MOLECULAR MEDICINE REPORTS 13: 3920-3928, 2016

Transcription factor-microRNA synergistic regulatory network
revealing the mechanism of polycystic ovary syndrome
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Abstract. Polycystic ovary syndrome (PCOS) is the most
common type of endocrine disorder, affecting 5-11% of
women of reproductive age worldwide. Transcription factors
(TFs) and microRNAs are considered to have crucial roles
in the developmental process of several diseases and have
synergistic regulatory actions. However, the effects of TFs
and microRNAs, and the patterns of their cooperation in
the synergistic regulatory network of PCOS, remain to be
elucidated. The present study aimed to determine the possible
mechanism of PCOS, based on a TF-microRNA synergistic
regulatory network. Initially, the differentially expressed genes
(DEGs) in PCOS were identified using microarray data of the
GSE34526 dataset. Subsequently, the TFs and microRNAs
which regulated the DEGs of PCOS were identified, and
a PCOS-associated TF-microRNA synergistic regulatory
network was constructed. This network included 195 DEGs,
136 TFs and 283 microRNAs, and the DEGs were regulated
by TFs and microRNAs. Based on topological and functional
enrichment analyses, SP1, mir-355-5p and JUN were identi-
fied as potentially crucial regulators in the development of
PCOS and in characterizing the regulatory mechanism. In
conclusion, the TF-microRNA synergistic regulatory network
constructed in the present study provides novel insight on the
molecular mechanism of PCOS in the form of synergistic
regulated model.
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Introduction

Polycystic ovary syndrome (PCOS), characterized by irregular
menses, hyperandrogenism and polycystic ovaries, is the
most common type of endocrine disorder affecting women
of reproductive age (1). It has been reported that 5-11% of
women of reproductive age have PCOS worldwide, and
15-20% of Reproductive Medicine criteria are used (2). There
are several proposed diagnostic criteria for PCOS: National
Institutes of Health (NIH) consensus criteria 1990, Rotterdam
criteria 2003, and the AES definition 2008 (3). The clinical
manifestations of PCOS include oligomenorrhea or amenor-
rhea, hirsutism and frequently infertility. and type 1 diabetes,
type 2 diabetes and gestational diabetes are the predominant
risk factors for PCOS (4). Insulin resistance is a major cause
of comorbidity, including metabolic syndrome, hypertension,
dyslipidemia, glucose intolerance and diabetes, among women
with PCOS (5). Studies have also shown that women with
PCOS are at a high risk for developing cardiovascular diseases
and exhibit endothelial dysfunction (6-9). In addition, mental
health disorders are common in women with PCOS (10). Due
to the extensive detrimental consequences of PCOS, it is
necessary to investigate the pathogenetic mechanism of this
disease.

Although several studies have focussed on the pathogen-
esis of PCOS, the underlying etiology of PCOS remains to
be elucidated (11-13). Previous evidence has demonstrated
that important regulators, including transcription factors
(TFs) and microRNAs, are important in the development of
PCOS. For example, AR, a nuclear transcription factor and
member of the steroid receptor superfamily, is important in
hyperandrogenism, which is a common syndrome of PCOS,
and hyperactive AR is also considered an important marker
for PCOS diagnosis (14). Insulin resistance is a key patho-
physiological marker of PCOS, and it is reported that insulin
resistance occurs in 50-70% of women with PCOS (15). The
transcription factor, cCAMP response element-binding protein
(CREB) and its coactivator, CREB-regulated transcriptional
coactivator 2 are reported to be involved in the control of
hepatic gluconeogenesis in insulin resistance (16). Therefore,
the investigation of these TFs is necessary for the diagnosis
and therapy of PCOS.

MicroRNAs have gained increased attention in research.
MicroRNAs, which are 21-25 nucleotides long, non-coding
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RNA molecules, function in the transcriptional and
post-transcriptional regulation of gene expression, and they
are involved in various diseases (17). Certain microRNAs
have been reported in metabolic disorders of PCOS, including
miRNA-21, miRNA-27b, miRNA-103 and miRNA-155; and
these four microRNAs have been reported to be involved in
the metabolic and immune processes of PCOS (18). Roth er al
reported that rno-miR-221, rno-miR-222, rno-miR-25 and
rno-miR-26b are differentially expressed between rats with
PCOS and control rats (19). Hossain et al found that 24% of
349 investigated microRNAs were differentially expressed
between a PCOS rat model and a control group (20). Sang et al
also found that miR-132 and miR-320 are expressed at signifi-
cantly lower levels in the follicular fluid of patients with PCOS
compared with healthy controls (21). Another study found that
miRNA-93 is overexpressed and inhibits GLUT4, which is
implicated in the insulin resistance of PCOS (22).

The above studies indicated the importance of TFs and
microRNAs in PCOS, however, the majority of the underlying
mechanism remains to be fully elucidated. Furthermore,
the synergistic regulatory action of TFs and microRNAs in
PCOS have not been clearly demonstrated. The present study
aimed to construct a microRNA-differentially expressed
gene (DEG) network, from which a TF-DEG network was
constructed, based on the DEGs identified from the PCOS
samples and normal control samples. The regulatory associa-
tions between the TFs and their targets, and the associations
between microRNAs and their targets, were obtained from the
CHIPBase and miRTarBase databases (23,24). Integrating the
above two networks was then used to establish a TF-microRNA
synergistic regulatory network, from which key microRNAs
and TFs in PCOS can be identified. The results may provide
insights into revealing the potential mechanism of PCOS
on transcriptional regulations levels in the context of the
TF-microRNA synergistic regulatory network.

Materials and methods

Microarray data and DEG analysis. The publicly available
microarray dataset, GSE34526, was obtained from the Gene
Expression Omnibus (GEO) database (http://www.ncbi.
nlm.nih.gov/geo/) of the National Center of Biotechnology
Information. This profile contained a total of 10 samples,
including seven samples from patients with PCOS and three
normal samples, based on human granulosa cells isolated from
ovarian aspirates from women with and without PCOS (25).
These samples were profiled using the Affymetrix Human
Genome U133 Plus 2.0 Array platform (HG-U133_Plus_2;
Affymetrix, Santa Clara, CA, USA).

The raw microarray data and the probe annotation files were
downloaded (http://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE34526) for further analysis. The probes were
converted into gene Entrez Gene IDs using the Database for
Annotation, Visualization and Integrated Discovery (DAVID)
tool (26), and the fold-change method was used to identify
the DEGs. DAVID is a high-throughput and integrated
data-mining environment, and can be used to analyze a given
gene list derived from genomic experiments. As several probes
may be mapped to a single gene, the expression value of a given
gene was computed by calculating the average expression
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value of all probes of the corresponding gene. The genes with
a fold-change >2 or <0.5 were defined as DEGs.

Functional enrichment analysis. To implement functional
annotation with different regulatory networks, the present
study used the DAVID tool (26). The DAVID tool was used
to implement Kyoto Encyclopedia of Genes and Genomes and
Gene Ontology (GO) enrichment analysis, based on hypergeo-
metric distribution. P<0.01 was selected as the cutoff criterion
for statistically significant pathways or GO terms associated
with PCOS.

TF-DEG network and microRNA-DEG network construc-
tion. To construct the TF regulatory network, the TF-mRNA
associations for 329 TFs were downloaded from the
CHIPBase database, which is an integrated resource and
platform for decoding TF binding maps, expression profiles
and transcriptional regulation of several types of RNA
from ChIP-Seq data (27). A total of 4,845 associations
were obtained, which consisted of 329 human TFs and
1,658 targets, and an original network of TFs and their
targets was constructed. The DEGs of PCOS were mapped
to this original network and the largest connected compo-
nent was extracted, which produced a TF-DEG network,
which included 164 TFs and 274 DEGs as targets. If one
node acted as a TF and a DEG, it was marked as a DEG.
For the microRNA-DEGs network, the experimental verified
associations between human microRNAs and their targets
were downloaded from miRTarBase, which has accumulated
>50,000 miRNA-target interactions collected by manually
surveying pertinent literature following systematic data
mining of the text (23). Similar to the TF-DEG network, an
original network was constructed and the DEGs were mapped
to this network. Finally, the microRNA-DEG network was
obtained, including 432 microRNAs and 1,524 DEGs as
targets.

TF-microRNA synergistic regulatory network construction.
The final TF-microRNA synergistic regulatory network
was constructed based on the TF-DEG network and
microRNA-DEG network. The DEGs, which were targeted
by microRNAs and TFs were selected, and the microRNAs
and TFs which regulated them were extracted. Finally, a
synergistic regulatory network was established. in which the
nodes were DEGs, microRNAs and TFs, and the DEGs were
regulated by the synergistic regulatory action of the other two
types of nodes. These three networks were visualized using
Cytoscape software (National Institute of General Medical
Sciences, Bethesda, MD, USA; version 3.0.1).

Results

DEG analysis between patients with PCOS and healthy
controls. In order to identify the DEGs of PCOS, the present
study obtained the microarray dataset (GSE34526) of
PCOS samples and normal samples from the GEO database
(http://www.ncbi.nlm.nih.gov/geo/). The fold-change method
was then used to identify DEGs the between the patients with
PCOS and the controls. A total of 7,027 genes were considered
differentially expressed.
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Table I. Top 10 TF, microRNA and DEG nodes with highest degree in the TF-microRNA synergistic regulatory network.

Rank TF microRNA DEG
1 SP1 hsa-miR-335-5p JUN
2 SP3 hsa-miR-124-3p MCL1
3 FOS hsa-miR-26b-5p EGRI1
4 CREBI hsa-miR-16-5p HMGAI1
5 TP53 hsa-miR-1 CCNEI1
6 MYC hsa-miR-155-5p HMOX1
7 TFAP2A hsa-miR-98-5p IRF1
8 FOSL1 hsa-let-7b-5p LDLR
9 RELA hsa-miR-92a-3p HNF4A
10 ESRI1 hsa-miR-193b-3p H3F3B

TF, transcription factor; DEG, differentially expressed gene.

Table II. Results of Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis of differentially expressed genes
in the transcription factor-microRNA synergistic regulatory network.

Term P-value
hsa04512:Extracellular matrix-receptor interaction 4.03E-07
hsa04510:Focal adhesion 4.70E-06
hsa05200:Pathways in cancer 3.61E-05
hsa04060:Cytokine-cytokine receptor interaction 1.09E-04
hsa04650:Natural killer cell mediated cytotoxicity 8.90E-04
hsa04620:Toll-like receptor signaling pathway 0.002948018
hsa04621:Nucleotide-binding and oligomerization domain-like receptor signaling pathway 0.006244647

TF-microRNA synergistic regulatory network. To construct
the TF-microRNA network, TF-DEG and microRNA-DEG
networks were first constructed. Based on the miRTarBase and
CHIPbase databases, the TFs and microRNAs which regulated
the DEGs of PCOS were identified. A total of 1,008 pairs were
obtained, including 164 TFs and 274 DEGs (Fig. 1). In addi-
tion, a total of 5,632 associations between 432 microRNAs
and 1,524 DEGs were found (Fig. 2). Finally, the co-regulated
DEGs, which were regulated by microRNA and TF, and
their corresponding regulators (microRNA and TF) were
extracted. This network contained 195 DEGs, 136 TFs and
283 microRNAs, with 730 associations between the TFs and
DEGs and 1,032 associations between the microRNAs and
DEGs (Fig. 3).

The top 10 DEG nodes, TF nodes and microRNA nodes
with the highest degrees in this synergistic regulatory network
are listed in Table I. The connected nodes for the DEG, TF
and microRNAs with the highest degree were JUN, SP1 and
mir-355-5p, which were considered to be potentially impor-
tant regulators in the development of PCOS. In addition, the
sub-networks of JUN, SP1 and mir-355-5p, respectively, were
constructed (Fig. 4).

Functional enrichment results. To examine the biological
functions of different sets of DEGs, the present study
performed KEGG and GO functional enrichment analyses

of the co-regulated DEGs. The results of the KEGG analysis
(Table IT) revealed seven significant KEGG pathways,
including Extracellular matrix (ECM)-receptor interaction,
Focal adhesion and Pathways in cancer. The results of the
GO analysis are shown in Table III, and included the positive
regulation of macromolecule metabolic process. The results of
the GO analysis of the mir-355-5p and SP1 sub-network are
shown in Tables IV and V, respectively. To further examine
the biological roles of JUN, the nodes in the JUN sub-network
were annotated to the KEGG pathway, a crucial pathway
associated with WNT signaling, transforming growth factor
(TGF) signaling and cell cycle, were identified, which may be
involved in PCOS (Fig. 5).

Discussion

In the present study, based on the GSE34526 dataset from the
GEO database, TF-target associations from the CHIPBase
database and microRNA-target associations from the
miRTarBase database, a TF-microRNA synergistic regula-
tory network was constructed, which included 136 TFs,
283 microRNAs and 195 DEGs. The interactions among the
TFs, microRNAs and DEGs were then collected, and their
potential roles in the development of PCOS were investi-
gated in terms of their level of transcription. The DEGs in
this network were examined through KEGG pathway and
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Table III. The results of GO enrichment analysis of differentially expressed genes in the transcription factor-microRNA syner-

gistic regulatory network.

Category Term P-value
GOTERM_BP_FAT GO0:0010604:positive regulation of macromolecule metabolic process 1.44E-17
GOTERM_BP_FAT GO0:0042127:regulation of cell proliferation 5.70E-16
GOTERM_BP_FAT G0:0031328:positive regulation of cellular biosynthetic process 6.54E-16
GOTERM_BP_FAT G0:0009891:positive regulation of biosynthetic process 1.12E-15
GOTERM_BP_FAT GO:0051173:positive regulation of nitrogen compound metabolic process 2.60E-15
GOTERM_CC_FAT GO0:0044421:extracellular region part 1.02E-12
GOTERM_CC_FAT GO0:0005615:extracellular space 7.63E-12
GOTERM_CC_FAT GO0:0005576:extracellular region 2.72E-07
GOTERM_CC_FAT GO0:0045121:membrane raft 3.16E-07
GOTERM_CC_FAT GO0:0005578:proteinaceous extracellular matrix 1.68E-05
GOTERM_MF_FAT G0:0003700:transcription factor activity 4.55E-12
GOTERM_MF_FAT GO0:0043565:sequence-specific DNA binding 9.55E-10
GOTERM_MF_FAT G0:0030528:transcription regulator activity 5.69E-09
GOTERM_MF_FAT GO0:0016563:transcription activator activity 1.03E-08
GOTERM_MF_FAT G0:0042802:identical protein binding 1.93E-07
GO, Gene Ontology; BP, biological process; CC, cellular component; MF, molecular function.
S
).
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L

Figure 1. TF-DEG network. Circular nodes represent DEGs and red triangle nodes represent TFs. Nodes are connected if the DEGs are the targets of the
corresponding TF. DEG, differentially expressed gene; TF, transcription factor.
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Figure 2. microRNA-DEG network. The circular nodes represent DEGs and the red square nodes represent microRNAs. Nodes are connected if the DEGs are

the targets of the corresponding microRNA. DEG, differentially expressed gene.

GO enrichment analyses. From this, seven pathways were
identified, including ECM-receptor interaction, Focal adhe-
sion and Pathways in cancer. For example, the ECM-receptor
regulates TGF-f signaling, which is reported to contribute to
the pathogenesis of PCOS (28). In addition, Toll-like receptor
(TLR) 4 is involved in insulin resistance, a major cause of
several co-morbidities in PCOS (29). Several other signaling
associated with inflammation are also involved in PCOS,
with the exception of ECM- and TLRs (18). The results of the
GO analysis suggested that certain GO terms, including the
Positive regulation of the macromolecule metabolic process
and Extracellular region, may be involved in the development
of PCOS. Table I1I shows the top five significant terms for the
biological process, cellular component and molecular func-
tion, respectively.

The present study also demonstrated that, in this
TF-microRNA synergistic regulatory network, certain
nodes were connected to several other types of nodes. For
the TF nodes, SP1 was connected to up to 104 target genes,
suggesting its importance in PCOS. Studies have indicated
that SP1 is a key mediator of gene expression induced by
insulin, which suggested that SP1 may interact with genes of
insulin resistance in PCOS (30,31). To further examine this,
the present study extracted the SP1 sub-network, in which
the nodes were SP1 and its targets from the TF-microRNA
synergistic regulatory network, and GO analysis of the nodes
in this sub-network were implemented. Certain terms associ-
ated with cell death (GO:0043067: regulation of programmed
cell death and GO:0010941: regulation of cell death) were
identified. The annotated genes in these terms predominantly
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Table IV. Results of GO enrichment analysis of targets of SP1 in the transcription factor-microRNA synergistic regulatory

network.

Category Term P-value
GOTERM_BP_FAT GO:0010604:positive regulation of macromolecule metabolic process 245E-16
GOTERM_BP_FAT G0:0043067:regulation of programmed cell death 2.79E-14
GOTERM_BP_FAT GO0:0010941:regulation of cell death 3.08E-14
GOTERM_BP_FAT GO0:0042127:regulation of cell proliferation 9.07E-14
GOTERM_BP_FAT G0:0042981:regulation of apoptosis 1.56E-13
GOTERM_CC_FAT GO:0045121:membrane raft 5.76E-07
GOTERM_CC_FAT GO0:0044421:extracellular region part 1.54E-06
GOTERM_CC_FAT GO0:0005667:transcription factor complex 1.71E-06
GOTERM_CC_FAT GO:0005615:extracellular space 1.51E-05
GOTERM_CC_FAT GO:0031974:membrane-enclosed lumen 2.90E-05
GOTERM_MF_FAT G0:0043565:sequence-specific DNA binding 1.33E-14
GOTERM_MF_FAT GO0:0003700:transcription factor activity 1.28E-13
GOTERM_MF_FAT GO0:0030528:transcription regulator activity 1.53E-10
GOTERM_MF_FAT GO0:0016563:transcription activator activity 2.63E-07
GOTERM_MF_FAT GO0:0003677:DNA binding 3.64E-07

GO, Gene Ontology; BP, biological process; CC, cellular component; MF, molecular function.

Table V. Results of GO enrichment analysis of targets of mir-355-5p in the transcription factor-microRNA synergistic regulatory

network.

Category Term P-value

GOTERM_BP_FAT GO:0010557:positive regulation of macromolecule biosynthetic process 2.59E-06
GOTERM_BP_FAT G0:0031328:positive regulation of cellular biosynthetic process 4.06E-06
GOTERM_BP_FAT GO0:0009891:positive regulation of biosynthetic process 4.67E-06
GOTERM_BP_FAT GO0:0010604:positive regulation of macromolecule metabolic process 5.52E-06
GOTERM_BP_FAT GO0:0010628:positive regulation of gene expression 6.63E-06
GOTERM_CC_FAT GO:0005615:extracellular space 1.70E-06
GOTERM_CC_FAT G0:0044421:extracellular region part 6.94E-06
GOTERM_CC_FAT GO0:0005576:extracellular region 0.006937
GOTERM_CC_FAT GO0:0045121:membrane raft 0.007474
GOTERM_CC_FAT GO:0031981:nuclear lumen 0.016719
GOTERM_MF_FAT GO:0003702:RNA polymerase II transcription factor activity 5.83E-06
GOTERM_MF_FAT GO:0003700:transcription factor activity 1.30E-05
GOTERM_MF_FAT GO0:0030528:transcription regulator activity 2.24E-04
GOTERM_MF_FAT G0:0043565:sequence-specific DNA binding 3.07E-04
GOTERM_MF_FAT GO:0016563:transcription activator activity 0.00112

GO, Gene Ontology; BP, biological process; CC, cellular component; MF, molecular function.

included DLCI, E2F1, TNF, TNFSF13, KIT, SOX9, GLI1
and FOS. Studies have shown that the overexpression of
anti-apoptotic factors and the downregulation of apoptosis
in PCOS may contribute to the ovarian polycystic appear-
ance (32,33).

The most connected microRNA nodes identified in the
present study were mir-355-5p, which targeted 44 DEGs.
Similar to SP1, an mir-355-5p network was also constructed,
and GO analysis was implemented. Although no direct

evidence of the role of mir-355-5p in PCOS have been reported
until now, its targets, including RUNX?2, were considered as
candidate genetic markers in the monitoring of embryo quality
for patients with PCOS (34). Furthermore, the present study
identified certain GO terms, including GO:0010557: Positive
regulation of macromolecule biosynthetic process, in which
the targeted DEGs of mir-355-5p were enriched (Table V). The
biological functions of the mir-355-5p targets also indicated
the mechanism of PCOS development.
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Figure 3. TF-microRNA synergistic regulatory network. The circular nodes represent DEGs, the red triangle nodes represent TFs and the blue square nodes
represent microRNAs. The nodes are connected if the nodes are the targets of the corresponding microRNA of TFs. DEG, differentially expressed gene;
TF, transcription factor.

Notably, certain DEGs in the TF-microRNA synergistic
regulatory network also acted as TFs. These nodes were not
only differentially expressed between these PCOS and normal
samples, but also regulated several targets and were regulated
by microRNAs. For example, JUN, the DEG node with the
highest degree, was found to interact directly with specific
target DNA sequences to regulate gene expression (35). Another
study showed that the expression level of JUN was decreased
in PCOS (24). The present study annotated JUN to the KEGG
pathways. The results revealed that it was involved in the
WNT signaling pathway, which is a potent regulator of adipo-
genesis and has also been found to be differentially expressed
in adipose tissue from non-obese patients with PCOS (36). As
shown in Fig. 5, a local region in the WNT signaling pathway

was observed, in which red nodes represented DEGs of PCOS,
including small mothers against decapentaplegic (SMAD)3,
SMADA4, fra-1 and JUN. These genes were located in the
crosstalk of the WNT signaling pathway, TGF-f3 signaling
pathway and cell cycle. Of these genes, the JUN and fra-1
mediated cell cycle pathway; SMAD3 and SMAD4 were
downstream of TGF-f, which was found to be increased by
3-4 fold in PCOS. This its dysregulation may contribute to (1)
the fetal origins of PCOS, (2) reproductive abnormalities in
PCOS and (4) cardiovascular and metabolic abnormalities in
PCOS (28,37), suggesting JUN-associated pathways may be
important in PCOS.

In conclusion, the present study constructed a
PCOS-associated TF-microRNA synergistic regulatory
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Figure 4. Sub-networks of (A) SP1, (B) mir-355-5p and (C) JUN. The circular
nodes represent differentially expressed genes, the red triangle nodes repre-
sent transcription factors and the blue square nodes represent microRNAs.
The nodes are connected if the nodes are the targets of the corresponding
microRNA of transcription factors.
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Figure 5. Local region of WNT signaling pathways, in which JUN is located.
The red nodes represent differentially expressed genes of polycystic ovary
syndrome. CBP, cAMP response element-binding protein; +p, phosphory-
lation; SMAD, small mothers against decapentaplegic; NLK, nemo-like
kinase; CtBP, C-terminal binding protein 1; TCF/LEF, T-cell factor/lym-
phoid enhancer factor; PPARS, peroxisome proliferator-activated receptor 5;
TGF-p, transforming growth factor-f3.

network and revealed the potential mechanism of PCOS on
transcriptional regulation levels. Furthermore, certain crucial
regulators in PCOS were identified. These findings provided
novel insights for understanding the mechanism of PCOS and
provide a potential reference for therapeutic strategies in the
treatment of PCOS.
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