‑65.

14. Speliotes EK, Willer CJ, Berndt SI, Monda KL, Thorleifsson G, 
Jackson AU, et al. Association analyses of 249,796 individuals 
reveal 18 new loci associated with body mass index. Nat Genet 
2010;42:937‑48.

15. Nestler JE. Metformin for the treatment of the polycystic ovary 
syndrome. N Engl J Med 2008;358:47‑54.

16. Azziz R, Woods KS, Reyna R, Key TJ, Knochenhauer ES, 
Yildiz BO. The prevalence and features of the polycystic ovary 
syndrome in an unselected population. J Clin Endocrinol Metab 
2004;89:2745‑9.

17. Stein AD, Kahn HS, Rundle A, Zybert PA, 
van der Pal‑de Bruin K, Lumey LH. Anthropometric measures in 
middle age after exposure to famine during gestation: Evidence 
from the Dutch famine. Am J Clin Nutr 2007;85:869‑76.

18. Barber TM, Hanson P, Weickert MO, Franks S. Obesity and 
polycystic ovary syndrome: Implications for pathogenesis and 
novel management strategies. Clin Med Insights Reprod Health 
2019;13:1‑9.

19. Conway GS, Jacobs HS, Holly JM, Wass JA. Effects of luteinizing 
hormone, insulin, insulin‑like growth factor‑I and insulin‑like 



315Journal of Human Reproductive Sciences ¦ Volume 16 ¦ Issue 4 ¦ October-December 2023

Sharma, et al.: Rare variants in PCOS

growth factor small binding protein 1 in the polycystic ovary 
syndrome. Clin Endocrinol (Oxf) 1990;33:593‑603.

20. Mathur R, Alexander CJ, Yano J, Trivax B, Azziz R. Use of 
metformin in polycystic ovary syndrome. Am J Obstet Gynecol 
2008;199:596‑609.

21. Bannigida DM, Nayak BS, Vijayaraghavan R. Insulin resistance 
and oxidative marker in women with PCOS. Arch Physiol 
Biochem 2020;126:183‑6.

22. Morales AJ, Laughlin GA, Bützow T, Maheshwari H, 
Baumann G, Yen SS. Insulin, somatotropic, and luteinizing 
hormone axes in lean and obese women with polycystic ovary 
syndrome: Common and distinct features. J Clin Endocrinol 
Metab 1996;81:2854‑64.

23. Anagnostis P, Paparodis RD, Bosdou JK, Bothou C, Macut D, 
Goulis DG, et al. Risk of type 2 diabetes mellitus in polycystic 
ovary syndrome is associated with obesity: A meta‑analysis of 
observational studies. Endocrine 2021;74:245‑53.

24. Falcetta P, Benelli E, Molinaro A, Di Cosmo C, Bagattini B, 
Del Ghianda S, et al. Effect of aging on clinical features and 
metabolic complications of women with polycystic ovary 
syndrome. J Endocrinol Invest 2021;44:2725‑33.

25. Balen AH, Laven JS, Tan SL, Dewailly D. Ultrasound assessment 
of the polycystic ovary: International consensus definitions. Hum 
Reprod Update 2003;9:505‑14.

26. Hatch R, Rosenfield RL, Kim MH, Tredway D. Hirsutism: 
Implications, etiology, and management. Am J Obstet Gynecol 
1981;140:815‑30.

27. Miller SA, Dykes DD, Polesky HF. A simple salting out 
procedure for extracting DNA from human nucleated cells. 
Nucleic Acids Res 1988;16:1215.

28. Capriotti E, Fariselli P, Casadio R. I‑Mutant2.0: Predicting 
stability changes upon mutation from the protein sequence or 
structure. Nucleic Acids Res 2005;33:W306‑10.

29. Cheng J, Randall A, Baldi P. Prediction of protein stability 
changes for single‑site mutations using support vector machines. 
Proteins 2006;62:1125‑32.

30. Carmona‑Saez P, Chagoyen M, Tirado F, Carazo JM, 
Pascual‑Montano A. GENECODIS: A web‑based tool for finding 
significant concurrent annotations in gene lists. Genome Biol 
2007;8:R3.

31. Zhou X, Edmonson MN, Wilkinson MR, Patel A, Wu G, Liu Y, 
et al. Exploring genomic alteration in pediatric cancer using 
proteinpaint. Nat Genet 2016;48:4‑6.

32. Goodarzi MO, Dumesic DA, Chazenbalk G, Azziz R. Polycystic 
ovary syndrome: Etiology, pathogenesis and diagnosis. Nat Rev 
Endocrinol 2011;7:219‑31.

33. Mani H, Levy MJ, Davies MJ, Morris DH, Gray LJ, Bankart J, 
et al. Diabetes and cardiovascular events in women with 
polycystic ovary syndrome: A 20‑year retrospective cohort study. 
Clin Endocrinol (Oxf) 2013;78:926‑34.

34. Day F, Karaderi T, Jones MR, Meun C, He C, Drong A, et al. 
Large‑scale genome‑wide meta‑analysis of polycystic ovary 
syndrome suggests shared genetic architecture for different 
diagnosis criteria. PLoS Genet 2018;14:e1007813.

35. Azzu V, Brand MD. The on‑off switches of the mitochondrial 
uncoupling proteins. Trends Biochem Sci 2010;35:298‑307.

36. Kontani Y, Wang Y, Kimura K, Inokuma KI, Saito M, 
Suzuki‑Miura T, et al. UCP1 deficiency increases susceptibility 
to diet‑induced obesity with age. Aging Cell 2005;4:147‑55.

37. Arch JR, Ainsworth AT, Cawthorne MA, Piercy V, Sennitt MV, 
Thody VE, et al. Atypical beta‑adrenoceptor on brown adipocytes 
as target for anti‑obesity drugs. Nature 1984;309:163‑5.

38. Forest C, Doglio A, Ricquier D, Ailhaud G. A preadipocyte 

clonal line from mouse brown adipose tissue. Short‑ and 
long‑term responses to insulin and beta‑adrenergics. Exp Cell 
Res 1987;168:218‑32.

39. Peirce V, Vidal‑Puig A. Regulation of glucose homoeostasis by 
brown adipose tissue. Lancet Diabetes Endocrinol 2013;1:353‑60.

40. Mehran AE, Templeman NM, Brigidi GS, Lim GE, Chu KY, 
Hu X, et al. Hyperinsulinemia drives diet‑induced obesity 
independently of brain insulin production. Cell Metab 
2012;16:723‑37.

41. Lerner A, Kewada D, Ahmed A, Hardy K, Christian M, Franks S. 
Androgen reduces mitochondrial respiration in mouse brown 
adipocytes: A model for disordered energy balance in polycystic 
ovary syndrome. Int J Mol Sci 2020;22:243.

42. Fleury C, Neverova M, Collins S, Raimbault S, Champigny O, 
Levi‑Meyrueis C, et al. Uncoupling protein‑2: A novel 
gene linked to obesity and hyperinsulinemia. Nat Genet 
1997;15:269‑72.

43. Zhang CY, Baffy G, Perret P, Krauss S, Peroni O, Grujic D, 
et al. Uncoupling protein‑2 negatively regulates insulin secretion 
and is a major link between obesity, beta cell dysfunction, and 
type 2 diabetes. Cell 2001;105:745‑55.

44. Ashcroft FM, Gribble FM. ATP‑sensitive K+ channels and 
insulin secretion: Their role in health and disease. Diabetologia 
1999;42:903‑19.

45. Matschinsky FM, Glaser B, Magnuson MA. Pancreatic beta‑cell 
glucokinase: Closing the gap between theoretical concepts and 
experimental realities. Diabetes 1998;47:307‑15.

46. Xu K, Zhang M, Cui D, Fu Y, Qian L, Gu R, et al. UCP2 ‑866G/
A and Ala55Val, and UCP3 ‑55C/T polymorphisms in association 
with type 2 diabetes susceptibility: A meta‑analysis study. 
Diabetologia 2011;54:2315‑24.

47. Skov V, Glintborg D, Knudsen S, Jensen T, Kruse TA, Tan Q, 
et al. Reduced expression of nuclear‑encoded genes involved 
in mitochondrial oxidative metabolism in skeletal muscle 
of insulin‑resistant women with polycystic ovary syndrome. 
Diabetes 2007;56:2349‑55.

48. Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H, 
Kangawa K. Ghrelin is a growth‑hormone‑releasing acylated 
peptide from stomach. Nature 1999;402:656‑60.

49. Tschöp M, Smiley DL, Heiman ML. Ghrelin induces adiposity in 
rodents. Nature 2000;407:908‑13.

50. Tschöp M, Weyer C, Tataranni PA, Devanarayan V, Ravussin E, 
Heiman ML. Circulating ghrelin levels are decreased in human 
obesity. Diabetes 2001;50:707‑9.

51. Ikezaki A, Hosoda H, Ito K, Iwama S, Miura N, Matsuoka H, 
et al. Fasting plasma ghrelin levels are negatively correlated 
with insulin resistance and PAI‑1, but not with leptin, in obese 
children and adolescents. Diabetes 2002;51:3408‑11.

52. Salbe AD, Tschöp MH, DelParigi A, Venti CA, Tataranni PA. 
Negative relationship between fasting plasma ghrelin 
concentrations and ad libitum food intake. J Clin Endocrinol 
Metab 2004;89:2951‑6.

53. Zavarella S, Petrone A, Zampetti S, Gueorguiev M, Spoletini M, 
Mein CA, et al. A new variation in the promoter region, the ‑604 
C>T, and the Leu72Met polymorphism of the ghrelin gene are 
associated with protection to insulin resistance. Int J Obes (Lond) 
2008;32:663‑8.

54. Li YY, Lu XZ, Yang XX, Wang H, Geng HY, Gong G, et al. 
GHRL gene leu72met polymorphism and type 2 diabetes 
mellitus: A meta‑analysis involving 8,194 participants. Front 
Endocrinol (Lausanne) 2019;10:559.

55. Rivera‑León EA, Llamas‑Covarrubias MA, Sánchez‑Enríquez S, 
Martínez‑López E, González‑Hita M, Llamas‑Covarrubias IM. 



316 Journal of Human Reproductive Sciences ¦ Volume 16 ¦ Issue 4 ¦ October-December 2023

Sharma, et al.: Rare variants in PCOS

Leu72Met polymorphism of GHRL gene decreases susceptibility 
to type 2 diabetes mellitus in a Mexican population. BMC 
Endocr Disord 2020;20:109.

56. Miraglia del Giudice E, Santoro N, Cirillo G, Raimondo P, 
Grandone A, D’Aniello A, et al. Molecular screening of the 
ghrelin gene in Italian obese children: The Leu72Met variant 
is associated with an earlier onset of obesity. Int J Obes Relat 
Metab Disord 2004;28:447‑50.

57. He MA, Workalemahu T, Cornelis MC, Hu FB, Qi L. Genetic 
variants near the IRS1 gene, physical activity and type 2 diabetes 
in US men and women. Diabetologia 2011;54:1579‑82.

58. Thameem F, Puppala S, Schneider J, Bhandari B, Arya R, 
Arar NH, et al. The Gly(972)Arg variant of human IRS1 

gene is associated with variation in glomerular filtration rate 
likely through impaired insulin receptor signaling. Diabetes 
2012;61:2385‑93.

59. Araki E, Lipes MA, Patti ME, Brüning JC, Haag B 3rd, Johnson RS, 
et al. Alternative pathway of insulin signalling in mice with 
targeted disruption of the IRS‑1 gene. Nature 1994;372:186‑90.

60. Clausen JO, Hansen T, Bjørbaek C, Echwald SM, Urhammer SA, 
Rasmussen S, et al. Insulin resistance: Interactions between 
obesity and a common variant of insulin receptor substrate‑1. 
Lancet 1995;346:397‑402.

61. Ruan Y, Ma J, Xie X. Association of IRS‑1 and IRS‑2 genes 
polymorphisms with polycystic ovary syndrome: A meta‑analysis. 
Endocr J 2012;59:601‑9.


