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Background: Polycystic ovary syndrome (PCOS) is one of the most common endocrine
disorders. Evidence indicates that genetic and environmental factors contribute to the
pathogenesis of PCOS. The molecular basis of PCOS is not well understood.

Methods: Whole-genome RNA sequencing was performed on single oocyte at the germinal
vesicle (GV) stage from females with normal ovulation and females with PCOS. All subjects
were women from Mongolia undergoing intracytoplasmic sperm injection in vitro fertilization
(ICSI-IVF) who met the Rotterdam criteria for PCOS. Women with normal ovulation who were
undergoing ICSI-IVF owing to male factor infertility were recruited as control subjects.
Results: A total of 1313 differentially expressed genes were found by bio-informatics
software in the GV oocytes of PCOS patients and compared with the control group. There
were 367 upregulated and 946 downregulated genes (fold change > 2, false discovery rate <
0.01). When compared with the healthy controls, it was shown that the DEGs like VEGF,
IGF, FADSI et al were investigated as potential causes of PCOS oocytes. The DEGs were
related to kinase activity, cell proliferation, gene regulation, and the signaling pathways of
phosphatidylinositol 3-kinase, Hippo, and ECM-receptor pathway in patients with PCOS. In
addition, the interconnected gene co-expression network was constructed by gene bionet-
work analysis, indicating that ITGBS, ITGB3, and CAV2 were the core genes in regulating
the module expression of DEGs in PCOS.

Conclusion: RNA sequencing analysis demonstrated DEGs were linked to inflammation,
cardiovascular disease, and lipid metabolism in the GV oocytes of women with PCOS. We
hypothesize that ITGBS, ITGB3, and CAV2 may be involved in metabolic disorders asso-
ciated with the different phenotypes of PCOS.
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Introduction

Polycystic ovary syndrome (PCOS) is a multifactorial disease associated with
endocrine and metabolic disturbances in women of reproductive age and affects
both fertility and pregnancy.'” Defects in oocyte and embryo development are
associated with PCOS.>* Alteration in oocyte competence is considered to be a
potential causative factor of subfertility in women with PCOS.> Genetics studies on
PCOS have demonstrated that molecular abnormalities, including single-nucleotide
polymorphism, global DNA methylation, and dysregulation of microRNA, contri-
bute to the pathogenesis of PCOS.*’
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PCOS is arisk factor for infertility, and in vitro fertilization
(IVF) is recommended as a last resort. It is reported that a high
proportion of women with PCOS fail to conceive and may
require hospitalization for infertility.'® Compared with women
without PCOS, the success rate of IVF in women with PCOS
has increased by 8-10 times. After controlling ovarian stimu-
lation treatment, one of the obstacles for patients with PCOS
who receive IVF is the insufficient number of mature oocytes,
regardless of ovarian response.'' '*> The clinical pregnancy
and live birth rates of females with PCOS who receive IVF
are comparable with those of healthy women, but researchers
should continue to consider them to be at a high risk of adverse
pregnancy-related outcomes.'*'> A meta-analysis of the data
shows that birth and implantation rates are higher in patients
with PCOS than in controls using in vitro maturation.'®
However, others have been concerned that ARTs may decrease
the quality of oocytes and delay the maturation process of
oocytes in patients with PCOS.'”'® To determine the differ-
entially express genes (DEGs) and potential core regulators of
the pathogenesis of PCOS, RNA sequencing (RNA-seq) was
performed on oocyte at the germinal vesicle (GV) stage from
women with PCOS and women with normal ovulation.
Further analysis by gene co-expression network was per-
formed to detect the core genes in regulating the module
expression of DEGs in PCOS. This is the first study to identify
the specific expression pattern of the GV oocytes of patients
with PCOS when compared with the healthy population from
Mongolia. The goal of this research is to uncover the founda-
tion of the pathogenesis of PCOS to provide new strategies for
diagnosis and targeted therapy at the transcriptional level.

Materials and Methods

Patient Samples

We recruited 3 Mongolian women with PCOS and 3
Mongolian women without PCOS, all of whom were under-
going gonadotropin therapy at Affiliated Hospital of Inner
Mongolia Medical University, China. Participants (PCOS
group; n = 3) were diagnosed with PCOS based on the
European society of Human Reproduction and Embryology
and the American Society of Reproductive Medicine
Consensus Workshop Group.'® Patients with Cushing syn-
drome, late-onset congenital adrenal hyperplasia, thyroid
dysfunction, hyperprolactinemia, or androgen-secreting
tumors were excluded. Other exclusion criteria included
diabetes, hypertension, chronic renal disease, smoking, and
the use of alcohol or medications. The inclusion criteria for

women with normal ovulation (control group; n = 3) were a

normal menstrual cycle of 21-35 d, normal ovulation con-
firmed by the basal body temperature test, normal ovarian
form confirmed by ultrasound, normal androgen levels (<0.6
ug/L), a basic level of follicle-stimulating hormone (<10 IU/
L), and a body mass index of 18.0-25.0 kg/cm?. Stimulation
protocol for all the patients was according to the standard
long protocol. There was no significant age difference
between the two groups. In addition, all women with normal
ovulation underwent intracytoplasmic sperm injection (ICSI)
owing to male factor infertility. The study protocol was
approved by the Research Ethics committee of Affiliated
Hospital of Inner Mongolia Medical University and con-
ducted in accordance with approved institutional guidelines.
This study was conducted in accordance with the declaration
of Helsinki. All participants gave written informed consent.

Controlled Ovarian Stimulation Protocol
Gonadotropin releasing hormone agonist (GnRH agonist) 0.1
mg /d was used in luteal phase of the last menstrual cycle for
pituitary down regulation. After down regulation, the ovula-
tion was induced by recombinant follicle stimulating hor-
mone (rFSH, gonafin, Merck, Serono, Switzerland). The
starting dose was 150225 U. Human menopausal gonado-
tropin (HMG) was added according to follicular develop-
ment. When one follicle had a diameter of 18 mm or two
follicles had a diameter of 16 mm, and human chorionic
gonadotropin (Lizhu medicine 10,000 IU) was injected.
Oocyte retrieval was performed transvaginally 34-36 h
after ovulation was triggered. Cumulus—oocyte complexes
were collected in MOPS medium, and the cumulus was
mechanically stripped from the oocyte after a brief exposure
to hyaluronidase. Oocyte maturation was evaluated by mor-
phological observation. After oocyte maturation, in each
group, the mature oocytes (MII phase) were fertilized by
ICSI, and the discarded immature GV oocytes were used in
this project.

Library Construction and Data Mapping
The complementary DNA libraries for single-end sequen-
cing were prepared according to the manufacturer’s
instructions using the Ion Total RNA-seq Kit v2. Before
read mapping, clean reads were obtained from the raw
reads by removing the adaptor sequences, the reads with
>5% ambiguous bases (noted as N), and low-quality reads.
The clean reads were then aligned to the crab-eating
macaque genome using the MapSplice program.
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Differentially Expressed Gene Discovery
We applied the DEseq algorithm to filter the DEGs.
Significance and false discovery rate (FDR) were analyzed
with the following criteria: |log2 fold change| > 2 (FDR <
0.01 was considered statistically significant). A heat map
was drawn based on the P value, using the differential

gene analysis.

Gene Ontology Annotation and Pathway
Analysis

Functional annotations and enrichment tests of genes were
carried out wusing the Database for Annotation,
Visualization, and Integrated Discovery (DAVID, http://
The

Kyoto Encyclopedia of Genes and Genomes (KEGQ)

david.abcc.nciferf.gov).?° significantly  enriched

pathways in each of the four different gene sets were
separately identified against the annotated goat genome
based on biological processes, molecular function, and
cellular components (P < 0.05 was considered to be sta-
tistically significant). We then used the KEGG database to
build the network of genes according to the relationship
among the genes, proteins, and compounds in the
database.

Statistical Analysis

The RNA-seq results for the selected genes, confirmed
by real-time quantitative polymerase chain reaction
(RT-qPCR), were analyzed using the three tailed #-test
and the GraphPad Prism 5.0 software (GraphPad, San
Diego, CA, USA, www.graphpad.com). The house-

keeping gene B-actin was used as the internal refer-
ence. Differences between groups were considered
significant if P < 0.05.

Table | Mapping Statistics of GV Oocytes

Result

RNA-Seq Quality Control and Alignment
We performed RNA-seq using single GV oocyte samples
from the PCOS and control groups. A total of 510 million
high-quality sequences reads were obtained after filtering
the raw data. As shown in Table 1, the rate of filtering
reads is more than 85% of the transcripts mapped to the
UCSC human genome (http://genome.ucsc.edu). The gene

expression level was calculated using the reads per kilo-

base transcriptome per million mapped reads method.

Discovery of DEGs
DEGs
Comparisons were made between the GV stage oocytes

were determined using DESeq algorithms.
of the PCOS and the control group. When compared with
the control group, a total of 1313 DEGs were found in the
GV stage oocytes of the PCOS group. DEGs were visua-
lized by hierarchical clustering and scatterplot (Figure 1).
In the PCOS group, 367 genes were upregulated and 946
were downregulated. Vascular endothelial grown factor
(VEGF), insulin-like growth factor (IGF), FADS1 which
are participants in angiogenesis and lipid metabolism,
were significantly increased in oocytes of the PCOS
group, while interleukin 6 (IL-6), CXCL1, ADAMTSI,
BMP15 and GDF9 which are involved in immune system
processes and oocyte development were downregulated.
Consistent with the results of other research, we found
that the expression of heat shock protein 27 (Hsp27) was
markedly decreased in the oocytes of the PCOS group.
Our results showed that the expression patterns of the nine
key genes analyzed by RT-qPCR agreed with the deep
sequencing data, indicating that our deep sequencing data
were reliable (Figure 2).

Sample Total Reads Before Total Reads After Reads Filter Reads Mapped GC%
Controll 14,214,544 13,976,138 0.966412 85.5% 51
Control2 12,353,592 11,893,025 0.962717 86.3% 51
Control3 14,234,521 13,729,835 0.996834 87.1% 51
PCOSI 11,841,100 11,396,209 0.962428 87.2% 52
PCOS2 14,521,612 13,737,110 0.962437 85.8% 51
PCOS3 15,879,346 14,594,724 0.964132 86.2% 52

Notes: After obtaining the original data of RNA-seq, the low-quality splices (Q < 10 base number and accounting for more than half of the total number of reads) and the
reads with more than 3% of “N” bases were filtered out, the total number of sequencing reads was mapped into the reference genome by sequence mapping.
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Figure | (A) Heatmap of the 1313 genes that were differentially expressed between PCOS and control oocyte, (B) Scatterplot (MA plot) of the baseMean of normalized
counts versus log2-fold change for all genes generated by DESeq.
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Figure 2 Validation of the expression levels of genes in RNA sequencing by real-time quantitative polymerase chain reaction (RT-qPCR). RT-qPCR gene expression values
were determined from the mean of the ratio of 2—ACt for the target genes, and the data are expressed as mean * standard error of mean (SEM) (n = 3 in each group). The Y
axis was the difference multiple of PCOS group compared with the control group. Significantly different results for RT-qPCR were determined by one-way ANOVA with

Tukey’s post-hoc test.

Gene Ontology Cluster Enrichment and
Pathway Analysis

To further investigate the biological processes, three ontol-
ogies were selected for annotation. We detected 428 gene
ontology (GO) terms, including 288 GO terms in the biolo-
gical process category, 69 GO terms in the molecular func-
tion category, and 71 GO terms in cellular component
category. In the molecular function category, the most sig-
nificantly enriched GO terms were protein binding, kinase
activity, and transferase activity (Figure 3). The DEGs were
significantly enriched in the cellular components of the

extracellular matrix and the proteinaceous extracellular
matrix. In the case of biological process, 15 GO terms
were significantly enriched and were related to various
process, such as cell proliferation and inflammatory
response. When comparing the PCOS group with the con-
trol group, as shown in Figure 4, 25 significantly enriched
pathways (P < 0.01) were assigned to the DEGs, according
to KEGG. Of note, the genes HIF-1, PI3K-Akt, ECM
receptor, MAPK, and the Hippo signaling pathway were
significantly enriched in the DEGs, possibly contributing to
the maturation of oocytes in patients with PCOS.

GO-Analysis_BP B GO-Analysis_MF C GO-Analysis_CC
A -Log2(P-value) -Log2(P-value) -Log2(P-value)
extracellular matrix organization [ protein binding | extracellular vesicular e; | I
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positive regulation of ce... N protein kinase C binding N cytoplasm N
platelet aggregation [INNNEEGEG_—————— platelet-derived growth fact... [INNNENEGG_——_ endoplasmic reticulum lumen [INEEEEEGEG_G_—___——

positive regulation of I-kapp... NN

transcription corepressor activity [N

cell migration | protein serine/threonine kina... | NN a
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Figure 3 Gene ontology of the differentially expressed genes of oocytes in the germinal vesicle stage. The dataset analyzed was the genes that were differentially regulated
(two-fold with FDR P < 0.05) between the PCOS and the control group. In (A) the bar chart represents the proportion of genes that map to a gene ontology term
associated with a biological process. In (B) the bar chart represents the proportion of genes that map to a gene ontology term associated with a cellular component. In (C)
the bar chart represents the proportion of genes that map to a gene ontology term associated with a cellular component molecular function.
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Figure 4 KEGG classification of the differentially expressed genes of oocytes in the germinal vesicle stage.

Differential Gene Network Map

To determine the potential core regulators in PCOS oocytes, a
bionetwork analysis of oocytes in the GV stage was performed.
As shown in Figure 5, there were many interactive partners of
the ITGBS, ITGB3, and CAV2 genes that played a central role
in the co-expression network. Our network for this module
identified that ITGBS, ITGB3, and CAV2 genes expressed in
oocytes presented the highest degrees of connectivity. These
genes are enriched in the PI3K/Akt signaling pathway, which
can regulate the meiotic events of oocytes and affect the
maturation ability of oocytes, indicating that PI3K/Akt signal-
ing pathway is involved in the regulation Oocyte maturation.

Discussion
Although much progress has been made in recent years,
oocyte development incompetence, implantation failure,

and pregnancy loss have remained the main issues facing
patients with PCOS undergoing IVF.?! Failure to select a
dominant follicle and the number of arrested and atretic
follicles are significantly increased in polycystic ovaries.?
The oocyte is rich in cytoplasm that contains yolk granules
to support the cell’s growth, maturation, and early devel-
opment after fertilization. The goal of our study is to better
understand the molecular mechanisms underlying altered
fertility in patients with PCOS and to provide potential
therapeutic targets for treatment.

Previous studies demonstrated that endocrine hor-
mones, such as luteinizing hormone and testosterone,
may be involved in abnormal follicular genesis in the
ovaries of patients with PCOS.**~** Patients with PCOS
undergoing ovarian stimulation for IVF have an increased

risk of impaired oocyte developmental competence,
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Figure 5 Gene network of known relationships between those differentially expressed genes. The network was generated in the PCOS group using triangle connectivity
based on focus genes and built up according to the number of interactions between a single prospective gene and others in the existing network and the number of

interactions the prospective gene has with other genes outside this network.

implantation failure, and pregnancy loss. The current study
used a system approach to detect all genes that are differ-
entially expressed in response to several different growth
factors and hormone treatments known to influence the
maturation of oocytes.”> RNA-Seq has been widely used
to identify DEGs when comparing patients with healthy
controls. This research presents, for the first time, a com-
plete dataset comparing oocytes at the GV stage, using
RNA-seq, of women with PCOS and those with normal
ovulation. Our data indicate that some differentially
expressed genes play important roles in mediating meiosis,
hormone receptor signaling, intercellular communication,
proliferation, follicular formation, DNA repair and

oxidative stress. Hsp27 in GV oocytes was four-fold
lower the PCOS group than in the control group, which
is consistent with results reported by Cai et al.?® It is
thought that Hsp27 can decrease the maturation rate of
oocytes derived from patients with PCOS. Several studies
have found that the early stage of apoptosis is closely
related to oocyte development. Therefore, the reduced
expression of GDF9 and BMP15 in oocytes may have
detrimental effects on follicular development in the ovaries
of patients with PCOS. These findings indicate that aber-
rant expression of oocyte secretion factors might be
involved in the aberrant follicular development associated
with PCOS.?” A distintegrin and metalloprotease with
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thrombospondin type 1 motifs (ADAMTS-1) is involved
in normal folliculogenesis and the ovulatory process, and
it plays an important role in female fertility. Several
researchers have found that ADAMTS-1 decreases in
patients with PCOS and is strongly associated with
impaired oocyte quality.”® Lipid metabolism genes asso-
ciated with insulin resistance, such as FADS], are signifi-
cantly upregulated. Our study confirmed that genes are
differentially expressed in women with PCOS when com-
pared with the control group. Genes associated with
immunity are also differentially expressed in PCOS,
including IL-6 and CXCLI1, which enhance follicular
assembly.

The GO project is a collaborative effort to develop and
use ontologies to support the biological annotation of
genes and their products.?’ In this work, we performed a
GO analysis to describe the properties of DEGs in PCOS
oocytes and screened for significant GO terms (P < 0.05).
Coordinated regulation of signaling pathways is crucial for
normal embryonic development and the establishment of
pregnancy. In our study, the DEG genes in oocytes at the
GV stage were included in the MAPK signaling pathway,
MAPK signaling, TGF- signaling pathway, VEGF signal-
ing pathway, and PI3K-Akt signaling pathway. We
observed 30 DEGs (RPS6KA4, STK4, FLNA, MAX,
FGF8, RELB, STK3, RAFI, MRAS, ELKI1, TGFBI,
PDGFRA, RASGRP1, MKNK?2, MAP2K3, MAPKSIPI,
FLNC, CD14, MAPK13, FGFR1, RASGRP2, FGFl11,
GADD45B, HSPAIL, CHP1, HSPA1A, FOS, PRKCA,
PDGFA, and NFATC3) in the MAPK signaling pathway.
The MAPK is responsible for a variety of processes,
including the transcriptional activation of cytokines, che-
mokines, and other inflammatory mediators.>* The Hippo
pathway also plays an important role in restricting organ
size by regulating proliferation, apoptosis, follicle—cell
differentiation, and oocyte polarity.>' The PI3K-Akt sig-
naling pathway participates in COCs development in
women with PCOS because it is related to hyperandrogen-
ism, insulin resistance, inflammation, and oxidative stress.
Extracellular matrix (ECM) is a complex mixture of struc-
tural and functional macromolecules, which plays an
important role in cell and tissue structure, function main-
tenance, tissue and organ morphogenesis.

In addition, to determine the key genes in the regula-
tion of the maturation of oocytes, we constructed a net-
work with putative regulatory connections to neighbors.
Examination of these networks can yield inferences about
how genes interact to regulate oocyte development and can

identify potentially important control points within the
regulatory networks of the oocyte. When the list of genes
that were found to be differentially expressed during fol-
licle assembly was analyzed, it was discovered that the
genes ITGBS, ITGB3, and CAV2 had the most regulatory
connections. Our analysis suggests that these genes are
key in the regulation of oocyte development and matura-
tion. The possible role of these genes in the fertility of
Mongolian women will need more studies. The limitation
of this study is that the sample size is too small. In the
future experiments, it is necessary to increase the sample
size for further study.

Conclusion

This study is the first time to use high-throughput RNA-
seq technology to sequence the transcriptome of single
oocyte in GV stage of Mongolian PCOS patients and
normal ovulating women, reveal the expression character-
istics of immature oocytes, and obtain genes with impor-
tant functions in the expression process of oocytes in GV
stage of PCOS patients. We identified genes associated
with cell-cell communication, proliferation, hormone
receptor signaling, folliculogenesis, and development in
PCOS oocytes. MAPK signaling pathway, PI3K-Akt sig-
naling pathway, ECM-receptor pathway, Hippo signaling
pathway may play a vital role in the development of
oocytes, because most of the differentially expressed
genes we identified were involved in these pathways.
ARTSs can be an effective treatment for subfertile patients
with PCOS.
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