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Abstract

Polycystic ovary syndrome (PCOS) is a complex disorder that is highly prevalent in many females worldwide.
This disorder has a strong genetic component with many candidate genes, including androgen receptor (AR),
follicle-stimulating hormone receptor, m6 A demethylase, Calpain protease and several members of the cytochrome
P450 family. These genes are mainly related to AR signaling and steroidogenesis enzymes. The exact cause of
PCOS is still partly unknown. It is important to understand genetic predispositions to understand risk factors and
possible therapeutic targets. Metabolic and hormonal pathways are disrupted as a result of genetic polymorphisms,
leading to ovarian dysfunction and the development of PCOS symptoms. In particular, variations in the genes
encoding steroidogenesis and hormone receptors can disrupt the hormonal balance, leading to conditions such as
hyperandrogenism and ovarian cyst formation. Insulin resistance is the most prominent feature of PCOS pathology
that interacts with genetic factors and aggravates the condition. Management strategies are aimed at symptom
relief with lifestyle modifications and pharmacological interventions to improve the quality of life and fertility
outcomes in women with the condition. The ongoing investigations of the association of genetic polymorphisms
with PCOS emphasize the complexity of this disease but also highlight the discrepancies in results with respect
to genetic factors involved in the syndrome. One promising direction for this field is the trend toward subtyping
PCOS. This may move the classification of PCOS from a largely subjective diagnosis to one based on discrete
biological differences. Weight loss, a balanced diet, and regular use of prescribed medicines can help in managing
the severity of PCOS effectively through preventive measures.
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INTRODUCTION Biochemically, insulin works synergistically with luteinizing
hormone to increase theca cell androgen production, and also
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common endocrine disorder of 5-15%

of women of reproductive age group
(1844 years) worldwide."? It is marked
by serious complications such as infertility
and menstrual irregularities and is known by
various alternate names such as schlerocystic
ovaries and Stein—Leventhal syndrome, in
recognition of the American gynecologists
Irving F. Stein and Michael L. Leventhal 4

Polycystic ovary syndrome (PCOS) is a
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decreases liver production of sex hormone-binding globulin
(SHBG), increasing available free androgens. The endocrine
disturbance inhibits normal follicle development and results
in anovulation and cyst formation (12 cysts/ovary). Moreover,
the expression of the syndrome changes in different stages of
life, from a reproductive to a metabolic disorder.[” The effects
of infertility are of great concern in women with PCOS.
Infertility occurs in 70-80% of women with PCOS due to
ovulatory dysfunction, and in early pregnancy, complications
such as ovarian hyperstimulation and miscarriage may occur.
The disease has a genetic component, but females in the first
degree of kinship of patients with PCOS may also present
the disease. However, the specific mechanisms of infertility
in PCOS are still largely obscure, impaired endometrial
implantation being one of the possible factors.!*!

Despite extensive studies, the exact molecular mechanism
of PCOS is not fully understood due to its heterogeneity
and variation in different populations. Thus, a detailed
understanding of the biochemical and genetic basis of PCOS
is required to improve the accuracy of diagnosis and to design
specific therapeutic strategies.

MOLECULAR BASIS AND MODE OF
INHERITANCE OF PCOS

Cooper et al. first described the genetic contribution to PCOS
in 1968, and subsequent studies have suggested familial
patterns and autosomal dominant inheritance with a significant
prevalence among first-degree relatives at 55-60%. This
supported the hypothesis of autosomal dominant inheritance.
Later, monogenic causes of hirsutism and oligo-menorrhea
in women with PCOS and male-pattern baldness were
identified.’®! However, twin studies of monozygotic and
dizygotic pairs of twins suggested that PCOS may not be
a simple autosomal-dominant or single-gene disorder but
rather an X-linked disorder with polygenic inheritance. These

studies estimated that 72% of the risk variance for PCOS
has a genetic basis, emphasizing the significant genetic
contribution to its pathogenesis [Table 1].0-'!

ETIOLOGY AND BIOCHEMICAL
PATHWAYS IN PCOS

The etiology of PCOS is influenced by genetic and
environmental factors. Unhealthy lifestyle, poor diet, and
infectious agents increase the risk of developing PCOS.["T At
the core of the condition is insulin resistance, which leads
to ovarian dysfunction and increased androgen levels
resulting in anovulation. Affected individuals also manifest
hormonal imbalances in gonadotropin-releasing hormone,
follicle-stimulating hormone (FSH), luteinizing hormone
(LH), and prolactin. Genetic factors are significant, with at
least 241 gene variations associated with PCOS, including
polymorphism in genes involved in androgen and hormonal
receptors.!'?!

Specific polymorphisms, including those affecting StAR,
FSH receptors (FSHR), m6A demethylase (FTO), Vitamin D
receptor (VDR), Insulin receptor (IR), IR substrates (IRS),
and GnRHR, are associated with changes in gene transcription
and, accordingly, the biochemical pathways regulating
ovarian function.' Increased insulin and androgen levels
can contribute to the severity and progression of PCOS.
High insulin levels adversely affect ovarian theca cells,
resulting in increased androgen production and decreased
hepatic production of SHBG and IGFBP-1 [Figure 1]. High
androgen levels stimulate visceral adipose tissue to produce
free fatty acids, which lead to increased insulin resistance
and demonstrate the complex relationship between genetic
predisposition and hyperandrogenism in PCOS.['S) Current
research has highlighted genes associated with PCOS,
particularly genes encoding the VDR and adiponectin
(ADIPOQ).

Table 1: Functional classification of genes associated with PCOS

Functional category Genes

Chromosomal location

Biological role

Steroidogenesis CYP11A1, CYP17A1,

CYP19A1, CYP21A2, CYP1A1

Hormone signaling AR, SHBG

Gonadotropin regulation FSHR, LH, AMH
CAPN10, INS, INSR, IRS-1,

IRS-2
FTO, ADIPOQ, VDR

Insulin signaling

Metabolic regulation

15024.1, 10924.32,
15g21.2, 6p21.33

Xq11-q12, 17p13
2p16.3, 19913.32,
19p13.3

2437.3, 11p15.5

16g12.2, 3927, 12913.11

Androgen and estrogen biosynthesis

Regulation of androgen action and
hormone transport

Follicular development and ovarian
function

Glucose metabolism and insulin
response

Energy balance, adipogenesis, and
insulin sensitivity

CYP11A1: Cholesterol side-chain cleavage enzyme, CYP17A1: 17a-hydroxylase, CYP19A1: Aromatase, AR: Androgen receptor,

SHBG: Sex hormone-binding globulin, FSHR: Follicle-stimulating hormone receptor, CAPN10: Calpain protease, FTO: m6A demethylase,
ADIPOQ: Adiponectin, VDR: Vitamin D receptor, LH: Luteinizing hormone, AMH: Anti-Millerian hormone, INSR: Insulin receptor,

INS: Insulin, /IRS-1: Insulin receptor substrates 1, IRS-2: Insulin receptor substrates 2, PCOS: Polycystic ovary syndrome
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Figure 1: Flowchart illustrating insulin resistance as a cause
of polycystic ovary syndrome

MOLECULAR GENETICS AND
METABOLIC REGULATION

VDR and ADIPOQ in metabolic dysfunction

The gene encoding the VDR, located at the chromosomal
locus 12q13.11, includes 14 exons and encodes 427 amino-
acid residues. Notable single-nucleotide polymorphisms
(SNPs) variants in this gene comprise Taql (rs731236) in
exon 9, Bsml (rs1544410) and Apal (rs7975232) in intron
8, and FokI (rs10735810) in exon 2, with the Taql and BsmlI
variants affecting mRNA stability and posttranscriptional
processes due to their proximity to the 3> UTR region. The
ADIPOQ gene, located on chromosome 3q27, is composed
of three exons and two introns, showing high heritability and
links to obesity and diabetes complications. Key SNPs for
ADIPOQ include T45G (rs2241766) in exon 2 and G276T
(rs1501299) in intron 2.[16-19

In a meta-analysis by Abinaya et al., evidence for four
polymorphisms from the VDR (rs731236, rs1544410) and
ADIPOQ (152241766, rs1501299) genes associated with
PCOS. The Bsml polymorphism (rs1544410 -located at
3’UTR region) has been shown to have low occurrence
in PCOS women, and also highlighted variances across
ethnicities. The ADIPOQ gene polymorphisms correlated
with obesity and metabolic dysregulation, demonstrated no
significant association in certain populations, yet findings
from the meta-analysis indicated notable links with PCOS.
The analysis emphasized the need for haplotype studies and
exploration of gene interactions to better understand these
associations.?”

FTO and energy homeostasis

The FTO gene, referred to as an alpha-ketoglutarate-
dependent dioxygenase, is located cytogenetically at
chromosomal region 16q12.2 and comprises 14 exons.
Various research studies have established a correlation
between F'70 and obesity and body mass index (BMI), as well
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s of PCOS

as type 2 diabetes mellitus. Notably, research conducted in
Pakistan has identified polymorphisms within the F70 gene
in patients with PCOS. In particular, the study highlighted the
presence of the 159939609 single-nucleotide polymorphism
(SNP) within an intronic variant, highlighting that individuals
affected by this condition present a statistically significant
difference in terms of BMI when compared with healthy
individuals. Furthermore, the link between F70O gene SNPs
and PCOS has been substantiated within the Pakistani
population, reinforcing the genetic influence of the F70 gene
on metabolic conditions such as obesity and PCOS.*'?2!

HORMONE SIGNALING AND RECEPTOR
DYSFUNCTION

Androgen receptor (AR) and SHBG

The AR gene is located on the X chromosome, located at the
Xq12 chromosomal locus, consists of 11 exons and encodes
a protein that exceeds 90 kb in length, featuring a total of
three major functional domains.”®) The AR, which has been
associated with PCOS, is influenced by X-chromosome
inactivation (a single copy is significant), leading to
disruptions in the androgen signaling pathway that can result
in elevated activity. Moreover, conducting a genome-wide
association study (GWAS) in PCOS could help detect novel
mutations as well as other genetic variants contributing to the
development of this condition.?*

The SHBG gene, located on the 17p13—pl12 chromosomal
region, encodes a protein product containing 373 amino
acids that plays a crucial role in regulating sex hormone
levels by binding to androgens, primarily testosterone and
estrogens.?! Most SHBG is produced by liver hepatocytes,
and its production is influenced by various metabolic factors,
including androgens and insulin. In females with PCOS,
SHBG levels are often lower due to the inhibitory influence
of hyperinsulinemia on its production.?® SNPs in the SHBG
gene have a significant effect.*”

GONADOTROPIN DYSREGULATION AND
FOLLICULOGENESIS

FSHR

The FSHR gene is located on the 2p16.3 chromosomal region
and consists of 14 exons. It produces a protein classified as a
type of G protein-coupled receptor, which has an important
function in gonadal development.*! Alterations in hormone
levels can significantly impact the endocrine reproductive
system. Among various hormones, imbalanced levels of
FSH are linked to the severity of PCOS. Abnormalities in
the FSHR can lead to dysfunctions in follicular activity and
ovarian function. Statistical analyses and restriction fragment




length polymorphism studies using the restriction enzyme
Eam11051 revealed significant differences between healthy
individuals and those affected by the condition in a research
study conducted in northern Iraq.”*

Anti-Mullerian hormone (AMH)

The AMH gene, located at cytogenetic position 13.3 on
chromosome 19q, comprises five exons and produces a
protein relevant to infertility.*® Whole exome sequencing
and GWAS have recognized variations in the AMH gene that
are linked to PCOS, as well as being significant predictors for
the condition.B!

LH and its receptor gene

A high concentration of LH increases androgen production,
while negative feedback results in decreased FSH, potentially
indirectly exacerbating excess androgen in the ovaries due to
reduced conversion of androgens into estrogens. Research
into the genes encoding LH and its receptor in PCOS has
revealed point mutations, including Trp8Arg and Ile15Thr,
within the B subunit gene, which, although initially reported
in PCOS patients, is also found in 15% of the normal
population and is considered nonpathogenic. In addition, LH
B-subunit gene polymorphisms have been associated with
PCOS.B361

INSULIN SIGNALING AND GENETIC
VARIABILITY

Genes involved in insulin signaling, including Calpain
protease (CAPN10), INS, INSR, IRS-1, and IRS-2, play an
important role in the metabolic aspects of PCOS. Insulin
binding to its receptor activates downstream signaling
cascades, primarily the PI3K/Akt and MAPK pathways. The
abnormal phosphorylation of IRS-1 and IRS-2 causes the
defect of signal transduction and decreased glucose uptake,
and increased insulin resistance in PCOS. CAPNI1O0 is a
calcium-dependent protease involved in glucose metabolism
and insulin secretion, further supporting a role for genetic
variation in metabolic dysfunction. Therefore, CAPN10 is
one of the most promising candidate genes for the study of
the genetic basis of PCOS.78

IGF2BP2 and IGFBP3

A 2024 study published in J Clin Lab Anal finds significant
associations of gene variants IGF2BP2 (rs1470579) and
IGFBP3 (rs2854744) with increased risk of PCOS in Indian
women. These genes are linked to insulin resistance, a
prevalent characteristic of PCOS. IGF2BP2, which interacts
withIGF-1I, playsarolein PCOS development. A study carried
out in Southern India, particularly Hyderabad, emphasizes
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the connection between high rates of type 2 diabetes mellitus
(T2DM) and genetic susceptibility to PCOS related to insulin
resistance. In addition, the IGF2 Apal A820G (rs680) gene
polymorphism has been implicated in PCOS, particularly in
women with higher BMI as well as insulin resistance. The
IGFBP3 152854744 variant corroborates findings in other
populations as a risk factor for developing PCOS.B”!

The insulin gene

Insulin influences androgen synthesis in theca cells through
the phosphoinositide 3-kinase/protein kinase B pathway,
particularly active in PCOS. Elevated insulin levels enhance
androgen synthesis similarly to LH. The /NS gene is mapped
to 11p15.5, flanked by tyrosine hydroxylase and /GF-II genes,
with its transcription regulated by VNTR polymorphism in
the 5’ untranslated region, which varies in repeat number
between 26 and 200 and has been associated with PCOS.
This gene encodes a turmeric-derived protein with two o and
two P chains. Research on the connection between infertility
in obese women and PCOS yielded no significant findings.
Studies by Conway ef al. and Talbot ef al. on the INSR gene
and its tyrosine kinase domain in women with PCOS also
found no link. However, a notable association with PCOS
was identified at the D19S884 locus on chromosome 19p13.2,
which includes the /NSR gene.

The insulin binding receptor gene

Insulin attaches to its receptor, triggering receptor auto-
phosphorylation and activation of the receptor. This activation
enables the receptor’s tyrosine kinase to phosphorylate /RS-/
and /RS-2, which subsequently participate in downstream
signaling events. Some studies have examined the association
between PCOS and variants of the /RS-1 and /RS-2 genes, but
the results have been inconsistent. Petermann et al. reported
a higher frequency of the IRS-1 Arg972 mutation in women
with PCOS, while El Mkadem et al. found no significant
difference compared with controls. Diselek et al. reported a
higher prevalence of the IRS-1 Gly972Arg variant in Turkish
women with PCOS. Such differences may be indicative of a
possible role of environmental and ethnic factors.[*”

STEROIDOGENESIS AND CYP450
ENZYME DYSFUNCTION

Steroidogenesis enzymes such as aromatase belong to the
Cytochrome P450 family and are essential for the conversion
of androgens into estrogens. Aromatase deficiency prevents
this conversion pathway and adversely affects ovarian
function, resulting in increased levels of androgens due to the
lack of transformation of C19 steroids to C18.

In the context of PCOS, specific aromatase genes were
identified in relevant databases, including CYPI11Al,




CYP11B2, CYP17A1, CYPI9A1, CYP1AI, CYP21A2,
and CYP3A7 [Table 2]. Changes in the cytochrome P450
enzyme family increase the chances of PCOS progression
[Figure 2].141

CYPA1A

Gene CYPAIA, cytochrome P450 family 1 subfamily a.
A member | at chromosome 15q24.1 is heavily implicated
in the development of PCOS. It consists of 7 exons and
encodes cytochrome P450 proteins that are localized to the
endoplasmic reticulum and primarily activated by polycyclic
aromatic hydrocarbons.***! Studies have also shown that
the prevalence of isoleucine/valine polymorphism is higher
in PCOS patients than in healthy controls. The prevalence

Cholesterol

CYP11Al

Prcgncnolonc CYP17A1 ACTIVITY

AROMATASE ACTIVITY

Progesterone

CYP17A1

Androgen
CYP19A1 - Aromatase

Estrogen

Figure 2: Steroidogenesis pathway

of the CYP1AL1 isoleucine/valine genotype was found to be
7.8-fold compared to the 7.4-fold prevalence of CYP1ALl
isoleucine/valine genotype. Changes in phase I and phase
II enzyme activities may be involved in abnormal ovarian
function and cyst formation. In particular, the CYP/AI gene
T6235C polymorphism is significantly associated with
susceptibility to PCOS. This genetic variation modifies the
enzymatic pathways and increases the risk of developing and
progressing PCOS. #5471

CYP11A1

Cytochrome P450, family 11, subfamily A (CYP11Al)
A member 1, encodes for a protein existing in the inner
mitochondrial membrane and plays an essential role in
converting cholesterol to pregnenolone, playing a key role
in steroidogenesis. The gene is located on chromosome
15q24.1 and is composed of 10 exons. It is of note that
polymorphisms in the TTTTA pentanucleotide repeat are
associated with a genetic predisposition for PCOS with
CYP11A1 polymorphism being a molecular marker for the
syndrome. The risk is increased by the interplay between
genetic and environmental factors. A South Indian cohort
study identified 15 allelic variants, and the most common
was the 8-repeat allele. The >8 repeat alleles increased the
risk of PCOS 3 times as compared to controls. Furthermore, a
Chinese case-control study reported that the SNP rs4077582
in CYP11A1 was significantly associated with PCOS and
was associated with increased androgen levels affected by
LH in different genotypes.! "

CYP19A1

The CYPI9 gene is involved in cholesterol, steroid, and
lipid biosynthesis. It encodes cytochrome P450 family 19

Table 2: Key genes and their biochemical mechanisms in PCOS

Gene Encoded Protein Pathway involved Functional impact in PCOS References
CYP11A1 Cholesterol side-chain Steroidogenesis Initiates steroid hormone synthesis [46-48]
cleavage enzyme
CYP17A1 17a-hydroxylase Androgen biosynthesis Increases androgen production [54-56]
CYP19A1 Aromatase Estrogen synthesis Reduced activity—androgen [49-51]
accumulation

AR Androgen receptor Hormone signaling Increased androgen sensitivity [23-24]
SHBG Sex hormone-binding globulin  Hormone transport Decreased levels — 1 free testosterone [25-27]
FSHR FSH receptor Folliculogenesis Impaired follicular maturation [29]
CAPN10 Calpain protease Insulin signaling Insulin resistance [37]
FTO m6A demethylase Energy metabolism Obesity and metabolic dysfunction [21-22]
ADIPOQ  Adiponectin AMPK pathway Reduced insulin sensitivity [16-19]
VDR Vitamin D receptor Transcription regulation Impaired metabolic regulation [20]

CYP11A1: Cholesterol side-chain cleavage enzyme, CYP17A1: 17a-hydroxylase, CYP19A1: Aromatase, AR: Androgen receptor,
SHBG: Sex hormone-binding globulin, FSHR: Follicle-stimulating hormone receptor, CAPN10: Calpain protease, FTO: m6A demethylase,

ADIPOQ: Adiponectin, VDR: Vitamin D receptor
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subfamily A polypeptide 1, which is important in estrogen
biosynthesis. This gene is found on the chromosomal location
15g21.2 and has 18 exons and 17 introns. Important SNPs
are 1s700519 (C/T) in an exon and rs710059 (C/T) in an
intron. The total gene spans over 123 kb, comprising a 93 kb
regulatory area and a 30 kb coding region.*” Variations in
CYP19is are linked not only to PCOS but also to increased
risks of endometrial, breast, and prostate cancers.’"’ SNP
152414096, located in the CYP/9 gene, shows significant
genotype differences (AG, AA, GG) between PCOS
patients and control groups, indicating its association
with PCOS susceptibility.*”? SNPs at the exonic region
(rs700519variant) and two intron-based regions (rs2414096
and rs60271534variants) were additionally identified in the
South Indian population.t”

CYP21A1

Cytochrome P450, family 21 subfamily A member 2 (CYP21),
located at chromosomal position 6p21.33 and comprising 10
exons, is identified as a gene associated with the risk of the
development and progression of PCOS. Research indicates
that a heterozygous mutation in this gene may contribute to
the pathogenesis of PCOS, with approximately 14 different
molecular anomalies reported in relation to CYP2/’s role in
the condition. The mutation frequencies in control individuals
and PCOS patients are 5.9% and 7.6%, respectively,
indicating the importance of the gene but not a conclusive
explanation for its role in PCOS cases.?*3

CYP17A1

The cytochrome P450, family 17, subfamily A, member
1 (CYP17) is a steroidogenesis enzyme that is located on
the 10g24.32 chromosomal region and contains 8 exons.
CYP17 has been implicated in the pathogenesis of PCOS,
especially in a study conducted in a Chilean population,
where a C>T polymorphic variant in CYP17 was reported
to contribute to the progression of PCOS. Hormonal and
clinical evidence show that this polymorphism is associated
with increased body weight, insulin resistance, and lipid
profile. In addition, the Chinese population studied had the
T/C variant in the CYPI7A41 gene, with genotypes of TC,
TT, and CC accounting for 43.71%, 49.69% and 6.6%,
respectively. Women with the CC genotype had higher
levels of testosterone than women with TT or TC genotypes.
However, the association of T/C polymorphism with PCOS
may be indirect and due to increased testosterone and insulin
resistance.5+56

FUTURE PERSPECTIVE

Future PCOS research should take a more integrated multi-
omic approach to study the interaction between genetic
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variation, steroid production, and insulin signaling pathways.
Genomic analysis and next-generation sequencing of large
populations is important for the identification of new
variants and the understanding of gene-gene interactions
associated with different expressions of PCOS. Functional
genomics and systems biology approaches can provide
additional insight into how these genetic differences
impact biological pathways, especially those involved in
insulin resistance and androgen production. Moreover,
there is increasing evidence that epigenetic modifications
and environmental factors are involved in the gene
expression of the development of susceptibility to PCOS,
which emphasizes the importance of long-term studies for
identifying early markers and therapeutic targets. Animal
and laboratory models are important in the development of
knowledge of the molecular mechanisms of the disease. The
advances in precision medicine and pharmacogenetics pave
the way for personalized therapies. Overall multidisciplinary
efforts are needed for overall progress in the understanding
and management of PCOS to integrate clinical, genetic, and
biological data for early diagnosis, risk assessment, and
targeted treatment.

CONCLUSION

The common and heterogeneous endocrine disorder, PCOS,
is characterized by amenorrhea, excess androgen levels,
hirsutism, obesity, and insulin resistance with a significantly
higher likelihood for T2DM. The estimated prevalence of
PCOS in reproductive-aged women is 4—12%. There is
a known familial and ethnic variation in the prevalence
and presentation of PCOS. The disorder’s pathogenesis
is due to multiple biochemical pathways involving genes
associated with steroid hormone metabolism, gonadotropin
action, obesity regulation, and insulin signaling. Women
with PCOS frequently have insulin resistance, and certain
genetic factors, including the INS VNTR (specifically the
Class I1I alleles), may predispose to anovulatory PCOS and
diabetes risk. Evidence of abnormal serine phosphorylation
in relation to insulin receptor function and of possible shared
etiologies of insulin resistance and hyperandrogenism.
Insulin-receptor substrate genes (/RS-1 and /RS-2) variants
may be involved in insulin resistance in PCOS. On the other
hand, evidence available does not support an involvement
of follistatin gene polymorphisms in this respect. Moreover,
some genetic variations in the CYPI/A gene may result
in increased androgen production. Polymorphisms of the
AR gene correlate with the androgen effects, especially in
hirsutism cases with normal testosterone levels. Polycystic
ovaries have shown increased 5-alpha-reductase activity and
abnormal estrogen receptor expression, suggesting a role
for androgens in PCOS pathogenesis. The precise cause of
PCOS is still unknown, but it is thought to be multifactorial
in nature and not due to a single cause. Many interrelated
factors affect the presentation of PCOS.
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