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ABSTRACT

Background: Polycystic ovary syndrome (PCOS) is a condition of the female reproductive sys-
tem and it remains imperative to identify target genes responsible for its pathogenesis and
develop therapeutic drugs capable of effectively treating it.

Methods: We performed primary screening, staging, functional analysis as well as screening of
target genes and therapeutic drugs based on single cell sequencing data of 34 oocytes from
the GEO database.

Results: Oxidative phosphorylation played a pivotal role in the development of oocytes, insulin
resistance and ovulation disorders. At the cellular level, GV and MI phases were particularly crit-
ical for the biology of pregnancy. We screened PGR, SIRTT and ADAMTST as hub differentially
expressed genes (DEGs) and found relevant drugs using the Drug-Gene Interaction Database. In
clinical study, oral contraceptives and insulin sensitisers were found to be effective in the treat-
ment of PCOS.

Conclusion: PGR, SIRT1 and ADAMTS1 were found to be down-regulated in oocytes, ovulation
and female pregnancy. These 3 genes are likely biomarkers important in the treatment of PCOS.
Insulin sensitiser in combination with oral contraceptive administration were found to signifi-
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cantly improve PCOS.

KEY MESSAGES

e Our study used a new bioinformatics approach to find target genes for the treatment

of PCOS.

e Our study sought to identify target genes that affect human oocyte quality by analysing sin-

gle-cell sequencing data from oocytes.

e We testified to our data by analysing a subset of clinical data.

1. Introduction

Polycystic ovary syndrome (PCOS) is a female endocrine
disorder affecting 5-10% of reproductive age patients
[1]. The Rotterdam diagnostic criteria is generally uti-
lized in the diagnosis of this condition [2] and ovulatory
dysfunction, hyperandrogenism and polycystic ovarian
morphology (PCOM) are typical manifestations [3].
Insulin resistance (IR) is an especially prominent charac-
teristic of PCOS [4] and about 75% of patients suffer
impaired insulin sensitivity [5]. Infertility in the setting
of PCOS accounts for a large percentage of anovulatory
infertility [6]. Despite significant research efforts the
underlying follicular

mechanisms of abnormal

development and anovulation remains unclear [7].
However, evidence indicates that environmental, devel-
opmental, genetic and epigenetic factors are all import-
ant in the pathogenesis of PCOS [8,9]. Furthermore,
hyperandrogenism is understood to play a major role
in metabolic disorders [3,10]. As elevated serum testos-
terone and luteinizing hormone (LH) are typical bio-
chemical features of PCOS [11], oligoovulation,
androgen excess and IR are accepted treatment targets
[12]. Therapeutic strategies include metformin adminis-
tration and weight management [13,14], both of which
can reduce IR but can't reverse IR [15].

Single-cell RNA sequencing (scRNA-seq) [16] meas-
ures gene expression at the cellular level and yields
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higher resolution data as compared to bulk RNA-
sequencing in addition to improving the understand-
ing of cellular activity, disease progression and treat-
ment response [17,18]. Here, we used scRNA-seq (GEO,
https://www.earthobservations.org/index.php;  acces-
sion number PRINA600740) to study 34 oocytes
obtained from both healthy individuals and PCOS
patients to identify important processes in the patho-
genesis of PCOS and screened drugs for treatment
potential. Alterations in endocrinology and glucose
metabolism were evaluated for the purposes of clinical
validation of treatment.

2. Methods
2.1. Data acquisition

The data of 20 oocytes from PCOS patients and of 14
from healthy individuals were acquired from the
Intergovernmental Group on Earth Observations (GEO,
https://www.earthobservations.org/index.php;  acces-
sion number PRINA600740). Data were processed
using RStudio software and R v. 4.04, platform
x86_64-w64-mingw32/x64 (64-bit).

2.2. Data filtering, dimensional reduction, and
pseudotime analysis

As only 34 oocytes were studied, data were not fil-
tered according to gene and cell quantity or mito-
chondrial DNA percentage. Gene quantity and
mitochondrial DNA percentage were noted, however,
and the top 10 genes with highly variable expression
among cells were identified. Available dimensions
above the dotted line are detailed using a JackStraw
plot. The DimHeatmap function based on individual
principal components was applied, and cells and
genes were sorted based on principal component
scores. Nonlinear dimensionality reduction using t-SNE
clustering was also performed. The FindAllMarkers
function was applied to identify markers significantly
expressed among clusters, and t-SNE plots of the top
4 markers in the cluster were constructed and total
MRNAs of the two groups were shown. Pseudotime
analysis differentiated the relationship among subpo-
pulations and revealed functional alterations during
the differentiation process.

2.3. Cellphonedb, GO and signalling pathway
analyses of oocytes

CellPhoneDB is a publicly available repository of cura-
ted receptors, ligands and their interactions [19].

EdgeR packages were used to identify differentially
expressed genes (DEGs), P value <0.05 was considered
as the differential expression thresholds, and a value
of logFC >1.5 was considered as signifying up regula-
tion while logFC <—1.5 considered as signifying down
regulation; P value >0.05 were considered as signify-
ing stability. PCA plots, Volcano plots and Heatmaps
were constructed and DEGs with P values of <0.00001
& abs (DEGSlogFC) >3 were labelled. Up regulated
DEGs were marked red, down regulated DEGs were
marked blue while stable DEGs were marked. Ggplot2,
clusterProfiler and org.Hs.eg.db packages were utilised
to constructed bar graphs of gene ontology (GO) func-
tions [20,21], and KEGG pathways of studied oocytes.

2.4. Copykat, GSEA GO and KEGG pathway
analyses of aneuploid oocytes

Cells exhibiting aneuploidy alterations were analysed
using CopyKAT analysis and t-SNE plots were con-
structed. Screening conditions for DEG evaluation as
well as volcano plots construction were as detailed
above. Gene Set Enrichment Analysis (GSEA) was
applied for GO and KEGG pathway study of aneuploid
oocytes and Biological processes (BP) cnetplots and
gseaplot2 analyses of GV, MI, and MIl phases was
used. Protein-Protein Interaction (PPI) networks [22,23]
of aneuploid oocytes were constructed using STRING
(v. 11.0), with a combined score of >0.4 (medium con-
fidence); DEGs were selected with |logFC| of >3 using
Cytoscape software (v. 3.7.1). MCODE (v. 1.6.1) was
used to identify modules of greatest significance; crite-
ria for selection were as follows: degree cut-off = 2,
node score cut-off = 0.2, max depth = 100 and
k-score = 2.

2.5. Meaningful biological process, target DEG
and relevant drug screening analyses

Circular cnetplots and gseaplot2 of significant BPs
in all 3 phrases were constructed by using RStudio.
Venn diagrams of DEGs were constructed using
Bioinformatics & Evolutionary Genomics (http://bio-
informatics.psb.ugent.be/webtools/Venn/) and target
DEGs were identified. The Drug-Gene Interaction
Database (DGIdb, http://www.dgidb.org), a website
that consolidates disparate data sources detailing
drug-gene interactions [24], was utilised to identify
drug-gene interactions.
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2.6. Validation of clinical drug therapy in patients
with PCOS

A total of 168 patients were selected according to
inclusion and exclusion criteria (We declared that our
research was guided by the principles of the
Declaration of Helsinki, and all treatments received
verbal consent from patients, this clinical study was
approved by the Ethics Committee of Union Hospital,
Tongji Medical College, Huazhong University of
Science and Technology (ethical approval number for
human research: 0241-01) ), after missing 18 patients
in the course of the study, there remained 150
patients. During the follow-up group treatment,
OC + Metformin ~ group  missed 14  patients,
OC 4 Metformin combined Pioglitazone missed 28
patients, so 108 were eventually tested on their 2nd-
5th days of menstruation. Endocrine and metabolic
data from January 2017 to December 2017 were com-
piled (Figure 1). Patients in group 1 were administered
oral contraceptives (OC; Diane-35) starting on day 5 of
menstruation along with metformin 500 mg bid/d for
3 consecutive menstrual cycles. Patients in group 2
were administered Diane-35 starting on day 5 of men-
struation along with metformin 500 mg bid/d and pio-
glitazone 15mg bid/d for 3 consecutive menstrual
cycles. After 3 months, endocrine and glucose metab-
olism data were statistically analysed using SPSS
v.26.0; p < 0.05 was considered statistically significant.
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3. Results

3.1. Data filtering, dimensional reduction and
pseudotime analysis

Single cell sequencing data were filtered and discrimi-
nated for characteristics. Violin diagram construction
revealed gene and cell quantities and mitochondrial
gene percentages (Figure 2(A)). Gene quantities and
mitochondrial gene percentages in relation to cell
quantity were shown in Figure 2(B). The 10 most
highly variable genes were shown in Figure 2(C).
JackStraw plotting was used to detail available data
dimensions of the data as shown in Figure 2(D). A
heatmap of PC1 was shown in Figure 2(E), it repre-
sents the new variables obtained by transforming the
variables in the original data. Nonlinear dimensionality
reduction clustering via t-SNE was shown in Figure
2(F) and mRNAs of the two groups Figure 2(G), the
top 4 DEGs in each cluster were shown in Figure 2(H).
Pseudotime analysis plots and total mRNA content of
the 2 clusters were shown in Figure 2(l).

3.2. Cellphonedb, GO and signalling pathway
analyses of oocytes

CellphoneDB analysis of ligand/receptor expression
using scRNA-seq data revealed inter-oocyte interac-
tions and were shown in Figure 3(A). PCA, volcano

Patients with PCOS diagnosed for the first time in

our center meet the inclusion and exclusion criteria

>

Missing 18 patients

Grouping according to random number table

1

Group 1: OC+Metformin treatment group

e

Missing 14 patients
i (n=68)

a

1

Group 2: OC+Metformin combined Pioglitazone

e Missing 28 patients

(n=82)

Follow-up after 3 months

(each group n=54)

g

Statistical analysis
(P <0.05)

Figure 1. Clinical research flow chart.
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Figure 4. A. GO functions and signalling pathways in GV phase. B. GO functions and signalling pathways in MI phase. C. GO func-

tions and signalling pathways in MIl phases.

and heatmap plots (Figure 3(B)), up and down of GO
functions, and signalling pathways of GV, Ml and Mil
oocyte phase (Figure 4). In the three phases, oxidative
phosphorylation was found to be important both in
GO and oocyte pathway during the development of
oocyte. In phase GV, IR and glucagon signalling were
down regulated and in MIl phase, progesterone-medi-
ated oocyte maturation and oocyte meiosis were
down regulated.

3.3. Copykat, GSEA GO and KEGG pathway
analyses of aneuploid oocytes

Data detailing the t-SNE of clusters 0 and 1, the num-
ber 0 represented normal oocytes and the number 1
represented oocytes with PCOS, aneuploid and diploid
oocytes, while heatmaps of pred.aneuploid and pre-
d.diploid data were shown in Figure 5(A). In Figure
5(B), Volcano plots of GV, MI and MIl phases were
shown. Oxidative phosphorylation was determined the
most important factor in all the three phases of
oogenesis. Biological processes related to ovulation
disorders, female pregnancy, and meiosis were shown

greater detail in the three phases. The PPl networks of
DEGs from all phases of oocytes were constructed
(Figure 6), three phases of the MCODE modules were
constructed, and seed DEGs were highlighted yellow.

3.4. Meaningful BP, target DEGs, and relevant
drug analyses

Cnetplots of significant BP from GV to MIl phases
were shown in Figure 7, and GSEA plots from GV to
MI phases in aneuploid oocytes were shown in Figure
8(A). In the GV phase, BPs associated with ovulation
were found to be significantly down regulated, includ-
ing ovulation, ovulation cycle, ovulation cycle process
and ovulation from ovarian follicle. Those BPs associ-
ated with pregnancy were found to be down regu-
lated, including those associated with embryo
development and embryo implantation, female preg-
nancy, gland morphogenesis and progesterone secre-
tion. Meiosis-associated BPs were found to be down
regulated, including those associated with meiotic G1/
S and G1/S transitions. Throughout the MI phase,
processes associated with the ovulation cycle were
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Figure 5. A. t-SNE plots and CopyKAT plot of aneuploid oocytes. B. Volcano plots, GSEA GO and KEGG enriched bubble plots

GV, MI and MII phases in aneuploid cells.

found to be down regulated, although BPs related to
meiosis were up regulated, including meiotic nuclear
division and mitotic sister chromatid segregation. In
the MIl phase, In MIl phase, mitotic cell cycle, and
regulation of mitotic cell cycle were also down regu-
lated, but absence of BP associated with ovulation in
MIl phase. Because the main BPs associated with
obstacles to ovulation were noted in GV and Ml
phases, Venn diagrams were utilised to identify com-
mon DEGs involved in BPs relevant to ovulation and
pregnancy (Figure 8(B)). Notably, PGR (Progesterone
Receptor), SIRTT (Sirtuin 1) and ADAMTST (A disintegrin
and metalloproteinase with thrombospondin motifs 1)
were found to be involved in ovulation; PGR also was
noted to participate in pregnancy and gland morpho-
genesis (Table 1). Finally, PGR, SIRTT and ADAMTS1
were input into DGIdb to identify potential drugs; PGR
was found to be potentially targeted by 42 drugs, and

GeneRatio

of

SIRT1T and ADAMTS1 each by 1 drugs (Figure 8(C),
Table 2).

3.5. Efficacy of insulin sensitisers in the treatment
of PCOS

In the comparison of the underlying conditions, both
groups significantly differed in terms of weight and
BMI reduction. Androgen and serum LH levels were
found to be significantly lower in both groups. The
differences among group 1 subject glucose indices
were not statistically significant, while those in group
2 were found to have significantly decreased HOMA-
IR, glycosylated haemoglobin level and CRP, suggest-
ing that a combination of insulin sensitisers produced
superior results in terms of improving glucose metab-
olism (Table 3).
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GV

Figure 6. PPl networks of GV, Ml and MIl in aneuploid cell.

4. Discussion

Here, GO and KEGG functions of 34 oocytes at GV, MI
and MIl stages, as well as of aneuploid oocytes,
revealed that the pathway responsible for IR mainly
functioned in the GV phase, while processes associ-
ated with ovulation disorders were mainly down regu-
lated in GV and MI phases. Analysis of DEGs involved
in the ovulation process during GV and MI phases
revealed PGR, SIRT1 and ADAMTS1 to be hub DEGs,
and all to down regulated in the setting of PCOS.
Diseases associated with PGR mainly include proges-
terone resistance and myoma formation, with the
responsible cellular process being oocyte meiosis. PGR
plays a central part in reproductive events associated
with the establishment and maintenance of preg-
nancy, and encodes a member of the steroid receptor
superfamily, its expression was previously found to be

up regulated in the PCOS endometrium [25-27], while
in our study, it was found to be down regulated in
oocytes. SIRT1 was associated with ageing, cellular
senescence and the p53 pathway, the level of serum
SIRT1 was to be higher in PCOS patients as compared
to controls [28], but the expression of SIRT1 was sig-
nificantly lower in ovarian tissues as compared to con-
trols in the setting of PCOS, and it was consistent with
our findings. Exenatide has been reported to be of
therapeutic value for PCOS by its up regulation of
SITRT expression [29,30]. ADAMTST was reported rele-
vant to premature ovarian failure and menopause and
to be significantly increased in granulosa cells in PCOS
[31]. ADAMTS1 expression was found to exhibit a posi-
tive correlation with oocyte fertilisation rate [32] and
more mature oocytes, transplantable embryos and
better-quality embryos [33]; however, we found it to
be significantly down regulated in our analysis. via the
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Table 1. DEGs of significant biological processes in GV and MI phases.

Phase Biological Processes Gene symbol
GV ovulation GAS2, SIRT1, NRIP1, PGR, ADAMTS1, TNFAIP6, INHBA, PTGS2
ovulation cycle PDGFRA, ADNP, MAP2K6, PLEKHA1, GAS2, AMH, BMPR1B, CASP3, SIRT1, NRIP1, PGR, ADAMTS1, OXTR, AXL,
INHBA, PAM, PTX3, HAS2, EGFR, NPY5R
ovulation cycle process PDGFRA, MAP2K6, PLEKHA1, GAS2, AMH, BMPR1B, CASP3, SIRT1, NRIP1, PGR, ADAMTS1, INHBA,
PAM, PTX3, NPY5R
female pregnancy ACSL4, AR, STC1, CRHBP, PGR, OXTR, PTHLH, VEGFA, ITGA5, IGFBP7, PRDM1, SLC38A2, TRO, PAPPA, PAM,
ITGA2, IGFBP5, GJAT, STC2, PTGS2
gland morphogenesis FGF7, PROX1, NTN4, GLI3, LAMAT, FGFR2, SFRP1, NFIB, AR, TWSG1, EPHA2, AREG, PGR, MSN, WNT5A, CAVI,
NOTCH2, SEMA3A, SOX9, TNFAIP3
M ovulation cycle process SLIT3, CASP2, MMP19, MAP2K6, ZNF830, PAM, SIRT1, ADAMTS1, PGR, NPY5R, EREG, LHCGR

ovulation from ovarian follicle

MMP19, SIRT1, ADAMTS1, PGR

screening of drugs relevant to these 3 DEGs, we found
that most therapeutic drugs targeted PGR and the
majority of these were progesterone drugs, exerting
both progestogenic and anti-androgenic effects. In
clinical treatment, the most common strategy target-
ing IR includes the use of insulin sensitiser drugs, par-
ticularly metformin, which produces similar effects to
lifestyle interventions such as a decreased body
weight, but is superior in terms of decreasing andro-
gen concentrations, and it was consistent with our
clinical study. Furthermore, the combination of metfor-
min and OC administration likely prevents any deteri-
oration in metabolic function.

Oligoovulation and anovulation are the primary
aetiologies for female infertility in PCOS, resulting in
menstrual dysfunction and endometrial hyperplasia,
thereby increasing the risk of endometrial cancer [34].
Administration of OC has been traditionally used for
endometrial protection and attenuation of hyperan-
drogenism [35] and the use of a levonorgestrel-releas-
ing intrauterine device, these were essentially
consistent with screening drugs in Table 2. Metformin
was also reported to assist with the prevention of
ovarian hyperstimulation syndrome in the setting of
in vitro fertilisation [36] and improved ovulation and
pregnancy rates [8]. Here, we validated Diane-35 tab-
lets which contained cyproterone acetate (2mg) and
ethinylestradiol (0.035 mg). Cyproterone acetate, previ-
ously screened for associating with foetal growth
restriction, exerts both progestogenic and anti-andro-
genic effects. Metformin and pioglitazone are insulin
sensitisers that improve IR. Diane-35 combined with
metformin was found to significantly increase SIRTT
expression in rat PCOS ovarian tissues [30], and com-
bination therapy resulted in decreased body weights,

levels of luteinizing hormone and testosterone and
IR[30]. Here, the combination of Diane-35 with metfor-
min was found to significantly reduce weight and BMI
in both groups as compared to pre-treatment. No stat-
istical difference among group 1, using one insulin
sensitiser, and group 2, using two insulin sensitisers,
was noted. In addition, serum androgen and luteiniz-
ing hormone levels in both groups decreased signifi-
cantly compared to pre-treatment, with no significant
difference noted among groups. This phenomenon
likely manifested due to cyproterone acetate reducing
androgen levels and inhibiting hypothalamic GnRHa,
thereby leading to a decrease in serum luteinizing
hormone levels. Ultimately, a combination of insulin
sensitisers is likely more effective in improving glu-
cose metabolism.

5. Conclusion

The pathogenesis of PCOS and the development of
ovulation disorders in this condition remains unclear.
Metformin, however, is known to improve IR and
ovulation. In the clinical setting, clomiphene citrate
and letrozole are considered to be the first-line
agents for ovulation induction [36]. Metformin
reduces the risk of ovarian hyperstimulation syn-
drome, which together with ovarian laparoscopic sur-
gery are used as second-line treatment [36].
Although the PGR progesterone agonist drugs have
been studied in greater detail, methods of SIRTT and
ADAMTS1 modulation require further investigation.
Besides it is difficult to collect oocyte from PCOS and
control patients to do further validation, which is a
limitation of our research, so it need to be validated
by further subsequent studies.
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