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Abstract

Background Polycystic ovary syndrome (PCOS) is a heterogeneous endocrinopathy and a leading cause of anovulatory infer-
tility. Angiogenesis is vital for ovarian folliculogenesis. The expression of angiogenesis-associated genes/proteins is altered in
the ovary of PCOS women. However, information on microRNAs (miRNAs) regulating their expression is limited. This study
aims to identify dysregulated angiogenesis-related genes in the ovary of women with PCOS, to identify miRNAs regulating
them, and to construct a miRNA-mRNA network associated with angiogenesis.

Methods A comprehensive literature search and reanalysis of seven ovarian GEO microarray datasets were performed to
identify differentially expressed angiogenesis-related genes in PCOS. These target genes were used to predict their regulating
miRNAs by querying miRNA databases and their expression in the ovary was verified. Panther and STRING database were
used for functional enrichment. Gene expression of shortlisted miRNAs was studied in granulosa cells using digital droplet PCR.
Results The miRNAs expressed in the ovary and potentially targeting dysregulated angiogenesis-related genes in PCOS
were identified and those enriched in angiogenesis-related pathways, like VEGF, FGF, PI3K/Akt, Notch signaling, and ECM
interaction were shortlisted. Analysis showed PI3K/Akt signaling was the most enriched pathway. MiR-218-5p, miR-214-3p,
miR-20a-5p, and miR-140-3p associated with the PI3K/Akt pathway were found to be up-regulated in granulosa cells of
women with PCOS.

Conclusions By in silico analysis, we identified crucial dysregulated angiogenesis-related genes, the miRNA-mRNA inter-
actions, and signaling pathways involved in impaired follicular angiogenesis in PCOS. This work provides a novel insight
into the mechanism of aberrant ovarian angiogenesis contributing to PCOS pathophysiology.
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Introduction

Polycystic ovary syndrome (PCOS) is the most prevalent
multifactorial endocrine and metabolic disorder in repro-
ductive-age women. The characteristic features of PCOS are
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menstrual irregularities, anovulation, increased gonadotro-
pin-releasing hormone (GnRH), pulsatility, and luteinizing
hormone (LH) hypersecretion, hyperandrogenemia, obesity,
and polycystic ovaries. PCOS is one of the leading causes of
anovulatory infertility. It is also associated with an increased
risk of insulin resistance and compensatory hyperinsuline-
mia, type 2 diabetes mellitus, and cardiovascular diseases
[1]. Follicle development is a sequential process that begins
with the recruitment of primary follicles from the primordial
follicle pool, growth and development of follicles, selection
of dominant follicle, and ovulation and formation of corpus
luteum (CL). Several processes like hormone production,
angiogenesis, extracellular matrix remodeling, COC matrix
expansion, and luteolysis act in a synchronized fashion dur-
ing folliculogenesis. Alteration of any of these processes
may lead to ovulatory dysfunction and few of these pro-
cesses are compromised in women with PCOS [2—4].
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Angiogenesis is a process by which new blood vessels
are formed in the ovary which ensures proper supply of nutri-
ents and hormones to the growing follicle and the formation
and maintenance of the CL. The vascularization of the pre-
existing endothelial cells in the theca cell layer is induced
by several growth factors, mainly secreted by granulosa cells
(GCs) [5]. These factors have been reported to be crucial to
promote vessel permeability, thus favoring the antrum for-
mation and the events inducing follicle rupture. After ovula-
tion, the basement membrane breaks down, the theca cells
along with the blood vessels enter the follicle and intermingle
with GCs to form highly vascularized CL. In women with
PCOS, CL insufficiency has been reported which may be the
cause of decreased progesterone levels and frequent miscar-
riages experienced by these women [3, 6, 7]. A recent study
demonstrated altered expression of angiogenic genes in GCs
and follicular fluid, reduced angiogenic capacity of follicular
fluid and endothelial cell-like property of the GCs in women
with PCOS indicating dysregulated angiogenesis which may
explain the compromised CL function in these women [3].

Several reports have emphasized the altered expression of
various angiogenic proteins and genes like vascular endothe-
lial growth factor (VEGF), angiopoietins (ANGPT), fibroblast
growth factor (FGF), platelet-derived growth factors (PDGF),
hypoxia inducing factor 1A (HIF1A), and tumor necrosis factor
in the ovary of women with PCOS [3, 8]. However, regulation of
these differentially expressed genes related to angiogenesis has
not been explored. Despite much information available on PCOS,
follicular angiogenesis in the ovary is not studied in detail yet.

Gene expression is regulated by micro-RNAs (miR-
NAs) which are small (~ 22nt), evolutionarily conserved,
and single-stranded non-coding RNAs that mostly mediate
gene silencing at the post-transcriptional level by mRNA
degradation and/or translational repression by binding to 3’
UTR of their target mRNA. Also, the binding of miRNAs to
5" UTR and coding or promoter region suppresses the gene
expression [9]. The genes in multiple biological processes
like cell division, differentiation, apoptosis, and angiogen-
esis are under the control of miRNAs [10-12]. Studies have
also reported the involvement of miRNA in the regulation
of ovarian follicle growth and development, steroidogenesis,
ovulation, and CL formation [13—15]. Thus, the involvement
of miRNAs in the angiogenesis process and ovarian follicle
development made them ideal candidates for investigating
their role in follicular angiogenesis in PCOS. The informa-
tion on unique molecular profiles of miRNAs involved in the
regulation of angiogenesis in PCOS can potentiate further
development of therapeutic agents and treatment of PCOS.

This study aimed to identify the miRNAs which target
the genes related to angiogenesis which are differentially
expressed in the ovary of women with PCOS. Towards
this, we extensively searched literature and also reanalyzed
the microarray expression datasets to enlist differentially
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expressed angiogenic genes in ovarian tissue of women with
PCOS. Subsequently, these target genes were used as a seed
dataset to obtain their interacting experimentally validated
predicted miRNAs. Furthermore, the miRNAs reported to be
expressed in the ovary of women with PCOS were enlisted
by literature survey and compared with predicted miRNAs,
to obtain overlapping miRNAs. Thus, this study generated
an integrated miRNA-mRNA network which may have a role
in altered angiogenesis in PCOS. Finally, we identified the
list of potential miRNAs regulating angiogenesis in PCOS
and inferred signaling pathways and potential mechanisms
involved in PCOS pathophysiology.

Materials and methods

The methodology employed in this study is illustrated in
Fig. 1. The study is approved by the Institutional Ethics
Committee of Indian Council of Medical Research-National
Institute for Research in Reproductive Health, Mumbai,
India ICMR-NIRRH) (Ethical approval no: 283/2015). The
study was conducted as per the relevant guidelines and ethi-
cal norms. All study participants provided signed informed
consent.

Literature search for identification of genes/
proteins and miRNAs in women with PCOS

Separate searches were carried out to screen the genes/
proteins associated with angiogenesis and miRNAs in
PCOS independently. The PubMed [16] database (cited 9
July 2021) was searched using the query (Angiogen* AND
(PCOS OR “Polycystic ovary syndrome”)). Human studies
comparing the expression of genes in the ovary, ovarian cells
or tissues, and follicular fluid in women with PCOS and con-
trols were shortlisted. The studies carried out in animals, cell
lines, review articles, articles in a non-English language, and
articles without experimental validation were excluded. The
full text of the shortlisted PubMed references was further
mined for experimentally validated differential angiogenic
genes/proteins.

Similarly, miRNAs reported in PCOS were retrieved from
the PubMed database (cited 5 April 2021) using a combined
search query ((“microRNA” OR "miR" OR “miRNA”) AND
(PCOS OR “Polycystic ovary syndrome”)). Inclusion and
exclusion criteria for article selection were the same as
mentioned above. This miRNA dataset will be referred to
henceforth as the “PCOS miRNAs dataset”

Microarray data analysis

The GEO (http://ncbi.nlm.nih.gov/geo/) [17] database was
searched for expression profiling datasets comparing the
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Fig. 1 Study workflow.The flow
chart illustrates the methodol-
ogy used in the current study
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differences in gene expression in ovary between women with
PCOS and controls. The microarray datasets were analyzed
by R-4.0.2 using the Bioconductor and Limma packages.
Raw CEL files were downloaded for expression datasets
done on the Affymetrix platform and were independently
normalized using the robust multiarray average method [18].
In the case of Agilent arrays, the series matrix files were
downloaded and quantile normalized. Probes matching with
the same gene were collapsed and unmapped probes were
removed. The genes were tested for differential expression
using the Limma package [19]. Multiple testing correction
was done by the Benjamini and Hochberg method. A log
fold change of 1.5 and a P-value <0.05 were set as cut-off
criteria to identify differentially expressed genes (DEGS).
The DEGs obtained from each dataset were analyzed by the
PANTHER classification system (http://www.pantherdb.
org/; accessed on: July 2021) to identify genes with a poten-
tial role in angiogenesis. The genes mapped to the angio-
genesis, FGF-signaling, and VEGF signaling pathways were
taken further for identification of their interacting miRNAs.

Common miRNAs
(n=188)

Excluded RTPCR
validated miRNAs

Validation of miRNA
using DDPCR (n=4)

Retrieving miRNAs regulating the shortlisted target
genes

The lists of differential angiogenesis-related genes in PCOS
ovary identified from literature search and microarray
data analysis were pooled together. The final dataset after
removal of duplicate gene entries is referred to as “angio-
genic dataset.” This list was further used to identify miRNA-
mRNA interactions from miRTarBase (http://mirtarbase.
mbe.nctu.edu.tw/, release 7.0, Accessed on 13™ July 2021)
[20] and DIANA-TarBase V8 databases (https://carolina.
imis.athena-innovation.gr/diana_tools/web/index.php?r=
tarbasev8%2Findex, accessed on: 13 July 2021) [21]. The
interactions supported by strong experimental evidence and
validated by low throughput studies were retained for further
analysis. The lists of miRNA-mRNA interactions from both
the databases were pooled and duplicates were removed and
formed the “miRNA-mRNA dataset.” The unique miRNAs
from this list were overlapped with the “PCOS miRNA data-
set” to obtain “common miRNAs.”
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Pathway analysis of miRNAs in PCOS

These common miRNAs identified in the above step were
analyzed using the functional Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment fea-
ture in miEAA 2.0 (https://ccb-compute2.cs.uni-saarland.
de/mieaa2/; accessed on 13 July 2021). Species were set
to Homo sapiens, P-value adjustment method to Benja-
mini—-Hochberg correction, and P-value cut-off to <0.05.
Heatmap showing distribution of miRNAs in the angiogenic
pathway was constructed using a web-based tool, Morpheus
(https://software.broadinstitute.org/morpheus/; accessed on
July 2021).

Identification of functionally relevant interacting
clusters in angiogenic gene dataset

The protein—protein interaction network for the “angiogenic
dataset” was retrieved from the STRING database [22]. The
interaction network was exported to Cytoscape software [23]
for further analysis. The ClueGO plug-in in Cytoscape was
used to identify interacting enriched pathway clusters associ-
ated with PCOS. The gene clusters associated with pathways
involved in angiogenesis were analyzed further.

Selection of miRNAs for validation

The objective of this study was to identify novel candidate
miRNAs with a predicted role in angiogenesis in PCOS.
Hence, experimentally validated miRNAs reported in the
ovary of women with PCOS were filtered out to obtain a
final list of candidate miRNAs with a predicted role in angi-
ogenesis in PCOS. Based on strength of existing evidence in
literature and studies in the lab, four miRNAs were selected
from the enriched pathways for experimental validation.

Study subjects and sample collection

Validation of selected miRNAs was carried out in GCs col-
lected from women with PCOS and controls undergoing
in vitro fertilization (IVF). The study was conducted at our
institute of ICMR-NIRRH, Mumbai, India after obtaining
ethical permission. The participants were recruited from
Mumbai Fertility Clinic & IVF Center, Mumbai, India.
All participants underwent controlled ovarian stimula-
tion using GnRH antagonist protocol. From day 2 of the
menses, recombinant follicle-stimulating hormone (rFSH,
Gonal F, Merck, Germany) treatment was initiated with a
dose of 150-300 units for the controls and 150-225 units
for the PCOS group. Once the diameter of at least one fol-
licle reaches 14 mm, GnRH antagonist (Orgalutran 0.25 mg,
Organon, MSD, India) was injected daily. Both rFSH and
antagonist were given daily till there were 3 or more follicles
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with a diameter of 18 mm. Oocyte maturation/follicular aspi-
ration was timed by an intramuscular injection of recombi-
nant human chorionic gonadotropin (rhCG) 5000 IU and
Decapeptyl 0.1 mg and oocyte retrieval was performed
34-36 under ultrasound guidance. We recruited women
with PCOS (rn=15) as per the Rotterdam consensus criteria.
[24]. The healthy, age-BMI-matched regularly menstruating
women who underwent IVF as oocyte donors were recruited
as controls (n=15). On the day of ovum pick-up (d-OPU),
before administration of anesthesia, blood was collected
from all recruited women. During oocyte retrieval, macro-
scopically clear follicular fluid was collected and processed
as described earlier [25]. Baseline hormonal estimates for
LH, FSH, prolactin, and TSH were obtained from clinical
records, while serum and follicular fluid were used to assay
estradiol (E,), progesterone (P,), total testosterone (TT), and
sex hormone-binding globulin (SHBG) by electro-chemilu-
minescence technology using Roche e411 automated ana-
lyzer (Roche, Basel, Switzerland). Baseline levels for andro-
gen excess indices were calculated using values of TT and
SHBG [26].

Isolation and miRNA extraction from granulosa cells

The GCs were isolated from the follicular fluid as described
previously [3]. Briefly, GCs were purified by centrifuging
through a Ficoll gradient (HiMedia, India) and used for
miRNA expression analysis. RNA was extracted from cells
using an RNeasy minElute Clean-up Kit (Qiagen, Hilden,
Germany) and quantified by Nanodrop Synergy HT (Biotek,
Germany). The cDNA of each miRNA was synthesized by
the respective Tagman miRNA Reverse Transcription Kit
(Applied Biosystems, CA, USA).

Absolute quantification of miRNAs by Droplet
Digital PCR

Absolute quantification of selected miRNAs was achieved
using a BioRad droplet digital PCR (ddPCR). During the
optimization experiment, Tm was determined as 60°C for
miR-218-5p, miR-214-3p, and miR-140-3p and 57.4°C for
miR-20a-5p and U6 depending upon the partition between
positive and negative droplet clusters. Thermal cycling con-
ditions for all assays were set at 95°C for 10 min (1 cycle),
94°C for 30 s and Tm-60°C/57.4°C for 60 s (40 cycles),
98°C for 10 min (ramp rate 1°C/s), and 4°C for 30 min and
infinite hold at 12°C. Ramp rate of 1°C/s was set in every
step. Briefly, 20 pL of the reaction mixture was prepared
by addition of 10 pL of ddPCR Supermix for Probes (no
dUTP) (1,863,010, (Bio-Rad Laboratories, CA, USA); 0.5
pL of TagMan primer/probe mix specific for each miR-
NAs miR-218-5p (cat no. 000521), miR-214-3p (cat. no.
002306), miR-140-3p (cat. no. 002234), miR-20a-5p (cat.
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no. 000580), and U6 (cat no. 001973) (Thermo Fisher Sci-
entific, USA); and 1 pL. of cDNA sample with nuclease-free
water and assay mix. The PCR reaction was loaded on the
cartridge followed by the addition of 70 pL of Droplet Gen-
eration Qil (1,863,005, Bio-Rad Laboratories, CA, USA) in
appropriate wells, and then droplets were generated using
Droplet Generator QX200. Later, the droplets were trans-
ferred to a 96-well PCR plate (Eppendorf, Hamburg, Ger-
many) and PCR was carried out in C1000 Touch Thermal
Cycler (Bio-Rad Laboratories, CA, USA). After the amplifi-
cation, the plate was loaded on QX200 Droplet Reader (Bio-
Rad Laboratories, CA, USA) and both positive and negative
droplets were read. In the end, QuantaSoft software, ver-
sion 1.7.4 (QuantaSoft, Prague, Czech Republic) was used
to calculate the absolute quantification of each miRNA. Fur-
ther calculations were done as per the analysis described
by Coulter et al. [27] and data was represented as relative
quantification between controls and women with PCOS. To
ensure experiment quality, wells having more than 14,000
total droplet counts were included in the analysis. Each sam-
ple was analyzed in duplicate.

Statistical analysis

Statistical analysis was used to compare miRNA expres-
sion data, hormonal, biochemical, and oocyte parameters
between controls and PCOS by nonparametric Mann—Whit-
ney U test methods. GraphPad Prism 9 software was used to
carry out statistical analysis. The P <0.05 was considered
statistically significant.

Results

Differentially expressed angiogenic genes
in the ovary of PCOS women

By literature search, a total of 112 studies that described
angiogenesis in PCOS were retrieved. Eleven articles were
included based on the selection criteria. These articles were
screened and a list of 18 differentially expressed genes and
proteins related to angiogenesis in the ovary of women with
PCOS were identified.

In addition, seven expression studies on ovary/ovarian
tissue/ovarian cells in PCOS vs controls, deposited in the
GEO database, were retrieved and analyzed (Supplemen-
tary Table S1). Pathway enrichment of DEGs obtained
from each of the seven datasets led to the identification
of 87 genes associated with angiogenesis, FGF signaling,
and VEGEF signaling pathway. Thereafter, we combined
the genes obtained by both approaches and got a final list
of 99 unique target genes having a predicted role in angio-
genesis in PCOS (“angiogenic dataset”) (Table 1). This is

the first time that an integrated approach has been adopted
to delineate angiogenic target genes which may have a role
in PCOS pathophysiology.

Reported miRNAs in PCOS retrieved by literature
search

MiRNAs reported in the ovary/ovarian tissues/follicular
fluid in women with PCOS were retrieved by extensive
literature search. Fifty-six articles were shortlisted from
the 202 search results based on the selection criteria.
The articles were mined to obtain a list of 874 miRNAs
(“PCOS miRNA dataset”) reported to be expressed in the
ovary of women with PCOS. Furthermore, 262 of these
874 miRNAs were reported to be dysregulated in PCOS
by either high or low throughput studies (Supplementary
Table S2). Of the 262 miRNAs, 81 were validated by low
throughput studies.

MiRNAs regulating angiogenesis process retrieved
from databases

We used miRNA databases like miRTarBase, and DIANA-
TarBase that contain information on experimentally vali-
dated miRNA-mRNA interactions. The 99 unique genes
in the “angiogenic dataset” were used to query the above-
mentioned miRNA databases. The search identified 428
unique miRNA-mRNA interaction pairs validated by low
throughput studies which were taken for further analysis
(Supplementary Table S3). The total of 218 unique miR-
NAs obtained from 428 unique miRNA-mRNA interaction
pairs was then compared with the “PCOS miRNA dataset.”
This analysis helped to identify 188 unique common miR-
NAs (Supplementary Table S4) regulating genes associated
with angiogenesis and reported to be expressed in the ovary
of women with PCOS. Functional enrichment analysis of
these 188 miRNAs showed that they are enriched in angio-
genesis-related pathways like PI3K/Akt signaling pathway,
HIF-1 signaling pathway, VEGF signaling pathway, Notch
signaling pathway, and extracellular matrix (ECM)-recep-
tor interaction. Figure 2 represents the number of miRNAs
present in each of these 5 pathways. The heatmap depicts
the distribution of miRNAs in these pathways (Supplemen-
tary Fig. 1). The miRNAs (n=111) common in at least 4
enriched angiogenesis pathways and not experimentally
validated in PCOS earlier were shortlisted.

MiRNA selection for expression analysis

The PI3K/Akt pathway was found to be one of the major
angiogenesis pathways with maximum gene and miRNA
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Table 1 Dysregulated genes related to angiogenesis in the ovary of women with PCOS compared to controls

Sr. no Gene symbol Gene name

1 ADAMTS1 ADAM metallopeptidase with thrombospondin type 1 motif 1
2 AKT2 RAC-beta serine/threonine-protein kinase

3 ANGPT1 Angiopoietin 1

4 ANGPT2 Angiopoietin 2

5 APC2 Adenomatous polyposis coli protein 2

6 ARHGAP1 Rho GTPase-activating protein 1

7 AXIN1 Axin-1

8 BIRCS Baculoviral IAP repeat-containing protein 5
9 CRKL Crk-like protein

10 DOK1 Docking protein 1

11 DOK2 Docking protein 2

12 DOK3 Docking protein 3

13 EFNBI1 Ephrin-B1

14 EPHA3 Ephrin type-A receptor 3

15 EPHB1 Ephrin type-B receptor 1

16 EPHB3 Ephrin type-B receptor 3

17 F2R Proteinase-activated receptor 1

18 F3 Tissue factor

19 FGF12 Fibroblast growth factor 12

20 FGF13 Fibroblast growth factor 13

21 FGF2 fibroblast growth factor 2

22 FGF3 Fibroblast growth factor 3

23 FGF5 Fibroblast growth factor 5

24 FGF6 Fibroblast growth factor 6

25 FGF7 Fibroblast growth factor 7

26 FGF9 Fibroblast growth factor 9

27 FGFR1 Fibroblast growth factor receptor 1

28 FGFR2 Fibroblast growth factor receptor 2

29 FGFR3 Fibroblast growth factor receptor 3

30 FGFR4 Fibroblast growth factor receptor 4

31 FLT1 Fms related tyrosine kinase 1

32 FN1 Fibronectin 1

33 FRS2 Fibroblast growth factor receptor substrate 2
34 FZD2 Frizzled 2

35 FZD3 Frizzled 3

36 FZD5 Frizzled 5

37 GRAP GRB2-related adapter protein

38 GRB2 Growth factor receptor-bound protein 2

39 HIFIA Hypoxia-inducible factor 1-alpha

40 HSPB2 Heat shock protein beta-2

41 HSPG2 Heparan sulfate proteoglycan 2

42 JAG1 Protein jagged 1

43 KDR Vascular endothelial growth factor receptor 2
44 LPXN Leupaxin

45 MAP2K6 Dual specificity mitogen-activated protein kinase kinase 6
46 MAP3K1 Mitogen-activated protein kinase kinase kinase 1
47 MAP3K6 Mitogen-activated protein kinase kinase kinase 6
48 MAPKI10 Mitogen-activated protein kinase 10

49 MAPKAPK3 MAP kinase-activated protein kinase 3

50 NOTCH1 Neurogenic locus notch homolog protein 1
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Table 1 (continued)

Sr. no Gene symbol Gene name

51 NOTCH2NLC Notch homolog 2 N-terminal-like protein C

52 PAK3 Serine/threonine-protein kinase PAK 3

53 PDGFA Platelet-derived growth factor subunit A

54 PDGFB Platelet-derived growth factor subunit B

55 PDGFC Platelet-derived growth factor C

56 PDGFD Platelet-derived growth factor D

57 PDGFRA Platelet-derived growth factor receptor alpha

58 PEBP1 Phosphatidylethanolamine-binding protein 1

59 PECAMI1 Platelet and endothelial cell adhesion molecule 1

60 PF4 Platelet factor 4

61 PIGF Phosphatidylinositol glycan anchor biosynthesis class F

62 PIK3C2B Phosphatidylinositol 4-phosphate 3-kinase C2 domain-containing subunit beta
63 PIK3C2G Phosphatidylinositol 4-phosphate 3-kinase C2 domain-containing subunit gamma
64 PIK3CD Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit delta isoform
65 PIK3R1 Phosphatidylinositol 3-kinase regulatory subunit alpha

66 PLCG2 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase gamma-2
67 PLD1 Phospholipase D1

68 PPP2CB Serine/threonine-protein phosphatase 2A catalytic subunit beta isoform
69 PPP2RSE Serine/threonine-protein phosphatase 2A 56 kDa regulatory subunit epsilon isoform
70 PRKCB Protein kinase C beta type

71 PRKCD Protein kinase C delta type

72 PRKCQ Protein kinase C theta type

73 PRKDI1 Serine/threonine-protein kinase D1

74 PTK2 Focal adhesion kinase 1

75 PTPN6 Tyrosine-protein phosphatase non-receptor type 6

76 PTPRB Receptor-type tyrosine-protein phosphatase beta

77 RAC2 Ras-related C3 botulinum toxin substrate 2

78 RAC3 Ras-related C3 botulinum toxin substrate 3

79 RASA1 Ras GTPase-activating protein 1

80 RBPJ Recombining binding protein suppressor of hairless

81 RHOC Rho-related GTP-binding protein RhoC

82 RHOV Rho-related GTP-binding protein RhoV

83 SERPINA1 Alpha-1 antitrypsin

84 SFRP1 Secreted frizzled-related protein 1

85 SHC3 SHC-transforming protein 3

86 SPHK2 Sphingosine kinase 2

87 SPRY1 Protein sprouty homolog 1

88 SPRY2 Protein sprouty homolog 2

89 SRC Proto-oncogene tyrosine-protein kinase Src

90 STK36 Serine/threonine-protein kinase 36

91 TEK TEK receptor tyrosine kinase

92 TGFB1I11 Transforming growth factor beta-1-induced transcript 1 protein

93 VEGFA vascular endothelial growth factor A

94 WNTI1 Proto-oncogene Wnt 1

95 WNTI10A Protein Wnt 10a

96 WNT2B Protein Wnt 2b

97 WNTS5A Protein Wnt 5a

98 WNT7A Protein Wnt 7a

99 YWHAE 14-3-3 protein epsilon
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Fig.2 The number of miRNAs in enriched angiogenesis-associated
pathway. Bar graph showing the number of miRNAs that are reported
in PCOS and associated with different angiogenesis-related path-

representation in the enrichment analysis (Figs. 2 and
3). Hence, miRNA-mRNA pairs identified to be involved
in PI3K/Akt pathway based on pathway analysis were
shortlisted. Four genes, namely VEGFA, fibroblast
growth factor receptor 1 (FGFR1), PDGFRA, and
fibronectin (FN1) from the PI3K-Akt pathway which
have been reported to be dysregulated in PCOS and
known to play a role in angiogenesis were selected. The
miRNAs viz miR-218-5p, miR-214-3p, miR-20a-5p,
and miR-140-3p specifically targeting these genes in
the PI3K/Akt pathway were selected for further valida-
tion to understand their expression in GCs of PCOS and
controls (Fig. 4).

PI3K-Akt signaling pathway

PIK3R1  FGFR1

Fig.3 Enriched angiogenesis-associated pathways of dysregulated
target genes in PCOS. Network map depicts the dysregulated target
genes in PCOS enriched in angiogenesis-related pathways. Path-
way enrichment of differentially regulated angiogenesis-associated
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VEGF signaling pathway

ways by functional enrichment analysis. PI3K, phosphatidylinositol
3-kinase; HIF-1, hypoxia-inducing factor 1; VEGF, vascular endothe-
lial growth factor; ECM, extracellular matrix

Study participant’s characteristics

The anthropometric, hormonal, and biochemical param-
eters of all the participants are outlined in Table 2. In the
present study, 30 participants were enrolled, of which 15
were women with PCOS and 15 were healthy controls. The
basal hormonal parameters, LH, LH:FSH ratios, and anti-
mullerian hormone (AMH) were found to be significantly
high while FSH levels were comparable between women
with PCOS compared to controls. On the d-OPU, hormonal
estimation showed significantly higher TT and androgen
indices, namely, Free-T, Bio-T, and FAI levels and lower
P, and SHBG levels in the women with PCOS compared

HIF1 signaling pathway

ECM-receptor interaction

genes was carried out using KEGG pathway analysis in Cytoscape.
Retrieved angiogenesis-associated pathways are represented in the
figure
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Fig.4 MiRNA-mRNA gene interaction network of four selected tar-
gets from the PI3K/Akt signaling pathway. The miRNA-mRNA inter-
action network was constructed using Cytoscape. The most enriched
PI3K/Akt signaling pathway was used to select 4 angiogenesis-asso-

to controls in both serum and follicular fluid. Total oocytes
and MII oocytes obtained from both groups were similar.

Absolute miRNA quantification

We performed ddPCR to quantitate the absolute concen-
tration of selected miRNAs in GCs. All the four selected
miRNAs were observed to be up-regulated, namely, miR-
218-5p, miR-214-3p, miR-20a-5p, and miR-140-3p in PCOS
(Fig. 5). Validated miRNAs with their all interacting genes
from the “angiogenic dataset” were retrieved (Fig. 6). We
observed that all these validated miRNAs target multiple
angiogenic genes reported to be differentially altered in GCs
of PCOS. This observation suggests that the altered expres-
sion of miRNAs and their interacting mRNA pair may be
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ciated genes which were dysregulated in PCOS and 4 miRNAs regu-
lating these genes. Purple-colored nodes represent miRNAs that are
selected for validation by gene expression studies. PI3K, phosphati-
dylinositol 3-kinase

playing an essential role in the compromised angiogenic
capacity of GCs in women with PCOS.

Discussion

Angiogenesis is a complex process, involving the synchro-
nous activity of diverse pro- and anti-angiogenic factors.
Ovarian angiogenesis is vital for the growth and develop-
ment of the follicles, oocyte, and CL formation. Evidence
suggests a role of aberrant angiogenesis in the folliclar defect
of women with PCOS; however, the mechanism has not yet
been extensively explored. Identification of dysregulated
angiogenesis-associated genes and their regulating miR-
NAs is crucial for understanding their role in the regulation
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Table 2 Clinical characteristics

of the study participants

Control (n=15), median (IQR) PCOS (n=15), median (IQR) P value

Age, years 28 (22-30) 30 (27-31) 0.089
BMI (kg/m?) 22.50 (18-26.20) 24.40 (21.19-28.20) 0.145
Basal LH levels (uU/mL) 3.5(2.8-4.28) 5.13 (4.13-8.5) 0.001%%*
Basal FSH levels (uU/mL) 5 (4.69-6.9) 5.63 (4.13-6.12) 0.94
LH:FSH 0.63 (0.56-0.81) 0.95 (0.76-1.86) 0.005*
AMH (ng/mL) 3.57 (2.39-4.34) 8.28 (5-10.80) 0.0007%*
Prolactin (ng/mL) 14 (11.30-17.63) 12.82 (9.48-17.26) 0.52

TSH (mIU/mL) 2.03 (1.72-2.74) 1.81 (1.32-2.83) 0.41

Total oocytes 19 (17-23) 21 (13-29) 0.96

MII oocytes (n) 17 (16-21) 17 (10-27) 0.49

MII oocytes (%) 90.48 (85.7-94.44) 73.0 (72-91.67) 0.07

$E2 (ng/mL) Serum 1.74 (0.82-2.71) 1.37 (0.7-2.470) 0.56

$E2 (ng/mL) FF 1064 (662-1450) 1211 (473-1521) 0.89

$P4 (ng/mL) Serum 3.7 (2.6-6) 2.1(0.3-2.8) 0.0027%*
515P4 (pg/mL) FF 16.4 (12.63-26.51) 10.81 (6.18-17.42) 0.03*

STT (ng/dL) Serum 101 (90-210) 200 (100-315.2) 0.046*
STT (ng/dL) FF 320 (260-489.7) 450 (342-832.9) 0.044*
$SHBG (nmol/L) Serum 155.8 (80-212) 95.7 (58.8-150) 0.041*
$SHBG (nmol/L) FF 153.4 (140-176) 117.4 (82.7-130.3) 0.021%*
SFree T (pmol/L) Serum 28.10 (19.2-35.80) 57 (39.21-87.30) <0.0001%**
SFree T (pmol/L) FF 68.01 (45.46-113) 165.9 (81.2-244) 0.004%*
$Bio T (nmol/L) Serum 0.66 (0.451-0.84) 1.34 (0.936-2.05) <0.0001***
$Bio-T (nmol/L) FF 1.59 (1.06-2.66) 3.58 (1.91-5.7) 0.0063**
SFAI Serum 3.48 (2.174.32) 7.29 (4.97-9.72) <0.0001#**
SFAI FF 7.41(5.20-11.97) 18.88 (10.33-23.94) 0.0027%**

Data are represented as the “median (inter-quartile range)” for clinical characteristics compared between
control and women with PCOS, using the Mann—Whitney U tests. Parameters marked with “$” denotes
the measurement carried in serum and follicular fluids on the day of ovum pick-up (d-OPU). *P <0.05,
**P<0.01, and ***P<0.0001 are considered statistically significant for all tests. BMI, body mass index;
LH, luteinizing hormone; FSH, follicle stimulating hormone; AMH, anti-mullerian hormone; 7SH, thyroid
stimulating hormone; E,, estradiol; P, progesterone; TT, total testosterone; SHBG, sex hormone-binding
globulin; Free T, free testosterone; Bio-T, bioavailable testosterone; FAI, free androgen index; FF, follicular

fluid

of angiogenesis in PCOS. Hence, this study focused on the
creation of a dataset of miRNA-mRNA pairs by integrating
information on dysregulated genes with angiogenic poten-
tial and their regulating miRNAs expressed in the ovary of
women with PCOS.

Studies have reported vascular alterations in the ovaries
of women with PCOS which may affect supply of oxy-
gen, nutrients, and hormones to the developing follicles
and formation and functioning of CL. Few reports have
also mentioned increased ovarian stromal vascularity in
the PCOS ovary; however, the peri-follicular blood flow
was observed to be unchanged or lower than the normal
ovaries [8]. A hypoxic environment is the main driving
force for blood vasculature formation. The coordinated
action of VEGF and other angiogenic factors like ANGPT,
FGF2, and PDGFs has been reported to be associated
with an increase in vascular permeability, endothelial

@ Springer

cell proliferation, and survival and maintenance of newly
formed blood vessels. In the ovary of women with PCOS,
various studies have reported differential expression of
a few pro- and anti-angiogenic factors. Corroborating
these findings, recent investigations have shown altered
expression of angiogenic factors and decreased angiogenic
capacity of GCs and follicular fluid in women with PCOS.
All these existing pieces of evidence have indicated dys-
regulation of the angiogenesis process to be causal for
follicular growth arrest, CL insufficiency, and frequent
miscarriages observed in PCOS. Detailed information
regarding the angiogenesis-associated genes which are
altered in the ovary of women with PCOS will throw light
on the dysregulated ovarian vasculature formation in these
women.

Existing literature on “PCOS and angiogenesis” and
the ovarian expression profiling datasets were mined from
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Fig.5 DDPCR analysis of miRNA expressions related to angio-
genesis in granulosa cells from PCOS and controls. The graph rep-
resents the relative miRNA expressions in GCs of controls (n=15)
and women with PCOS (n=15). Expression was normalized to
the U6 miRNA as an endogenous control. Data are presented as
“mean+SEM” and *P<0.05 was considered significant. Data are
analyzed using the Mann—Whitney U test. DDPCR, digital droplet
polymerase chain reaction

the PubMed and GEO databases, respectively. The ovar-
ian expression profiling datasets were reanalyzed to obtain
genes dysregulated in PCOS and functional enrichment of
these genes led to the identification of a comprehensive list
of 99 potential angiogenesis-associated genes in PCOS.
This list includes ephrin and its receptors, VEGF and its
receptors like KDR and Flt-1, Notch and Wnt signaling,
Jagged-1, various members of FGF and PDGF families,
several mitogen-activated protein kinases and focal adhe-
sion kinases which play important role in blood vascula-
ture formation. Hence, their altered expression in the ovary/
ovarian tissues of women with PCOS indicates dysregu-
lated angiogenesis in PCOS. To decipher the mechanism
of dysregulated angiogenesis in PCOS, it is imperative to
identify crucial regulators of gene expression, namely the
miRNAs. Towards this, miRNAs reported to target these 99
dysregulated genes were fetched from miRNA databases and
a miRNA-mRNA network was constructed. This gave rise
to a list of candidate miRNA-mRNA pairs that may have a
probable role in dysregulated angiogenesis in women with
PCOS. Furthermore, miRNA-mRNA interactions validated

by low throughput studies were used and unique predicted
miRNAs were shortlisted. Simultaneously, we enlisted the
miRNAs reported in the ovary of women with PCOS by
literature search. We wanted to know how many of these
miRNAs are expressed in the ovary of women with PCOS;
therefore, we overlapped the predicted and reported miR-
NAs to obtain common miRNAs which possibly play a
role in impaired follicular angiogenesis in PCOS. Pathway
enrichment of this miRNA dataset generated in the study
delineated PI3K/Akt pathway, VEGF and HIF-1 signaling
pathway, ECM-receptor interaction, and Notch signaling
pathway as the five enriched angiogenesis-associated path-
ways that may be altered in PCOS. The PI3K/Akt pathway
was identified as the most prominent pathway associated
with angiogenesis in PCOS.

To validate the in silico data, we selected miRNAs, miR-
218-5p, miR-214-3p, miRNA-20a-5p, and miR-140-3p
specifically targeting PDGFR1, FGFR1, VEGFA, and FN1
genes, respectively, in the PI3K/Akt pathway. The expression
profile of the above four miRNAs was measured by ddPCR,
a novel method allowing accurate absolute quantitation of
miRNA transcripts. These target genes were selected based
on evidence from existing literature on their association with
angiogenesis. VEGFA and FGF2 are the most critical fac-
tors necessary for follicular vasculature formation. VEGFA
increases vascular permeability and along with FGF2, helps
in the sprouting and migration of endothelial cells during
angiogenesis [3]. FGF2 binds with its receptor FGFR1 and
mediates signaling reaction. Furthermore, ECM remodeling
and basement degradation are essential for endothelial cell
migration and proliferation during vasculature formation.
FN1 is an important ECM-related factor that supports angi-
ogenesis. The PDGEF is involved in the maturation of the
blood capillaries, whose signaling cascade is initiated by
binding and dimerization of two related RTKs receptors,
PDGFA- or B-receptors. Recent reports have shown a down-
regulation of FGFR1, VEGFA, and FN1 genes in GCs of
women with PCOS [3, 4]. Scotti et al. reported lower levels
of PDGFB in follicular fluid of women with PCOS [28].

The expression of all four miRNAs, miR-218-5p, miR-
214-3p, miRNA-20a-5p, and miR-140-3p were up-regulated
in GCs of women with PCOS and controls. Predicted targets
of miR-218-5p and miR-214-3p from the “angiogenic data-
set” and from available literature are reported to negatively
regulate angiogenesis in tumors [29, 30]. The increased
levels of miR-218-5p and miR-214-3p were demonstrated
to suppress pro-angiogenic genes expression such as PDG-
FRA, FNI1, HIF, VEGFA, ANGPT-1 and 2, matrix metallo
protein-2, PDGF, PDGFfR, FGF2, and FGFR1 [31-38]. Our
microarray data analysis and the literature search revealed
that the miR-20a-5p binds to several pro-angiogenic genes
like VEGFA, HIF1A, FGF2, ADAM metallopeptidase
with thrombospondin type 1 motif 1 (ADAMTS1), integrin
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Fig. 6 Interaction network of validated miRNAs and their reported
target genes. The miRNA-mRNA network was constructed using
Cytoscape. The miRNAs expression was validated in granulosa cells
obtained from women with PCOS and controls. Targets are angiogen-

subunit alpha 5, transforming growth factor beta-1, and
tissue inhibitor of metalloproteinase and suppresses their
expression and thus exerts anti-angiogenic activity [39].
Interestingly, down-regulation of FN1, HIF1A, VEGFA,
ANGPT-1, FGF2, and FGFR1 have been reported in GCs
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esis-associated genes that are reported to be differentially expressed
in the ovary of women with PCOS compared. The green node and red
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of women with PCOS which are the targets of these miRNAs
[3, 4]. This explains one of the reasons for the down-regula-
tion of these genes could be overexpression of miR-218-5p,
miR-214- 3p, and miR-20a-5p in PCOS. The miR-140-3p
has been reported to inhibit the expression of ECM genes
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like FN1 and heparan sulfate proteoglycan 2 (HSPG2) which
play a pivotal role in angiogenesis [40, 41]. We observed
increased miR-140-3p expression in PCOS, interestingly its
target genes FN1 and HSPG2 were down-regulated in GCs
of women with PCOS as reported by us previously, indicat-
ing miR-140-3p may be responsible for decreased expression
of these targets in PCOS [3, 4]. Therefore, current findings
strongly suggest that these miRNAs may be playing a key
role in the altered expression of angiogenesis-related genes
in GCs of women with PCOS. Hence, our findings on angi-
ogenesis-related miRNA-mRNA interactions in the ovary of
women with PCOS may prove a valuable resource to study
angiogenesis in PCOS in detail which partly contributes to
its pathophysiology.

The limitation of this study is the low sample size due
to poor quality and/or quantity of GCs, exclusion of par-
ticipants based on selection criteria, and dearth of samples
due to an ongoing pandemic. However, the experiments
were conclusive for validating the in-silico data used to
identify predicted angiogenesis-associated miRNA-mRNA
pairs.

Conclusion

Altogether, this study was successful in identifying and gen-
erating datasets of potential angiogenesis-associated target
genes and their regulating miRNAs. We also identified angi-
ogenesis-associated pathways which are majorly affected in
PCOS. The datasets and findings of this study will prove
to be an important resource for researchers interested in
unraveling the mechanism of altered angiogenesis in PCOS
ovary and also to augment future research on possible thera-
peutic options. In our view, this is an innovative analysis
strategy that may help to shed light on the molecular mecha-
nism of altered angiogenesis in PCOS which may contribute
to defect in folliculogenesis and compromised formation and
functioning of CL leading to luteal phase insufficiency and
frequent miscarriages in these women. Furthermore, experi-
mental and functional studies on a specific miRNA against
angiogenic targets are needed to evaluate its role in the regu-
lation of angiogenesis.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10815-022-02396-1.
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