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Abstract

Context: Polycystic ovary syndrome (PCOS) etiology remains to be elucidated, but familial clustering and twin studies have shown a strong
heritable component.

Objective: The purpose of this study was to identify rare genetic variants that are associated with the etiology of PCOS in a preselected cohort.

Methods: This prospective study was conducted among a selected group of women with PCOS. The study’s inclusion criteria were patients
with PCOS diagnosed by the Rotterdam criteria with the following phenotypes: severe insulin resistance (IR), normoandrogenic—-normometabolic
phenotype, adrenal hyperandrogenism, primary amenorrhea, and familial PCOS. Forty-five patients were studied by target sequencing, while 8
familial cases were studied by whole exome sequencing.

Results: Patients were grouped according to the inclusion criteria with the following distribution: 22 (41.5%) with severe IR, 13 (24.5%) with
adrenal hyperandrogenism, 7 (13.2%) with normoandrogenic phenotype, 3 (5.7%) with primary amenorrhea, and 8 (15.1%) familial cases. DNA
sequencing analysis identified 1 pathogenic variant in LMNA, 3 likely pathogenic variants in INSR, PIK3R1, and DLK1, and 6 variants of uncer
tain significance level with interesting biologic rationale in 5 genes (LMNA, GATA4, NR5A1, BMP15, and FSHR). LMNA was the most prevalent
affected gene in this cohort (3 variants).

Conclusion: Several rare variants in genes related to IR were identified in women with PCOS. Although IR is a common feature of PCOS, pa-
tients with extreme or atypical phenotype should be carefully evaluated to rule out monogenic conditions.

Key Words: polycystic ovary syndrome, genetics, insulin resistance, target sequencing, exome sequencing

Abbreviations: ACGM, American College of Medical Genetics and Genomics; BMI, body mass index; DHEAS, dehydroepiandrosterone sulfate; FSH, follicle
stimulating hormone; GWAS, genome-wide association studies; HbA1C, glycated hemoglobin; HTS, high-throughput sequencing; IR, insulin resistance; 0GTT,
oral glucose tolerance test; PCOS, polycystic ovary syndrome; POI, premature ovarian insufficiency; SHORT, short stature, joint hyperextensibility, ocular de-
pression, Rieger anomaly (developmental defect in the iris), and teething delay; VUSp, variants of uncertain significance with potential impact at the protein
level; WES, whole exome sequencing.

Polycystic ovary syndrome (PCOS) is a common disorder
affecting 5% to 20% of women of reproductive age world-
wide [1-3]. It is characterized by hyperandrogenism, ovula-
tory dysfunction, and polycystic ovary morphology [1-3].
The clinical presentation is heterogeneous varying from the
normoandrogenic—normometabolic profile to the classical
PCOS phenotype characterized by hyperandrogenism and
metabolic abnormalities [3]. The broad clinical spectrum
probably reflects different pathophysiological components of
the syndrome and different genetic backgrounds.

Different pathophysiological components such as dysfunc-
tion in ovarian steroidogenesis and folliculogenesis, insulin

resistance (IR), altered gonadotropin secretion, and adrenal
hyperactivity could vary in intensity and interact with each
other, perpetuating or enhancing PCOS clinical features [3].
Notably, genome-wide association studies (GWAS) in PCOS
cohorts have mapped PCOS susceptibility loci and identi-
fied candidate genes, especially those related to ovarian an-
drogen biosynthesis (DENND1A, GATA4), IR (INSR), and
gonadotropin secretion and action (LHCGR, FSHR, FSHB),
indicating the role of different genetic mechanisms in this
disease [4-9].

Twin studies have estimated that as much as 70% to
80% of PCOS risk may be explained by genetic factors [10].
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However, the GWAS common susceptibility loci account for a
small proportion of the estimated genetic heritability of PCOS
[11]. This missing heritability could be caused by the presence
of rare variants with larger biological effects that are poorly
detected by GWAS [12]. Then, the advent of high-throughput
sequencing (HTS) has allowed the simultaneous genotyping
of several regions in the genome making the identification of
rare pathogenic variants possible [13].

The search for causal rare genetic variants may be enriched
by using 2 established strategies: studying individuals at the
extremes of the phenotype distribution or by incorporating
families with multiple affected individuals [14].

Therefore, the aim of our study was to search for rare
genetic coding variants in genes related to the main patho-
physiological components of PCOS, through a target panel, in
women with PCOS in the extreme of the phenotype distribu-
tion and/or presenting an atypical noncommon characteristic
of the syndrome such as severe adrenal hyperandrogenism
and/or primary amenorrhea. Familial cases, with multiple
affected individuals, were studied through whole exome
sequencing (WES).

Materials and Methods
Study Design

This was a prospective cohort study.

Study Population

The cohort was selected from women with PCOS who were
routinely attending the Endocrinology clinic at our tertiary
center, Hospital das Clinical da Faculdade de Medicina da
Universidade de Sao Paulo, from 2015 to 2019. PCOS diag-
nosis was confirmed according to the Rotterdam criteria,
characterized by the presence of at least 2 out of 3 criteria:
clinical and/or biochemical androgen excess, ovulatory dys-
functions, and polycystic ovarian morphology; and by the
exclusion of differential diagnosis; this included the evalu-
ation of thyroid disease, hyperprolactinemia, androgen-
secreting tumors, and nonclassic 21-hydroxylase deficiency.
Values of 2 early morning 17-hydroxyprogesterone meas-
urements, collected in the follicular phase and performed
using liquid chromatography—tandem mass spectrometry,
under 2 ng/mL excluded this condition [15]. Subsequently,
patients who met 1 or more of the following criteria, se-
vere IR characterized by severe hyperinsulinemia (basal in-
sulin >50 mUi/mL and/or after oral glucose tolerance test
[OGTT] insulin >300 mUI/mL) or early-onset diabetes mel-
litus (type 2 diabetes in patients under 30 years of age), severe
adrenal hyperandrogenism (dehydroepiandrosterone sulfate
[DHEAS] levels at least 1.5 higher than the upper limit of the
normal range), primary amenorrhea, or normoandrogenic—
normometabolic phenotype, were selected for target HTS.
Patients in the normoandrogenic—normometabolic pheno-
type group had only 2 PCOS Rotterdam diagnostic criteria,
ovulatory dysfunctions, and polycystic ovarian morphology,
with no clinical signs of hyperandrogenism (hirsutism, acne,
or alopecia) and with normal serum androgen levels, and
normal glycemic and lipid parameters. The cut-off levels for
the severe hyperinsulinemia group were established in order
to select individuals with hyperinsulinemia of at least 3 times
the average expected for the population [16].
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For cases who fulfilled more than 1 of the selection criteria,
we prioritized allocation by laboratory characteristics (severe
IR, adrenal, and/or normoandrogenic), followed by clinical
characteristics (primary amenorrhea), because the former
consisted of a larger and more representative group of pa-
tients in contrast to primary amenorrhea.

Selected familial cases had at least 2 members affected by
PCOS, with complete clinical, biochemical, and endocrine
testing performed by our team of endocrinologists.

Since our focus was identifying rare genetic variants, pa-
tients with additional medical conditions or syndromic fea-
tures were included in the study: 1 patient with muscular
dystrophy and 3 patients with intellectual disability were
included.

Data Collection

The initial clinical and anthropometric evaluation included
clinical signs of hyperandrogenism (hirsutism, female pattern
androgenic alopecia, and acne), weight, height, body mass
index (BMI), and blood pressure. Hirsutism was defined as
a modified Ferriman—Gallwey score of >8 [17]. Androgenic
alopecia and acne were classified as present or absent.
Acanthosis nigricans and signs of virilization were consist-
ently evaluated. Biochemical evaluation included 8 hours of
fasting glucose, insulin, glycated hemoglobin (HbA1C), lipid
profile, and OGTT. Hormonal profiles were evaluated during
the follicular phase, without any hormonal contraceptive
for at least 3 months and included 8 hours of fasting lutein-
izing hormone, follicle-stimulating hormone (FSH), total tes-
tosterone, free testosterone, sex hormone-binding globulin,
DHEAS, and androstenedione. Ovarian morphology was
evaluated by transvaginal ultrasound, and polycystic ovary
morphology was defined according to previously published
criteria [18].

Hormonal Measurements

Luteinizing hormone and FSH were measured by
immunofluorometric assay (AutoDELFIA, Turku, Finland).
Total testosterone levels and DHEAS were measured using
an electrochemiluminescence assay (Cobas €601, Roche
Diagnostics, Indianapolis, IN). Androstenedione was meas-
ured using liquid chromatography—-mass spectrometry. Free
testosterone was calculated from total testosterone, and sex
hormone-binding globulin was determined by immunoassay.
Age- and method-specific reference ranges were used to define
biochemical hyperandrogenism.

High-throughput Sequencing

The DNA from peripheral blood leukocytes was extracted
according to a standardized procedure adapted from a pre-
viously described method [19]. Cases with nonfamilial or
familial PCOS whose familial DNA samples were unavail-
able (n=45) were studied by target panel sequencing, and
familial cases (n =8) by WES. The panel was composed of
genes related to ovarian folliculogenesis, gonadotropin ac-
tion, steroidogenesis, and the insulin-signaling pathway
(Table 1). Target panel and WES were performed according
to previously published protocols [20]. The libraries were
constructed with the SureSelect Target Enrichment System
(Agilent Technologies, Santa Clara, CA) according to the
manufacturer’s instructions. The sequences were generated in
the Illumina NextSeq 500 for target panel sequencing, and
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Table 1. Genes included in the target gene panel classified according to their functions.

Opvarian folliculogenesis Gonadotropin action

Steroid hormone synthesis Insulin signaling pathway

FOXO3 AMHRII CYP11A1 INSR
GDF9 SRDSA2 HSD3B2 POMC
AMH AR POR PPARG
BMP1S AKRI1C3 CYP17A1 LMNA
BMP2 DLK1 CYP19A1 FST
BMP4 PGR H6PD AKT2
ESR1 HSD11B1 TNFRSF1B
FSHR SULT2A1 LMNB2
LHCGR PAPSS2 IRS2
CYP21A2 IRS1
NR3C1 GHR
GATA4 CIDEC
GATA6 BSCL2
GCK
LEPR
Table 2. In silico predictions of missense variants
Gene cDNA Protein In silico prediction
Mutation taster? Mutation assessor” FATHMM- SIFT* Polyphen® CADD/
LMNA c.746G>A p-Arg249GIn D M D D D 34
LMNA c.1912G>A p-Gly638Arg D N D D D 27.2
LMNA c.1930C>T p.Arg644Cys D N D D D 34
FSHR c.847C5T p-Arg283Trp D M D D B 27.2
PIK3R1 c.78G>T p.Leu26Phe D N D T P 16.2
GATA4 c.793C>T p-Arg265Cys D M D D D 35
NRSA1 c.386C>T p.Pro129Leu A M D D B 12
INSR c.3568T>C p-Tyr1190His D M D D D 28.9
BMP15 c.202C5T p-Arg68Trp A M D D D 24.1

“Mutation taster prediction: D (disease causing—ie, probably deleterious), A (disease causing automatic—ie, known to be deleterious).

"Mutation assessor prediction: L (low), M (moderate), H (high), N (neutral).

‘FATHMM prediction: T, tolerated; D, deleterious.
4SIFT output prediction: D, damaging; T, tolerated.

‘PolyPhen prediction: B, benign; D, probably damaging; P, possibly damaging.

/CADD: considered pathogenic if > 15.

HiSEQ 2500 (Illumina, Inc, San Diego, CA) platforms for
WES, both running on the paired-end mode. The sequences
were aligned with the human reference assembly (GRCh37/
hg19).

Data analysis

HTS data were screened for rare variants (minor allele fre-
quency of 1%) in public databases such as gnomAD v2.1.1
(http:/gnomad.broadinstitute.org/), 1000 genome, and
ABraOM (http://abraom.ib.usp.br/) [21], and also in-house
databases [22], located in exonic regions and consensus splice
site sequences. Subsequently, variant filtration prioritized
genes based on their potential pathogenicity: loss-of-function
variants (stop-gain, splice site disrupting, and frameshift
variants) and missense variants predicted to be pathogenic
by multiple in silico programs (Mutation taster, Mutation
assessor, FATHMM, SIFT, PolyPhen, CADD) (Table 2). For
variants identified by WES, we selected variants that fit based

on different modes of inheritance (de novo, autosomal dom-
inant, autosomal recessive, and X-linked). The sequencing
reads carrying candidate variants were inspected visually
using the Integrative Genomics Viewer to decrease false-
positive calls. The assessment of gene function was performed
using the OMIM, VarElect, and the PubMed databases.
Sanger sequencing for segregation was performed to identify
candidate variants in family members. All variants were clas-
sified according to the American College of Medical Genetics
and Genomics (ACMG) and the Association for Molecular
Pathology variant pathogenicity guidelines [23].

Statistical Analysis

Comparisons of quantitative variables among groups were
performed by analysis of variance or the Kruskal-Wallis
test for numerical variables as appropriate using software
R (https://www.r-project.org/) and IBM Statistical Package
for the Social Sciences—version 25. Correlations between
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variables were determined using the Spearman correlation co-
efficient. The level of statistical significance was set at P < .05.

Ethical Consideration

Ethics approval to conduct the study was obtained from
the Ethics Committee of Hospital das Clinicas, Faculty of
Medicine, Sao Paulo University, Brazil. Patients and/or family
members provided written informed consent (CAPPesq
15688) before participating in the study. Written informed
consent for publication of their clinical details and clinical
images was obtained from the patients.

Results

Description of Cohort

We selected 53 women with PCOS who met the inclusion
criteria: 22 (41.5%) with severe IR, of whom 17 had severe
hyperinsulinemia and 5 early-onset diabetes mellitus, 13
(24.5%) with adrenal hyperandrogenism, 7 (13.2%) with
normoandrogenic-normometabolic phenotype, 3 (5.7%) with
primary amenorrhea, and 8 (15.1%) familial cases. Primary
amenorrhea was a very rare finding in our cohort and com-
parisons involving this group were not possible due to the
small sample size.

Table 3 shows the wide spectrum of clinical and meta-
bolic characteristics of the selected patients. The mean
age of initial evaluation was 26 = 8 years. Biochemical
hyperandrogenism was present in this cohort, with mean
testosterone levels elevated in all groups, except in the
normoandrogenic group. As expected, in the severe adrenal
hyperandrogenism group, the DHEAS levels were at least
twice higher than the other groups. Compared with the
adrenal and normoandrogenic groups, patients in the se-
vere IR group presented an unfavorable metabolic profile
with significantly higher BMI, 120-minute glucose, HbAlc,
120-minute insulin, and triglycerides (Table 3). This group
also had lower high-density lipoprotein levels than the
normoandrogenic group (Table 3).

Genetic analysis by HTS identified rare molecular variants
that are potentially associated with the phenotype in 10 out
of 53 cases (18.8%) (see Table 4). According to the ACMG
classification, this analysis identified 1 pathogenic variant in
LMNA, 3 likely pathogenic variants in INSR, PIK3R1, and
DLK1, and 6 variants of uncertain significance with poten-
tial impact at the protein level (VUSp) in 5 genes (LMNA,
GATA4,NR5A1, BMP15, and FSHR). The variants in DLK1
and NRSA1 were identified by exome sequencing and the
others by a target gene sequencing panel.

Clinical Features of PCOS Patients With Candidate
Pathogenic Variants and Discussion About
The Genes

Variants associated with insulin signaling and glucose
metabolism

INSR. A heterozygous missense variant in INSR (c.T3568C;
p-Tyr1190His) was identified by target sequencing in a patient
with PCOS and severe IR. The patient presented with normal
BMI (23.9 kg/m?), hirsutism (Ferriman score of 24), and
acanthosis nigricans. The hormonal profile revealed marked
hyperandrogenism (total testosterone of 296 ng/dL, reference
range < 49 ng/dL) and significant hyperinsulinemia on OGTT
(120 minutes of insulin > 1000 pU/mL) with normal glucose
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and HbAlc levels. Pelvic magnetic resonance imaging de-
tected enlarged ovaries (34 mL and 20 mL) (Fig. 1A).

Familial segregation analysis revealed that the mother and 2
sisters were also heterozygous for the same rare variant. They
were asymptomatic but presented with hyperinsulinemia on
OGTT (Fig. 1B and 1C).

The p.Tyr1190H:is variant is very rare in public databases
and it is predicted to be pathogenic by all evaluated in silico
prediction sites. It is located at the tyrosine kinase site of the
insulin receptor protein, which increases its potential for
pathogenicity.

LMNA. Three heterozygous LMNA variants were identi-
fied. The variant ¢.G746A (p.Arg249Gln) was found in a
patient with PCOS, muscular dystrophy, and severe IR. This
pathogenic variant was previously associated with muscular
dystrophy and functional studies confirmed its pathogen-
icity [24].

Additionally, another 2 variants, classified as VUSp, were
identified in PCOS patients with IR and/or familial compo-
nent. The variant ¢.C1930T (p.Arg644Cys) was identified in
a patient with precocious diabetes mellitus and family his-
tory of arrhythmia and cardiomyopathy (her father used
an external defibrillator). Unfortunately, the patient was
lost to follow-up and cardiologic studies could not be done.
This variant ¢.C1930T was frequently reported (49 times)
in the UMD-LMNA mutations database (http://www.umd.
be/LMNA/) and was associated with multiple laminopathy
phenotypes, varying from asymptomatic to lipodystrophy
and cardiomyopathy.

The other LMNA variant, c.G1912A (p.Gly638Arg), was
identified in a slightly overweight patient with glucose intoler-
ance and family history of PCOS. This variant ¢.1912A has
no reports in the UMD-LMNA mutations database.

PIK3R1. The heterozygous missense variant in the PIK3R1
gene (c.G78T; p.Leu26Phe) was identified in a patient with
severe hyperinsulinemia, obesity, hypercholesterolemia, and
central precocious puberty. The patient’s sister also had the
same phenotype (Fig. 2A and 2B). Sanger sequencing con-
firmed the same variant in the affected sister. The PIK3R1
variant ¢.G78T is absent in all public databases and is located
at an important functional domain of the protein PIK3R1,
which plays a critical role in PI3K recruitment to phosphor-
ylated tyrosine kinase receptors and insulin receptor sub-
strate proteins, a crucial step in the insulin pathway [25]. The
ACMG classified this variant as likely pathogenic.

DLK1. The heterozygous frameshift variant (c.594_594delC;
p.Gly199Alafs*11) in the DLK1 gene was identified by WES
in 2 siblings with severe IR. Both sisters exhibited truncal
obesity, precocious type 2 diabetes mellitus, hepatic steatosis,
and central precocious puberty. This family had been reported
previously [26].

Table 5 summarizes clinical features of the patients with
variants related to IR.

Variants in genes related to adrenal hyperandrogenism

GATA 4. A heterozygous missense variant in GATA4
(c.C793T; p.Arg265Cys) was found by target sequencing in
a patient with adrenal hyperandrogenism (DHEAS 8800 ng/
mL; reference range <4070 ng/mL). The patient presented
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Table 4. Rare genetic variants identified by HTS in 10 PCOS patients

ACMG

ID Prevalence

Protein

Genomic coordinate cDNA

Gene

Group

Classification

Criteria

AbraOM

GnomAD

(hg19)

Pathogenic

VUSp

PS3, PM2, PM1, PP2, PP3, PP4

PP2, PP3, PM1

0

rs59332535

p-Arg249Gln

c.746G>A
c.1912G>A
c.1930C>T
c.847C>T
c.78G>T
c.793C>T

Chr1: 156104702
Chrl: 156108492
Chr1: 156108510
Chr2: 49195844
Chr5: 67522581
Chr8: 11607629

LMNA

Severe IR
Familial

0.08%
0.08%

0.02%

0.12%

rs144851946
rs142000963
rs200328782

NA

p-Gly638Arg

LMNA

VUSp

PP2, PP3, PP5, PM1

PP3

p-Arg644Cys
p-Arg283Trp
p-Leu26Phe

LMNA
FSHR

Severe IR
Severe IR
Severe IR
Adrenal

VUSp

0.006%

Likely Pathogenic

VUSp

PM1, PM2, PP2, PP3
PP2, PP3, PM1

PP3

PIK3R1
GATA4
NRSA1
DLK1

0
0

0.001%
0.02%

rs776523140

p-Arg265Cys

VUSp

rs200749741

p.Pro129Leu
NA

c.386C>T

Chr9: 127262853
Chr14: 101200674

Chr19: 7120722

Familial

Likely Pathogenic

PM2, PM4, PP1, PP3

p-(Gly199Alafs*11)
p-Tyr1190H:is
p-Arg68Trp

c.594delC

Severe IR
Severe IR

Likely Pathogenic

VUSp

PM1, PM2, PP2, PP3, PP4
PP3

0

0.003%
0.06%

rs1448499462
rs104894763

c.3568T>C

c.202C>T

INSR

0.09%

ChrX: 50653985

BMP15

Normoandrogenic

Abbreviations: NA, not available; VUS, variant of uncertain significance.

*gnomAD version 2.1.1—checked in December, 2020.
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with a basal total testosterone of 131 ng/dL. After dexametha-
sone suppression, total testosterone decreased to 14 ng/dL,
but after gonadotropin-releasing hormone analog suppres-
sion testosterone remained elevated (158 ng/dL), suggesting
that the adrenal would be the exclusive androgen source in
this case. Interestingly, the variant in GATA4 is located in the
zinc finger domain of the protein. The zinc finger domain is
also termed the GATA-binding transcription factor domain
because it is the motif of interaction for multiple transcrip-
tion factors.

Variants in genes previously related to ovary insufficiency
NRS5SA1. A double NRS5A1 variant (p.Gly123Ala/p.
Pro129Leu) was identified by WES in a patient with familial
PCOS. Her mother, affected by PCOS and hyperthecosis, car-
ried the same variants. This variant has been previously de-
scribed in a child with clitoromegaly and premature ovarian
insufficiency (POI) [27]. Functional assays of NR5SA1 activity
show severe loss of activity of p.Pro129Leu compared with
the wild-type protein [27].

BMP15. Heterozygous missense variant in BMPIS
(c.C202T; p.Arg68Trp) was identified in a patient with the
normoandrogenic phenotype. In vitro studies showed that
this variant leads to marked reduction in mature BMP15
protein secretion, which is reflected in defective stimulation
of the BMP15 pathway in granulosa cells [28]. Normally,
BMP1S5 synergizes with GDF9 to stimulate granulosa cell
proliferation [29]. An impairment in BMP15 activity could
contribute to a disorder in folliculogenesis. Until now, this
variant has been reported only in patients with POI [28, 30].

FSHR. We identified a heterozygous variant (c.C847T;
p-Arg283Trp) in FSHR in a patient with PCOS and early-
onset diabetes mellitus. This variant ¢.C847T is located in the
receptor N-terminal extracellular domain, which is respon-
sible for the recognition and binding of the receptor to its
ligand. Decreased FSH-FSH receptor binding could affect fol-
licular development up to the early antral stage. Mutation in
this gene is a cause of ovarian dysgenesis and POI [31]. The
locus that contains FSHR has been identified in Chinese and
European PCOS GWAS.

Discussion

PCOS is a common complex disorder with well-known repro-
ductive and metabolic aspects, but with much uncertainty re-
garding its etiology. PCOS follows a non-Mendelian pattern of
inheritance consistent with a complex genetic disorder, but, in
rare cases, it can follow a Mendelian pattern associated with
extreme phenotypes ([32]. Performing large-scale sequencing
in a preselected PCOS population, we identified rare genetic
variants potentially associated with the phenotype in 18.8%
of cases. The study detected variants associated with already
known monogenic conditions that mimic the PCOS pheno-
type, such as the ones caused by the INSR gene and the LMNA
gene, but also raised the possibility of new candidate genes as-
sociated with the PCOS phenotype, such as the ones caused by
rare genetic variants in the PIK3R1 and DLK1 genes.
Mutations in the INSR gene have been described as a rare
cause of an autosomal dominant disorder known as type
A IR syndrome [33]. Additionally, the locus on chromosome
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Fig 1A Fig 1C

. OGTT-75, Omin  30min  60min  90min 120 min
Sister 1.4 €
Glucose mg/dL 97 107 93 86 92
wT/WT
Insulin pu/mL 7,2 88,8 52,0 63,7 74,8
Sister 1.2 OGTT-75g Omin  30min  60min 90 min 120 min
T3568/WT Glucose mg/dL 93 152 130 128 101
Insulin pu/mL 21.6 247.9 331.3 516.5 456.4
T3568C/WT
. OGTT-75¢g Omin  30min  60min  90min 120 min
Sister 1.3
T3568CWT Glucose mg/dL 82 153 143 76 78
Insulin pu/mt 21,0 110 588 160.5 93.7

NYXX

1
ﬁSGEC/WT T3568C/WT T3568C/WT

Figure 1. (A) Enlarged ovaries detected by pelvic magnetic resonance imaging of the patient with INSR variant. Micropolycystic ovaries are
indistinguishable from the appearance of primary PCOS. (B) Pedigree of the family with the INSR variant showing that 2 sisters and the mother
harbor the same variant as the index case. They are all asymptomatic. (C) OGTT result of the family with the INSR variant. The 2 affected sisters are

asymptomatic, but presented hyperinsulinemia on OGTT.

Figure 2A

Index
case

Sister

Figure 2B
OGTT-75g 0 min 30 min 60 min 90 min 120 min
Glucose mg/dL 100 156 193 208 200
Insulin pu/mL 30 188 377 527 706
OGTT-75g 0 min 30 min 60 min 90 min 120 min
Glucose mg/dL 101 149 191 114 80
Insulin pu/mL hemolysis 158 415 260 61

Figure 2. ( A) Two sisters with PIK3R1 mutations. Both of them present with PCOS and insulin resistance. (B) OGTT of the patients with PIK3R1

mutation demonstrating hyperinsulinemia.

19q13.3 that contains INSR has been identified by GWAS
as a susceptibility locus for PCOS [11]. In the current co-
hort, we identified a rare variant in INSR in 1 patient with
the classical phenotype of PCOS associated with severe IR,
mainly detected after measurement of insulin at 120 minutes
on the OGTT, since her glucose and HbA1C were normal
at baseline. Notably, 2 affected sisters had no symptoms of
hyperandrogenism and demonstrated hyperinsulinemia only
at 120 minutes on the OGTT (Fig. 1C), indicating potential
phenotypic expression variability of this variant. Although,
IR can be present in women with PCOS [34], certain patients,
especially lean ones, may benefit from careful evaluation by
OGTT or genetic testing to rule out this monogenic condition.

The most common findings, the LMNA mutations, can
cause several conditions, including disorders of adipose and
muscular tissue, cardiomyopathies, and neurological dis-
orders [35]. Other features include IR and hyperandrogenism,
also mimicking PCOS [36]. These conditions are frequent in
PCOS patients and may be misdiagnosed in the absence of a

genetic evaluation. As cited above, we identified the variant
c.G746A classified as pathogenic in LMNA in a patient with
muscular dystrophy and arrhythmia, conditions that made us
suspect this patient had laminopathy even before the genetic
study. However, in other situations, the clinical distinction
between PCOS and laminopathies can be challenging. The
other 2 LMNA variants were classified as VUSp: the variant
¢.C1930T was identified in a patient with early-onset type 2
diabetes mellitus and family history of cardiomyopathy; in
addition, this variant was frequently reported to be associated
with multiple laminopathy phenotypes, varying from asymp-
tomatic to lipodystrophy and cardiomyopathy; the other
variant ¢.G1912A was identified in a patient with glucose
intolerance and family history of PCOS. This variant is lo-
cated in the prelamin A tail. Prelamin A undergoes a multistep
maturation that includes cleavage of the C-terminus 15
amino acids of the prelamin A tail. Failure to cleave prelamin
A causes progeroid disorders. Barrowman et al demonstrated
that the minimal region of the prelamin A C-terminus that



Table 5. Features of patients harboring variants associated with severe IR

DLK1

PIK3R1

INSR

LMNA

LMNA

LMNA

Gene

p-Gly199Alafs*11

p-Leu26Phe

p-Tyr1190His

p-Arg249Gln

p-Arg644Cys

p-Gly638Arg

Variant

Precocious diabetes, central

Insulin resistance

Insulin resistance

Muscular dystrophy

Precocious diabetes

Glucose intolerance

Clinical features

precocious puberty

29.2
32

40.5
67

22.7

25.3

32.0
103

25.9
37

BMI (kg/m?)

306

136

Total testosterone (reference value

(RV) < 48 ng/dL)
Glucose 0 minutes (mg/dL)

100
200
30

84

72

268

106
150

136

141

310

Glucose 120 minutes (mg/dL)

35.7

Hemolysis
507.2

5.0

18

44.6

14.5

Insulin 0 minutes (nUI/mL)

706.4
5.6

>1000
5.3

72.3 59.2

5.8

Insulin 120 minutes (nUI/mL)

HbAlc %

9.5

10.8
19

11 16

24

12

Ferriman score

Steatosis

Steatosis

Absent

Steatosis

Steatosis

Not evaluated

Liver disease

Fibroscan: fibrosis score F3

Sister with similar phenotype

Sister with similar

Mother: gestational

Father died due to arrythmia

Mother with PCOS

Familial history

phenotype

diabetes

Abbreviations: BMI, body mass index; HbAlc, glycated hemoglobin.
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contains critical sites for the ZMPSTE24-mediated cleavage
of the prolamin A tail were the last 31 amino acid posi-
tions (positions 634-664) [37]. Therefore, we speculate that
the G1912A variant could reduce the efficiency of prelamin
A cleavage.

PIK3R1 mutations are an established cause of SHORT
syndrome, denoting short stature, joint hyperextensibility,
ocular depression, Rieger anomaly (developmental defect
in the iris), and teething delay [25]. Huang-Doran et al de-
scribed a phenotype of severe IR in a cohort of 5 patients with
SHORT syndrome with the heterozygous hot spot mutation
p-Tyr657X [25]. In our study, a new variant located at an im-
portant functional domain of the protein PIK3R1 was iden-
tified in 2 sisters with a classic PCOS phenotype, severe IR,
obesity, hypercholesterolemia, and central precocious puberty
without features of SHORT syndrome. The ACMG classified
this variant as likely pathogenic. This association of central
precocious puberty, severe IR, and PCOS was also present in
another 2 sisters, in which WES identified the loss-of-function
variant in the DLK1 gene, initially described by our group
[26,38]. The DLK1 protein is an adipogenesis gatekeeper and
the loss of protein function promotes truncal obesity and IR
in mice and humans [39].

In the adrenal component group, identification of a rare
variant in the GATA4 gene located in the important zinc
finger motif, an essential domain for interaction with other
transcription factor, supports the potential role of causality of
this gene. The GATA4 was identified by GWAS and plays an
essential role in regulating steroidogenesis in the adrenal and
gonads [40]. Several steroidogenic enzymes contain 1 or more
GATA regulatory motif, and transactivation experiments
showed that GATA factors regulate steroidogenic enzyme
promoters [41]. These interactions of the GATA factors to the
DNA motif occur via a highly conserved zinc finger domains,
in which the zinc ion is coordinated by 4 cysteine residues.
Two GATA zinc fingers are found in the GATA4 transcription
factor,and Arg265Cys is located in 1 of these motifs according
to the Human Reference Protein Database (https://hprd.org/
index_html). Therefore, we speculate that the p.Arg265Cys
variant could modify steroidogenesis regulation. Besides that,
other genetic and epigenetic factors might be implicated in
adrenal steroidogenesis dysfunction in this group of patients
with PCOS with the severe adrenal component.

We identified 3 variants in genes previously associated
with POI: NR5A1, BMP15, and FSHR. Notably, Mendelian
randomization of POCS suggests shared genetic architecture
with menopause timing, suggesting correlation between these
2 conditions [8].

All 3 genes are involved in ovarian folliculogenesis. The
NRSAT gene encodes protein steroidogenic factor 1, a tran-
scriptional regulator involved in adrenal and gonadal de-
velopment and function. Mutations in NRSA1 have been
associated with a wide phenotypic spectrum varying from go-
nadal development disorders to primary ovarian insufficiency.
The variant found in our study was previously described in a
child with clitoromegaly, a clinical sign of hyperandrogenism
[27]. The BMP1S5 protein stimulates granulosa cell prolif-
eration [29]. An impairment in BMP1S activity could con-
tribute to disordered folliculogenesis, a well-known feature
of PCOS. In our study, this variant was found in a patient
with the normoandrogenic phenotype, demonstrating mainly
a dysfunction in folliculogenesis. Regarding FSHR, it has an
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important role in ovarian follicular maturation, particularly
during early antral development. Loss-of-function FSHR mu-
tations, in the homozygous state, cause ovarian dysgenesis
and/or primary ovarian insufficiency [42]. We speculate that
the FSHR variant in the heterozygous state has a dominant-
negative effect as occurred in the thyrotropin receptor [43].
Different variants in the same gene causing different con-
ditions have been described in others hypothalamic—pitu-
itary—ovarian conditions such as precocious puberty and
hypogonadotropic hypogonadism [44]. However, additional
studies are needed to elucidate the real role of these variants
in the PCOS phenotype.

Although in rare disease, aggregating probands with similar
phenotype have been crucial for identifying rare causal vari-
ants, and HTS is now the standard of care for evaluating these
patients, the impact of rare variants on common diseases and
on selected phenotypes has been less explored [45].

In recent years, some advances in the genetic basis of PCOS
have been achieved. Gorsic et al [4]. identified rare genetic
variants in the gene of antimullerian hormone in 3% of their
PCOS cohort by target sequencing. The same authors de-
tected noncoding variants in DENND1A by whole genome
sequencing that were significantly associated with repro-
ductive and metabolic traits [46].

Our study is a pioneer in aggregating probands with PCOS
and similar phenotypes to identify groups of rare variants
associated with a specific subphenotype. In this context,
searching for rare variants in PCOS cohorts with severe IR
seems to be more promising.

Our study has some limitations. We had a small cohort
and limited access to proband family members for segrega-
tion analysis. Despite the small sample, our inclusion criteria
allowed the identification of relevant findings in our cohort.
The replication of this study design in larger PCOS cohorts
will help to understand the real impact of rare variants in dif-
ferent phenotypes and the group of patients who would best
benefit from genetic testing.

The characterization of rare coding variants will improve
our understanding of the complex genetic architecture of
PCOS, and, on an individual level, may refine the clinical
management and choice of medication of these patients and
their relatives.
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