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Abstract. – OBJECTIVE: Polycystic ovarian 
syndrome (PCOS) is a complex heterogeneous 
condition that affects women of reproductive age, 
conferring increased cardiovascular morbidity 
and mortality. The syndrome is characterized by 
oligomenorrhea, hyperandrogenism, and/or poly-
cystic ovaries and is often associated with obe-
sity and type 2 diabetes. Individuals are predis-
posed to PCOS by environmental factors and risk 
variants in genes mostly involved in ovarian ste-
roidogenesis and/or insulin resistance. Genetic 
risk factors have been identified by both familial 
and genome-wide (GW) association studies. How-
ever, most genetic components are still unknown 
and missing heritability needs to be elucidated. 
To learn more about the genetic determinants of 
PCOS, we performed a GW study in genetically 
highly homogeneous peninsular families. 

PATIENTS AND METHODS: We conducted 
the first GW-linkage and linkage disequilibrium 
(i.e., linkage + association) study in Italian fami-
lies with PCOS.

RESULTS: We identified several novel risk 
variants, genes, and pathways potentially im-
plicated in the pathogenesis of PCOS. Specifi-
cally, we detected 79 novel variants with signifi-
cant GW-linkage and/or -association with PCOS 
across 4 inheritance models (p < 0.00005), of 
which 50 variants were within 45 novel PCOS-
risk genes. 

CONCLUSIONS: This is the first GW-linkage 
and linkage disequilibrium study performed in 
peninsular Italian families and reporting novel 
genes in PCOS.
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Introduction

Polycystic ovarian syndrome (PCOS) is a 
common condition affecting up to 10% of world-
wide women who present with two of three of the 
following: oligo- and/or anovulation, clinical and/
or biochemical signs of hyperandrogenism, and 
polycystic ovaries1. Psychological aspects include 
sexual dysfunction, depression, anxiety, and de-
creased self-esteem and quality of life2,3. 

Hyperandrogenism is a characteristic feature 
of PCOS, and it is aggravated by metabolic and 
immune impairments associated with PCOS 
manifestation and exacerbation4. These include 
a pro-inflammatory state, impaired glucose me-
tabolism, insulin resistance (IR)5,6, obesity, and 
type 2 diabetes (T2D)7,8. IR and low-grade chron-
ic inflammation underlie PCOS phenotypes and 
traits4, such as obesity9, elevated circulating an-
drogens10 and hyperandrogenic anovulation10,11. 
Insulin-sensitizing treatments, namely met-
formin, diet, and exercise, improve PCOS symp-
tomatology, contribute to ovulation resumption, 
and reduce inflammatory markers12-15.

Several genetic, epigenetic, and environmen-
tal risk factors have been associated with the risk 
of PCOS16-18. A Dutch twin study demonstrated 
the genetic component of PCOS19. Two GWAS 
studies performed in Han Chinese women with 
PCOS identified 11 susceptibility loci20,21. Due 
to the vulnerability of the case-control design to 
population admixture, causing false-positive re-
sults, a Chinese family-based study of 321 trios 
(parents and PCOS-affected proband) was per-
formed using the transmission disequilibrium test 
(TDT) for 10 previously detected GWAS signals: 
significant allelic transmission differences were 
found at rs2349415 (FSHR gene, p = 0.0001) and 
rs3802457 (C9orf3 gene, p = 0.0001)22. Several 
PCOS-risk variants are in genes involved in ovar-
ian steroidogenesis, such as CYP11A, CYP17, and 
CYP1923, or hormonal folliculogenesis, such as 
AMH24. Other genetic risk factors have been iden-
tified within the insulin-signaling pathway (e.g., 
insulin receptor, insulin receptor substrate-1)25-28. 
Most genes and genes’ variants conferring risk 
for PCOS are, however, still unknown. To detect 
novel risk variants, genes, and pathways poten-
tially implicated in the pathogenesis of PCOS, we 
conducted the first GW-linkage and -association 
study in peninsular Italian families with PCOS. 
This is, therefore, the second familial study in 
PCOS, but, to the best of our knowledge, the first 
GW-linkage and linkage disequilibrium study in-

cluding families and affected sib-pairs, and the 
first PCOS GW study performed in a genetically 
homogenous peninsular population with an in-
creased detection power. 

Patients and Methods

We studied a cohort of 212 families originating 
from the Italian peninsula with multigenerational 
cases of type 2 diabetes and diagnosed for PCOS 
according to the Rotterdam diagnostic criteria 
(presence of at least two of the following three 
characteristics: chronic anovulation or oligomen-
orrhea, clinical or biological hyperandrogenism, 
and/or polycystic ovaries)29. Subjects were Italian 
from at least 3 generations. We excluded subjects 
with uncertain paternity or identical twins. We 
used familial GW-data, derived from the UK Bio-
bank Axiom Array platform, which had passed 
stringent quality control (QC, ≥ 0.96) and random 
genomic replication checks and kinship correla-
tion verification. PLINK tool was used to exclude 
Mendelian and genotyping errors30,31. The study 
was conducted following the Helsinki declaration 
guidelines and approved by the Bios Ethical Com-
mittee. Informed written consent was obtained 
from each participant before the start of the study.

In Silico Analysis
We analyzed the GW-significant variants with 

in silico tools that predict the pathogenicity of 
nonsynonymous variants with Sorting Intolerant 
From Tolerant (SIFT)32, Polymorphism Pheno-
typing v233 (PolyPhen-2), and MutationTaster34. 
The non-coding variants were analysed using 
tools that predict splicing (SpliceAI)35, transcrip-
tion-factor (TF) binding (SNP Function Predic-
tion)36, regulatory potential (RegulomeDB)37, 
and miRNA binding (mirSNP)38. To investigate 
genes-related pathways, we analyzed gene sets 
using PANTHER39.

Statistical Analysis
The PCOS-related informatic genetic variants 

(≥ 600 k) were tested for parametric linkage to 
and/or linkage disequilibrium (LD, linkage + 
association) with PCOS via the dominant mod-
els with complete (D1) and incomplete pene-
trance (D2) and the recessive models with com-
plete penetrance (R1) and incomplete penetrance 
(R2), using Pseudomarker31. Variants with p < 
0.00005 were considered statistically significant 
at GW-significance level.
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Results

We detected a total of 79 novel variants signifi-
cantly GW-linked and/or -associated with PCOS 
across the 4 inheritance models (26/D1, 20/D2, 
44/R1 and 13/R2) (p < 0.00005) (Figures 1-5). 
Fifty (63%) variants were located within 45 novel 
PCOS-risk genes (8 of which encode non-coding 
RNAs) (Table I). The most significantly associ-
ated risk variant was rs75798356 (p < 0.000001, 
R1), which is an intronic SNP lying within the 
gene named myeloid/lymphoid or mixed-lineage 
leukemia translocated to chromosome 3 pro-
tein (MLLT3) super elongation complex subunit 
(MLLT3). The results are detailed in Table I.

In Silico Findings
We found that the variant rs7486605, which is lo-

cated in the signal peptide peptidase like 3 (SPPL3) 
gene, affects the binding of the neuronal specific basic 
helix-loop-helix 1 (bHLH1) TF, which belongs to a 
family of TFs involved in neural growth and develop-
ment40. Furthermore, the 3’-UTR variant rs2240688, 
located in the prominin 1 (PROM1) gene, creates a 
new binding site for the miRNA hsa-miR-135a. 

The GW-significant genes detected in our study 
were involved in 15 sets of pathways: 1. Wing-
less-related integration site (Wnt)-signaling path-
way (11%); 2. Cadherin-signaling pathway (11%); 
3. Fructose-galactose metabolism (6%); 4. Gly-
colysis (6%); 5. Pentose-phosphate pathway (6%); 
6. Angiogenesis (6%); 7. Fibroblast-growth factor 
(FGF) signaling pathway (6%); 8. Cholecystoki-
nin-receptor (CCKR) signaling map (6%); 9. Go-
nadotropin-releasing hormone receptor (GnRHR) 
pathway (6%); 10. Inflammation mediated by 
chemokine- and cytokine-signaling pathway (6%); 
11. Ionotropic glutamate-receptor pathway (6%); 
12. Nicotine-pharmacodynamics pathway (6%); 13. 
Nicotinic acetylcholine-receptor signaling pathway 
(6%); 14. Synaptic vesicle trafficking (6%) and, 15. 
Integrin-signaling pathway (6%) (Figure 5).

Discussion

PCOS is a complexly inherited condition pre-
disposed by environmental factors and genetic risk 
variants18 in genes mostly involved in ovarian ste-
roidogenesis and/or insulin resistance23,25-28. In this 

Figure 1. Manhattan plot for genome-wide linkage and linkage disequilibrium with polycystic ovarian syndrome under the 
dominant with complete penetrance model (D1). For each genomic-wide significant SNP in polycystic ovarian syndrome, 
we present the − log10(P) as a function of the test statistics and highlight above the significant (p < 0.00005) test statistics 
[(Linkage disequilibrium (LD)|Linkage, LD|NoLinkage, and LD + Linkage)] per inheritance model D1: dominant, complete 
penetrance.



M. Amin, C. Gragnoli

3722

Figure 2. Manhattan plot for genome-wide linkage and linkage disequilibrium with polycystic ovarian syndrome under the 
dominant with incomplete penetrance model (D2). For each genomic-wide significant SNP in polycystic ovarian syndrome, 
we present the −log10(P) as a function of the test statistics and highlight above the significant (p < 0.00005) test statistics 
[(Linkage disequilibrium (LD)|Linkage, LD|NoLinkage, and LD + Linkage)] per inheritance model D2: dominant, incomplete 
penetrance.

Figure 3. Manhattan plot for genome-wide linkage and linkage disequilibrium with polycystic ovarian syndrome under the 
recessive with complete penetrance model (R1). For each genomic-wide significant SNP in polycystic ovarian syndrome, we 
present the −log10(P) as a function of the test statistics and highlight above the significant (p < 0.00005) test statistics [(Link-
age disequilibrium (LD)|Linkage, LD|NoLinkage, Linkage|LD, and LD + Linkage)] per inheritance model: R1: recessive, 
complete penetrance.
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Figure 4. Manhattan plot for genome-wide linkage and linkage disequilibrium with polycystic ovarian syndrome under the 
recessive with incomplete penetrance model (R2). For each genomic-wide significant SNP in polycystic ovarian syndrome, 
we present the −log10(P) as a function of the test statistics and highlight above the significant (p < 0.00005) test statistics 
[(Linkage disequilibrium (LD)|Linkage, LD|NoLinkage, and LD + Linkage)] per inheritance model R2: recessive, incomplete 
penetrance.

Figure 5. Pathways analysis for genome-wide significantly genes linked to and/or associated with polycystic ovarian syn-
drome (p < 0.00005). We present the significant pathways for the genome-wide genes significantly linked to and/or associated 
with polycystic ovarian syndrome (p < 0.00005) analyzed by PANTHER. Wnt = Wingless-related integration site, FGF = Fi-
broblast growth factor, CCKR = cholecystokinin receptor, GnRHR = Gonadotropin-releasing hormone receptor. The indicated 
percentage refers to the genes reaching genome-wide significance within a specific pathway across the total of genome-wide 
significant genes.
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Table I. Risk variants and genes significantly linked to and/or in linkage disequilibrium with polycystic ovarian syndrome
(p < 0.00005). 

Continued

Model1	 Chr	 Position	 SNP	 Ref/Alt	 Risk 	 Gene	 Reported in
					     Allele		  PCOS or Related 
							       Phenotype(s)?

R1	 Chr01	 242932849	 rs10737886	 G/A	 G	 -	 Novel
R1	 Chr01	 22362851	 rs72649450	 G/T	 T	 -	 Novel
R1	 Chr01	 202462315	 rs116062217	 C/T	 C	 PPP1R12B	 Novel
R1	 Chr01	 83144353	 rs115853069	 G/T	 T	 LOC107985037	 Novel
D1, D2, R1	 Chr01	 5218182	 rs79448783	 C/T	 T	 -	 Novel
D2, R2	 Chr01	 71527609	 rs17503430	 C/T	 T	 NEGR1	 BMI42, obesity43 
							         and age of menarche44

R1	 Chr02	 179175932	 rs4894082	 G/T	 T	 SESTD1	 Novel
D1	 Chr02	 234633786	 rs13402575	 C/T	 T	 2 kb upstream	 Novel
						        of LOC105373936	
D1	 Chr02	 38298465	 rs61756317	 T/C	 C	 ATL2	 Novel
D1	 Chr02	 226493033	 rs116008141	 C/T	 T	 -	 Novel
D1	 Chr02	 226536603	 rs74671850	 C/T	 T	 -	 Novel
D1	 Chr02	 78139065	 rs2861265	 C/T	 T	 LOC101927967	 Novel
R1	 Chr03	 59433128	 rs9852148	 C/T	 T	 LOC105377110	 Novel
R1	 Chr03	 107377700	 rs709564	 G/A	 G	 CCDC54	 Novel
R1	 Chr04	 19004092	 rs73234185	 A/G	 G	 LOC107986263	 Novel
R1, R2	 Chr04	 138604261	 rs10032519	 T/C	 T	 -	 Novel
R1	 Chr04	 15381910	 rs4388081	 T/C	 C	 C1QTNF7	 Insulin resistance49

D2	 Chr04	 178088516	 rs1462506	 C/T	 C	 -	 Novel
R1, R2	 Chr04	 15968726	 rs2240688	 T/G	 G	 PROM1	 Novel
D1	 Chr04	 57952725	 rs17237364	 C/T	 C	 -	 Novel
D1	 Chr05	 31665181	 rs72753574	 G/A	 A	 PDZD2	 Upregulated in T2D 
D1	 Chr05	 142626129	 rs114948675	 T/C	 C	 FGF1	 Serum FGF1 levels are
							         abnormal in PCOS62

D1	 Chr05	 64386935	 rs116737809	 G/A	 A	 -	 Novel
D1, R1	 Chr06	 56425611	 rs607935	 C/A	 A	 -	 Novel
R2	 Chr06	 139349999	 rs62441235	 C/T	 C	 -	 Novel
D1	 Chr06	 56416128	 rs686202	 G/A	 A	 -	 Novel
R1, R2	 Chr06	 57256886	 rs6904307	 A/G	 G	 -	 Novel
D2	 Chr06	 5571777	 rs77236516	 A/C	 C	 FARS2	 Insulin resistance
							         in mice56

R1	 Chr07	 156884573	 rs728419	 C/T	 C	 LMBR1	 Novel
R1	 Chr07	 79823526	 rs12668600	 T/C	 C	 LOC105375371	 Novel
D1, R1	 Chr07	 79784784	 rs78623181	 C/T	 T	 LOC105375371	 Novel
D2	 Chr07	 14224564	 rs75019655	 C/A	 A	 DGKB	 T2D42,48
R1	 Chr07	 119901960	 rs116930961	 A/G	 G	 LINC02476	 Novel
R1, R2	 Chr08	 95858411	 rs3864656	 T/C	 C	 -	 Novel
D2, R2	 Chr08	 42730154	 rs7838246	 A/G	 G	 CHRNB3	 Waist circumference58 
							         and insulin resistance59

D1	 Chr08	 27311717	 rs12679570	 C/T	 T	 PTK2B	 Novel
R1, R2	 Chr08	 83106775	 rs1960775	 G/A	 G	 -	 Novel
D1, R1, R2	 Chr09	 20412030	 rs75798356	 T/C	 C	 MLLT3	 Novel
R1	 Chr09	 135765207	 rs58604946	 T/G	 T	 KCNT1	 Novel
R1	 Chr10	 126102428	 rs34202198	 C/T	 T	 ADAM12	 LH levels in PCOS65

R1	 Chr10	 126116507	 rs1278389	 A/G	 A	 ADAM12	 LH levels in PCOS65

R1	 Chr10	 126124614	 rs1296669	 T/C	 T	 ADAM12	 LH levels in PCOS65

R1	 Chr10	 69329923	 rs12355201	 A/G	 A	 HK1	 HbA1C level50

D2	 Chr10	 13522299	 rs80325580	 T/C	 C	 BEND7	 Novel
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familial study, we reported several novel variants, 
genes, and pathways potentially implicated in the 
pathogenesis of PCOS. PCOS-family based studies 
are lacking; and the one prior family study report-
ing loci associated with the risk of PCOS had only 
the probands affected and tested only 10 variants22. 

We conducted the first PCOS-related family-based 
GW-linkage and -association study in multigenera-
tional Italian families and identified a total of 79 nov-
el variants, of which 50 are in 45 new risk genes and 
29 variants are intergenic (Table I) linked to and/or 
in linkage disequilibrium and thus associated with 

Table I (continued). Risk variants and genes significantly linked to and/or in linkage disequilibrium with polycystic ovarian 
syndrome (p < 0.00005). 

Model1	 Chr	 Position	 SNP	 Ref/Alt	 Risk 	 Gene	 Reported in
					     Allele		  PCOS or Related 
							       Phenotype(s)?

D1, R1	 Chr11	 72100511	 rs76397586	 G/C	 C	 LAMTOR1	 Insulin resistance in mice57

						      LRTOMT	 Upregulated in T2D55

R1	 Chr11	 45351795	 rs61882560	 G/C	 C	 -	 Novel
R1	 Chr11	 104998981	 rs523104	 G/C	 C	 CASP5	 Novel
D2	 Chr11	 134477799	 rs75517460	 A/G	 G	 B3GAT1-DT	 HbA1C levels51

D1, R1	 Chr11	 72279338	 rs79654050	 G/A	 A	 -	 Novel
R1	 Chr11	 71530961	 rs72958308	 A/G	 G	 -	 Novel
D1	 Chr11	 65078680	 rs117357316	 C/T	 T	 CDCA5	 Novel
R1	 Chr11	 22397463	 rs2665714	 A/G	 A	 -	 Novel
R1, R2	 Chr12	 105878162	 rs2374555	 G/A	 A	 -	 Novel
D1, R1	 Chr12	 92443974	 rs117027874	 G/A	 A	 -	 Novel
D2	 Chr12	 120770435	 rs73411916	 T/C	 C	 SPPL3	 Fat deposition60

D2	 Chr12	 120896330	 rs11065318	 C/A	 A	 SPPL3	 Fat deposition60

D2	 Chr12	 120903362	 rs7486605	 C/T	 T	 SPPL3	 Fat deposition60

R1	 Chr12	 87844628	 rs11104639	 G/A	 G	 -	 Novel
R1, R2	 Chr13	 77092041	 rs2185468	 C/A	 A	 MYCBP2	 Novel
D2	 Chr13	 42402021	 rs77979811	 C/T	 T	 -	 Novel
D1	 Chr13	 66600253	 rs73194764	 A/G	 G	 PCDH9	 Novel
R1	 Chr13	 111449939	 rs1151429	 C/T	 T	 -	 Novel
D2	 Chr13	 42444658	 rs78059020	 T/G	 G	 LINC02341	 Novel
D2, R1	 Chr14	 72958656	 rs35481507	 C/T	 T	 DCAF4	 Novel
D2	 Chr15	 63073961	 rs78729321	 A/G	 G	 -	 Novel
D2	 Chr15	 63071899	 rs7178040	 G/T	 T	 TPM1	 Novel
R1	 Chr15	 53983656	 rs2616911	 G/A	 G	 UNC13C	 FSH levels in PCOS65

D1	 Chr15	 62339215	 rs289106	 C/T	 T	 -	 Novel
R1	 Chr15	 42040739	 rs72726102	 C/A	 A	 PLA2G4E	 Downregulated in T2D54

D1	 Chr17	 6865000	 rs16956310	 T/C	 C	 ALOX12P2	 Novel
D1	 Chr17	 6873148	 rs59046444	 T/C	 C	 ALOX12P2	 Novel
D2	 Chr17	 9601625	 rs4791353	 G/A	 A	 CFAP52	 Novel
R1	 Chr17	 52770506	 rs4395119	 G/T	 G	 -	 Novel
D2	 Chr17	 66857694	 rs56030074	 C/T	 T	 CACNG5	 Novel
D1	 Chr18	 73545694	 rs74665677	 G/A	 A	 -	 Novel
R1	 Chr18	 65814857	 rs17075246	 A/G	 G	 CDH7	 Novel
D2	 Chr18	 8257258	 rs8094332	 A/G	 G	 PTPRM	 Age of first birth & 
							         number of children66

R1, R2	 Chr20	 55003965	 rs2221146	 G/C	 C	 -	 Novel
D1, D2, R1	 Chr22	 21048083	 rs77133550	 G/A	 A	 LRRC74B	 Novel

1Models: D1: dominant, complete penetrance, D2: dominant, incomplete penetrance, R1: recessive, complete penetrance, R2: 
recessive, incomplete penetrance; - = intergenic; BMI: body mass index, T2D: type 2 diabetes; FGF1: fibroblast growth factor 
1; PCOS: polycystic ovarian syndrome; LH: luteinizing hormone; Hba1c: glycated hemoglobin; FSH: follicle-stimulating 
hormone; kb: Kilobase.
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PCOS. None of the genes reported in our study has 
been previously reported as a risk gene in PCOS. 
Several genes were, however, implicated in one or 
more of PCOS-related phenotypes (i.e., BMI, obesi-
ty, insulin resistance, PCOS abnormal serum FGF1 
levels, glycated hemoglobin [Hba1c] levels, luteiniz-
ing hormone [LH] or follicle-stimulating hormone 
[FSH] levels, fat deposition in PCOS, T2D, age of 
menarche, subfertility, reproductive behavior, and 
number of children [Table I]) and could therefore 
have served as candidate genes. Variants in the neu-
ronal growth regulator 1 (NEGR1) gene have previ-
ously been studied in PCOS, but no association has 
been found41. The NEGR1 gene is, however, asso-
ciated with BMI42, obesity43 and age of menarche44 
and has been reported as a PCOS-candidate gene45. 
Our study is, therefore, the first to confirm the asso-
ciation of NEGR1 with PCOS.

Several genes reported in our study are impli-
cated in metabolic phenotypes and traits, such as 
obesity, glucose metabolism, and/or insulin resis-
tance (Table I), which are all essentially related to 
the pathogenesis of PCOS6,46,47. The diacylglycerol 
kinase beta (DGKB) and the C1q and tumor necrosis 
factor (TNF) related 7 (C1QTNF7) genes reported in 
our study are respectively associated with T2D48 and 
IR49 and variants in the hexokinase 1 (HK1) and the 
B3GAT1 divergent transcript (B3GAT1-DT) genes 
are associated with HbA1C levels50,51. The latter gene 
(B3GAT1-DT) is also associated with insulin secre-
tion52. The three genes (PDZ domain containing 2 
[PDZD2], leucine rich transmembrane and O-meth-
yltransferase domain containing [LRTOMT], and 
phospholipase A2 group IVE [PLA2G4E]) are dif-
ferentially expressed in pancreatic islets of patients 
with T2D (PDZD2)53 or without T2D (PLA2G4E) 54 

or in the peripheral blood of patients with T2D and 
fatigue (LRTOMT)55.

High expression of phenylalanyl-tRNA synthe-
tase 2, mitochondrial (FARS2) in mice is associated 
with features of T2D56, and late endosomal/lysosom-
al adaptor, MAPK and MTOR activator 1 (LAM-
TOR1) 57 knockout-mice are protected from insulin 
resistance when fed a high fat diet57. The cholinergic 
receptor nicotinic beta 3 subunit (CHRNB3) gene is 
associated with waist circumference58 and insulin 
resistance59. A variant near the SPPL3 gene was pre-
viously found to be associated with body fats depo-
sition60. One of SPPL3 PCOS-risk variants reported 
in our study was predicted to disrupt the binding 
of the neuronal specific bHLH1 TF, which belongs 
to a family of TFs involved in neural growth and 
development40. Interestingly, defects in the mouse 
homologous of the human basic helix-loop-helix 2 

(bHLH2) TF cause in mice disruption of the hy-
pothalamic-pituitary axis, obesity, hypogonadism, 
and infertility61. On the other hand, the FGF1 gene, 
which we detected as a PCOS-risk gene, encodes the 
fibroblast growth factor 1 whose serum levels are ei-
ther increased or decreased in patients with PCOS62. 
In mice, the FGF1 protein lowers hepatic glucose 
production63 and FGF1-knockout mice have insulin 
resistance64. 

Three genes in our study (a disintegrin and 
metalloprotease domain [ADAM] metallopep-
tidase domain 12 [ADAM12], unc-13 homolog 
C [UNC13C] and protein tyrosine phosphatase 
receptor type M [PTPRM]) have roles in other 
PCOS-related phenotypes: ADAM12 and UN-
C13C genes are, respectively, associated with se-
rum LH and FSH levels in PCOS65, and the PT-
PRM gene has a role in the age at first birth and 
number of born children66. 

The remaining PCOS-risk genes detected in our 
study are all newly implicated in PCOS and were 
never reported in any PCOS-related phenotype (i.e., 
irregular menses, anovulation, infertility, oligomen-
orrhea, obesity, insulin resistance, T2D, hyperan-
drogenism, hirsutism, male-pattern baldness) and 
are the following: protein phosphatase 1 regulatory 
subunit 12B (PPP1R12B), SEC14 and spectrin do-
main containing 1 (SESTD1), atlastin GTPase 2 
(ATL2), PROM1, limb development membrane pro-
tein 1 (LMBR1), long intergenic non-protein coding 
RNA 2476 (LINC02476), protein tyrosine kinase 2 
beta (PTK2B), MLLT3, potassium sodium-activated 
channel subfamily T member 1 (KCNT1), caspase 5 
(CASP5), cell division cycle associated 5 (CDCA5), 
protocadherin 9 (PCDH9), DDB1 and CUL4 asso-
ciated factor 4 (DCAF4), tropomyosin 1 (TPM1), 
cilia and flagella associated protein 52 (CFAP52), 
cadherin 7 (CDH7), MYC binding protein 2 (MY-
CBP2), arachidonate 12-lipoxygenase pseudogene 2 
(ALOX12P2), calcium voltage-gated channel auxilia-
ry subunit gamma 5 (CACNG5), coiled-coil domain 
containing 54 (CCDC54), BEN domain containing 
7 (BEND7), and leucine rich repeat containing 74B 
(LRRC74B). All genes identified in our study are 
novel and involved in 15 genes’ sets pathways, which 
all have been associated with PCOS67-74, with the ex-
ception of the Fructose-galactose metabolism, Iono-
tropic glutamate-receptor pathway, Nicotinic acetyl-
choline-receptor signaling pathway, Synaptic vesicle 
trafficking, and CCKR-signaling map, which thus 
are five novel pathways identified in our study. In-
terestingly, 6% of genes in our study were implicated 
in the GnRHR pathway, which is directly involved 
in PCOS75. Of further interest, the PROM1 gene en-
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codes CD133 whose circulating level is decreased 
in amenorrhoeic subjects compared to healthy con-
trols76. Specifically, circulating levels of CD133(+) 
bone marrow-derived stem cells increased with glu-
cose load in healthy females but were significantly 
reduced in amenorrhoeic women. Oral glucose-in-
duced increase in circulating CD133(+) bone mar-
row-derived stem cells and endothelial differentia-
tion potential of peripheral blood-derived endothelial 
progenitor cells were attenuated in insulin resistant 
amenorrhoeic women76. This could explain a re-
duced potential of cell regeneration in women with 
oligo- or amenorrhoeic cycles. The PROM1 gene 3’-
UTR variant rs2240688, found to confer PCOS risk 
in our study, was predicted to create a new binding 
site for the miRNA hsa-miR-135a (SNP Function 
Prediction) 36. miRNAs are known to be involved 
in the pathogenesis of PCOS77 and hsa-miR-135a in 
particular is elevated in patients with endometriosis78. 
Endometriosis is a common condition, representing 
per a novel hypothesis the other extreme phenotype 
of PCOS and a PCOS-related diametric (opposite) 
outcome of variation in the hypothalamic-pituitary 
gonadal axis development and activity, for which 
while endometriosis is mediated by low prenatal and 
postnatal testosterone levels, PCOS is mediated by 
high prenatal testosterone levels79. 

Conclusions

This is the first GW-linkage and LD study per-
formed in families with PCOS, and namely from 
the Italian peninsula. The study reports novel risk 
variants, genes, and pathways implicated in the 
risk of PCOS at least in Italian families. Function-
al and replication studies in other ethnicities are 
needed.
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