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Abstract:
Background/Aims: Earlier studies have revealed the miRNAs and mRNAs involved in Polycystic 
Ovarian Syndrome (PCOS), but little is known about their regulatory networks. Methods: To 
address this issue, we applied a comprehensive miRNA, mRNA profiling approach in peripheral 
blood of PCOS patients. We identified 30 differential miRNAs and 3310 differential transcripts. 
A robust computational framework was created to integrate matched miRNA and mRNA 
expression profiles in PCOS using feed-forward loops. Results: The network consisted of 
differential miRNAs, transcription factors (TFs), and their common predicted target genes. The 
key network consisted of 14 non-orphan network clusters with 50 TF-gene pairs, 8 TF-TF pairs, 
6 miRNA-TF pairs and 36 miRNA- gene pairs which were later dissected into 16 subclusters. 
Gene ontology annotations revealed that a host of signals (hormone, growth factors –EGF/
PDGF, thrombopoietin, oxidative stress and vitamin/nutrition) regulate MAPK signaling 
altering angiogenesis, JAK-STAT signaling, apoptosis, inflammatory and immune response and 
steroidogenesis in PCOS women. Conclusion: MAPK signaling is identified as the syndrome´s 
major dysregulated pathway. Our data imparts a robust foundation to expand the work and 
pave the way to focus efforts on p38MAPK targeted therapeutic strategies in PCOS.
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Introduction

Polycystic ovarian syndrome (PCOS) is the most common metabolic disorder among 
women of reproductive age. According to National Women’s Health Information Centre 
(NWHIC) statistics, 5-10% of adolescent women are distressed by its stigma. The disorder is 
characterized by hyperandrogenemia, chronic anovulation, oligo/amenorrhoea, polycystic 
ovaries on ultrasound, hirsutism and acne. The individuals are also predisposed to long-
term high risks like insulin resistance, type II Diabetes mellitus, obesity, cardiovascular 
problems, endometrial cancer and reduced fertility. Candidate genes in steroidogenesis [1], 
insulin signaling [2], gonadotropin action [3], obesity [4] and energy consumption [5] have 
a positive association with PCOS susceptibility. But it is to be noted that the endocrine, as 
well as metabolic dysfunction, are only phenotypic endpoints; the ‘cues of induction’ of the 
syndrome are still evading. This suggests the necessity to comprehend how these critical 
factors act in an interdependent way at the pathway level rather than at the candidate 
molecular level.

Additionally, to study the complex molecular mechanisms it is important to explore 
the underlying gene regulation. The primary regulatory modules of gene expression in 
the genome are Transcription Factors (TFs), which control individual gene transcription 
through interacting with specific recognition DNA motifs at the cis gene promoter regions. 
Another class of regulators viz., MicroRNAs (miRNAs) control gene expression at the post-
transcriptional level. They are small (19-22 nucleotides), endogenous, non-coding RNAs, 
regulating gene expression by targeting 3’ UTR of mRNAs. miRNA’s express in a tissue-
specific, stage-specific and disease-specific manner and play a pivotal role in development, 
differentiation, immunogenesis, hematopoietic cell differentiation, apoptosis, cell 
proliferation and organ development [6]. Persuasive shreds of evidence have accumulated 
on the regulatory role of noncoding miRNAs in biological development as well as disease 
pathology. Although reports exist of global miRNA profiling in PCOS in follicular fluid [7, 8]
and serum [9, 10], no systemic global analysis of miRNAs has been endeavored to identify 
their regulatory networks under PCOS.

Being regulatory factors with a common functional logic, TFs and miRNAs can 
synergistically regulate the same gene: while transcriptional control by TFs occurs at 
the gene’s promoter region, miRNAs’ post-transcription control occurs at the gene’s 3’ 
untranslated region (UTR). In a biological system regulation of gene expression at two distinct 
functional levels by TFs and miRNAs are tightly coupled [11]. Another important perspective 
is that miRNAs act with greater strength to modulate their target expression at different 
levels when in concert with other regulatory motifs such as TFs. Stemming from these 
conditions we focused our attention on the existence of a particular class of local regulatory 
circuits in the biological system in which a TF regulates a miRNA and vice versa and either 
jointly or separately target a set of protein-coding genes. These kind of transcriptional/post-
transcriptional circuits are called mixed miRNA/TF Feed-Forward Loops (FFLs). A standard 
mixed FFL viz., 3 node FFL contains 3 components; TF, miRNA and target genes. Thus FFLs 
in a cellular system act as a functional unit and enable us to understand intricate biological 
events, controlling the cell fate. In recent years, the dynamic of FFL has been broadly 
approached since this regulatory pattern recur in biological networks compared to random 
networks [12, 13] and thus represents evolutionally preferred functional building block. 
FFLs linking miRNAs and genes allow us to achieve target gene tailoring and noise buffering 
[14, 15]. In a work by Tsang et al. [13], the correlation between miRNA host genes and target 
mRNAs was assessed together with conserved 30 UTR motifs to define putative regulatory 
relationships between a miRNA and a set of target genes sharing the same TF. This type of 
regulatory biological network has not been investigated in PCOS to date.

Thus, our study aimed to explore the differential expression of miRNAs and mRNA 
transcripts in peripheral leukocytes of PCOS patients and identify the complex regulatory 
subcircuits explicitly connecting TF and miRNAs involved under PCOS. We performed global 
expression profiling of miRNA and mRNAs in PCOS peripheral blood which revealed the 
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specific miRNAs and gene signature. A computational approach including a web interface 
was employed to create a feed-forward network with the TFs, differential miRNAs and 
mRNAs and key pathways were identified.

Materials and Methods

Statement of Ethics (both Discovery and Validation Cohorts)
The study was approved by Rajiv Gandhi Centre for Biotechnology’s Institutional Ethical Committee 

(IHEC/2/2009/13) and SAMAD IVF Ethical committee. Prior written consent was obtained from all 
participants after a full explanation of the purpose and nature of all procedures used, in accordance with 
the Declaration of Helsinki from all the subjects before the collection of samples.

Subject Recruitment, Peripheral blood sample collection
The study group included PCOS patients recruited from SAMAD IVF Hospital, Thiruvananthapuram 

and age-matched controls selected from the volunteers. The PCOS patients were diagnosed based on the 
presence of two out of three criteria including oligo- and/or anovulation, clinical and/or biochemical 
signs of hyperandrogenism and polycystic ovaries according to the Rotterdam European Society for 
Human Reproduction and Embryology (ESHRE)/American Society for Reproductive Medicine (ASRM)-
sponsored PCOS Consensus Workshop Group [16]. Patients with other possible causes of anovulation 
or hyperandrogenemia were excluded from the study. Regular cycling women devoid of visible signs of 
hyperandrogenemia or acne and with no history of endocrine disorders were selected as normal controls. 
The patients were enrolled in the hospital for infertility treatment and were experiencing oligo/anovulation 
manifested as oligomenorrhea (>35 days apart). Diagnosis of PCOS was based on the presence of more than 
12 peripheral ovarian follicles of less than 7mm diameter, increased ovarian volume and dense ovarian 
stroma. The patient and control characteristics are summarised in Table 1. All values are expressed as 
mean+ standard deviation.

Sample size calculation. Sample size calculation for this study was based on the hypothesis that when 
allocated at a 1:1 ratio of control: PCOS, 30% of control and 80% of PCOS will show the change in expression 
of miRNA-mRNA levels with 80% power and 95% confidence level and was performed using OpenEpi free 
online facilities (http://www.openepi.com/SampleSize/SSMean.htm). As more variations were expected in 
the PCOS group we recruited 25 PCOS subjects for the study which was exceeding the obtained sample size 
of 16 in each group.

Blood sample collection and RNA isolation
Venous blood was collected in EDTA-coated tubes from the study subjects. Total RNA with small 

RNAs was extracted from the samples using miRNeasy mini kit (Qiagen) according to the manufacturer’s 
instructions. The RNA samples were quantified using an ND-1000 spectrophotometer (Nano-Drop 
Technologies, Wilmington, DE). The purity and integrity were assessed on Agilent 2100 bioanalyzer with 
the RNA 6000 Nano LabChipR reagent set (Agilent Technologies, Germany). Only RNAs with no signs of DNA 
contamination and appreciable RNA integrity number (RIN) value (>7) were down-processed.

Table 1. Clinical, biochemical and physiological characteristics of PCOS patients.  The values are expressed 
as mean+ SD

 
 

Parameters Control PCOS 
Age(Yr) 27.75+1.91 27.12 + 3.91 
BMI(Kg/M2) 23.46+2.06 24.72+ 3.29 
LH(IU/litre) 6.76+1.21 12.14+2.53 
FSH(IU/litre) 7.02+1.56 5.91+2.22 
AMH (ng/ml) 2.97+0.26 6.17+0.79 
Thyroid Stimulating Hormone (mIU/L) 1.89+1.41 2.99+2.99 
Estradiol (pg/mL) 54.72+11.1 52.57+12.83  

 
Total testosterone(ng/mL) 25.93+8.77 49.42+14.50  

 
Menstrual Cycle length 28-35 days Menstrual cycles >40 days apart 
Nature of  fertility No reported fertility complications Secondary infertility (32%), recurrent miscarriages (12%) 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.openepi.com/SampleSize/SSMean.htm
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TaqMan miRNA Low-Density Array
TaqMan Array Human MicroRNA Panel v 1.0 (Applied Biosystems, Foster City, CA) was used for miRNA 

expression profiling and is detailed in the supplementary methods section.

miRNA expression analysis
The raw Ct values were extracted using SDS v2.3. Ct distribution among samples was scrutinized for 

variation. TaqMan(R) real-time data was analyzed using DataAssistTMv2.0 software (Applied Biosystems Inc, 
CA) as detailed in Supplementary Methods.

Transcript expression profiling by microarray
Gene expression microarray analysis of peripheral blood samples from normal (n=4) and PCOS 

patients (n=4) was performed using Illumina’s HumanHT-12 v4 Expression BeadChip array.500 ng of total 
RNA was used for cDNA synthesis, followed by an amplification/labeling step (in vitro transcription) to 
synthesize biotin-labeled cRNA. Sample labeling, hybridisation, and scanning were performed) according 
to the manufacturer’s instructions (Illumina, Inc., San Diego, CA). To export gene expression data based on 
unique genes, we used the Sample Gene Profile option of Illumina BeadStudio software. The whole 48803 
probes on the Human-Ht12 beadChip ver. 3 were used.

Microarray Data Analysis
Raw data obtained in .chp and .cel files were normalized using GeneSpring GX v 12.0. Intra-array 

normalization was done by Quantile normalization for each chip/sample. Inter array normalization was 
done by taking the median of all the samples. The volcano plot-based method was used to find out genes 
that are 2 fold differentially expressed between the 2 conditions (Patient Vs Controls) by applying Unpaired 
Student T-Test for p-value calculation (p <0.05) and Benjamini Hochberg-based FDR correction. Hierarchical 
clustering of differentially expressed genes was done by Pearson Uncentered algorithm with Average linkage 
rule to identify up and down-regulated gene clusters.

RT-PCR for miRNA and mRNA for validation of the array differential expression
Individual miRNA and mRNA real-time PCR for selected miRNAs/mRNA was performed as detailed in 

Supplementary Methods.

Construction of FFL
The differential miRNAs were uploaded and the putative targets were predicted using combinatorial 

analysis by miRWalk (http://www.ma.uniheidelberg.de/apps/zmf/mirwalk). The differentially expressed 
targets (fold change, 1; p-value 0.05) were identified by compiling the gene expression microarray. The list 
of Human TFs and human miRNA/TF singular circuits wasdownloaded fromCircuitsDB (http://biocluster.
di.unito.it/circuits). We generated the following pairs: TF regulating gene (TF-gene) or miRNA (TF-miRNA), 
miRNA inhibiting gene (miRNA-gene) or TF (miRNA-TF). We then performed a target enrichment analysis 
and selected highly enriched TFs and miRNAs. Further Cytoscape V 8 was used to model the integrative 
network of the circuits with emphasis to proteins that are significantly connected to the network to 
understand their role and significance. Later the network was dissected with cluster-Maker was applied to 
the integrative network.

Gene ontology and pathway analysis
Biological analysis of differentially expressed genes was done for Gene Ontology and Pathways 

using the DAVID tool (http://david.abcc.ncifcrf.gov/). Statistically, significant ontologies and pathways 
were filtered based on p-Value <0.05 (Obtained using Fischer Exact Test) with Benjamini-Hocheberg FDR 
correction. Pathway Analysis was executed with the aid of DIANA -mirPath (http://diana.cslab.ece.ntua.gr/
pathways). Semantic analysis on (http://www.gopubmed.org) was performed as a text-mining tool. The 
flowchart illustration showing the steps involved in this study is shown in Fig. 1.

PBMC isolation, protein extraction and Western blot analysis
Peripheral blood mononuclear cells (PBMC) from all participants were isolated as described elsewhere, 

by Ficoll-density gradient centrifugation [17]. Protein isolation from PBMCs and western blotting was 
performed as described in Supplementary Methods.

http://www.ma.uniheidelberg.de/apps/zmf/mirwalk
http://biocluster.di.unito.it/circuits
http://biocluster.di.unito.it/circuits
http://david.abcc.ncifcrf.gov/%29
http://diana.cslab.ece.ntua.gr/pathways
http://diana.cslab.ece.ntua.gr/pathways
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Statistical Analysis
Student t-test analysis was used 

for comparisons between two groups 
and data analyses were performed 
with GraphPad Prism 6.0 (GraphPad 
Software Inc.) and Excel Data analysis 
(Microsoft, Seattle, WA). Results were 
represented as mean ± SD. P values 
less than .05 were considered to be 
statistically significant.

Results

Multiple microRNAs are 
differentially expressed in 
the peripheral blood of PCOS 
patients

a. Discovery Phase
To identify the miRNA 

signature of anovulatory PCOS, 
we performed global real-
time expression profiling with 
peripheral blood samples from 
4 PCOS patients and 4 age-
matched controls on days 2-4 
of the follicular state using 
the TLDA platform (Applied 
Biosystems, CA) (See Materials 
and Methods for details) on an 
array preloaded with probes 
for 365 functional miRNAs. 
TLDA results of miRNA profiling 
have been submitted to the 
GEO database (http://www.
ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE54249). The 
heat map representation of 
the clustering is shown in 
Fig. 2A. 10 miRNAs were up-
regulated (>1fold) and 20 were 
down-regulated (<1 fold) on a 
logarithmic scale (See Table 2).

b. Validation phase
To validate the expression 

profiling results, quantitative real-time PCR was performed on selected miRNAs in a 
population of 21 subjects (N=10, P=11). The individual miRNA expression assay results 
showed a decrease in hsa-miR-140-5p, hsa-miR-210, hsa-miR-31, hsa-miR-32 and hsa-miR-
451and increase in hsa-miR-124, hsa-miR-193a-3p,hsa-miR-200c and hsa-miR-494 and 
these results are in absolute agreement with the TLDA findings at a significance level of 
p-value<0.05 (Figure 2B- C). This indicated the reliability of the expression profiling data.

Fig. 1. The flowchart illustration of steps involved in this study.

Table 2. The Differentially expressed miRNAs in peripheral blood 
of PCOS patients.  The differential miRNAs with one fold change 
(log2RQ) in either of the direction. The targets are predicted with 
miRWalk and the chromosomal localization using coGemiR and 
Ensembl

Mature ID Fold change # predicted targets Genomic Coordinates Chromosome locus Localization Family 
hsa-mir-193a-3p 3.67 1025 Chr17: 29887015-29887102 [+]  Chr 17 q11.2 Intergenic mir-193 
hsa-mir-335 2.24 951 Chr7: 130135952-130136045 [+]  Chr7q32.2 Intronic mir-335 
hsa-mir-200c 1.67 950 Chr12: 7072862-7072929 [+]  Chr12p13.31 Intronic mir-8 
hsa-mir-494 1.66 1041 Chr14: 101495971-101496051 [+] Chr 14q32.31 Intergenic mir-154 
hsa-mir-191 1.56 947 Chr3: 49058051-49058142 [-] Chr3p21.31 Intronic mir-191 
hsa-mir-628-5p 1.43 996 Chr15: 55665138-55665232 [-] Chr15q21.3 Intronic mir-628 
hsa-mir-124 1.36 913 Chr8: 9760898-9760982 [-] Chr8p23.1 Intergenic mir-124 
hsa-mir-95 1.26 1067 Chr4: 8007028-8007108 [-] Chr 4p16.1 Intronic mir-95 
hsa-mir-133a 1.13 1028 Chr18: 19405659-19405746 [-] Chr18q11.2 Intergenic mir-133 
hsa-mir-193b 1.12 1093 Chr16: 14397824-14397906 [+] Chr16p13.2 Intronic mir-193 
hsa-mir-223 -1.01 1095 Chr X: 65238712-65238821 [+] ChrXq12 Intergenic mir-223 
hsa-mir-31 -1.04 949 Chr9: 21512114-21512184 [-] Chr9p21.3 Intronic mir-31 
hsa-mir-199a-3p -1.04 1043 Chr19: 10928102-10928172 [-] Chr19p13.2 Intronic mir-199 
hsa-mir-192 -1.18 914 Chr11: 64658609-64658718 [-] Chr11q13.1 Intergenic mir-192 
hsa-mir-210 -1.199 966 Chr11:568089-568198[-] Chr11p15.5 Intergenic mir-210 
hsa-mir-660 -1.198 948 ChrX: 49777849-49777945 [+] Chr X p11.23 Intronic mir-188 
hsa-mir-451 -1.22 982 Chr17:27188387-27188458[-] Chr 17q11.2 Intergenic mir-451 
hsa-mir-652 -1.23 1091 ChrX: 109298557-109298654 [+] Chr Xq23 Intronic mir-652 
hsa-mir-140-5p -1.24 999 Chr16: 69966984-69967083 [+] Chr16q22.1 Intronic mir-140 
hsa-mir-196b -1.49 890 Chr7: 27209099-27209182 [-] Chr 7p15.2 Exon_left mir-196 
hsa-mir-411 -1.49 822 Chr14: 101489662-101489757 [+] Chr14q 32.31 Intergenic mir-379 
hsa-mir-221 -1.69 990 ChrX: 45605585-45605694 [-] Chr Xp11.3 Intergenic mir-221 
hsa-mir-28-5p -1.99 976 Chr3: 188406569-188406654 [+] Chr 3q28 Intronic mir-28 
hsa-mir-9 -2.35 1170 Chr1: 156390133-156390221 [-]  Chr1q 22 Intronic mir-9 
hsa-mir-324-3p -2.63 958 Chr17: 7126616-7126698 [-] Chr17p13.1 Intronic mir-324 
hsa-mir-331-5p -4.01 1174 Chr12: 95702196-95702289 [+] Chr12q22 Intergenic mir-331 
hsa-mir-202 -4.15 1111 Chr10: 135061015-135061124 [-] Chr 10q26.3 Intronic mir-202 
hsa-mir-616 -4.20 1075 Chr12: 57912946-57913042 [-] Chr12q13.3 Intronic mir-616 
hsa-mir-330-3p -4.95 1002 Chr19: 46142252-46142345 [-] Chr19q13.32 Intronic mir-330 
hsa-mir-32 -5.16 986 Chr 9: 111808509-111808578 [-] Chr 9q31.3 Intronic mir-32 

 

 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi%3Facc%3DGSE54249
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi%3Facc%3DGSE54249
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi%3Facc%3DGSE54249
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c. Analysis phase
Chromosomal location 

analysis: Our analysis of the 
chromosomal locations of the 
30 miRNAs revealed that 18 
miRNAs (60%) were intronic 
and 11 miRNAs (36.67%) 
were intergenic (Figure S2). 
Hsa-miR-196b was shown 
to have an exon-left type of 
localization. A set of 2 miRNAs 
(6.67%) were clustered on to 
specific chromosome loci of 
Chr14q32.31 and Chr17q11.2. 
Maximum number of miRNAs 
4 (13.3%) were clustered on 
Chromosome X (Table 2).

Pathway analysis: To 
interpret the functional 
significance of these differential 
miRNAs, we performed gene-
pathway analysis on DIANA 
miR-Path which identified 
targets for the altered miRNAs 
in PCOS and integrated them 
into 69 KEGG pathways (based 
on – ln P-value) (The top 25 
pathways were represented in 
Fig. 2D). The major molecular 
networks enriched with 
targets of the altered miRNA 
set were MAPK signaling, actin 
cytoskeletal regulation, focal 
adhesion, adherens junction, 
TGF β signaling, axon guidance, 
insulin signaling, tight junction, 
cytokine-cytokine receptor 
interaction and ErbB signaling 
(See Supplementary Data 
File S1for the complete list of 
pathways).

d. Diagnostic value of 
peripheral blood miRNAs 
for PCOS
To evaluate the diagnostic 

values (through specificity and 
sensitivity) of the validated 
miRNAs, we performed 
a Receptor Operative 
Characteristic (ROC) analysis. 
The results indicated high 
diagnostic values for hsa-
miR-31, hsa-miR-32 and hsa-
miR-494 with a perfect AUC 

Fig. 2. PCOS peripheral blood specific differential miRNA profile. 
A) Heat map representation of the differential microRNAs in 
peripheral blood of PCOS patients (n=4, P1-P4) and control 
subjects (n=4, N1-N4). The columns represent the source of 
the samples either PCOS or control and the rows represent the 
differentially expressed miRNAs. Red and green colours indicate 
up and down regulation respectively relative to the overall mean 
for each miRNA. Relatedness in miRNA expression across the 
samples is shown by the hierarchical tree on the Y axis through 
standard linkage. B) Real time validation of the differentially down 
regulated miRNAs. C) Real time validation of the differentially 
regulated miRNAs. For both B) and C) the Fig. comprises of the 
dot plot representation of the relative expression of selected 
miRNAs across the samples. The 2-∆Ct values are plotted in Y axis 
of dot plots. The RQ (2-∆∆Ct) was calculated according to ∆∆Ct 
method using 5SrRNA as the endogenous control. Fold Change 
(FC) is represented as log2RQ. A single real time experiment was 
performed for each subject and miRNA, with the miRNAs run in 
triplicates. Statistical analysis was done using Graphpad Prism 6.0. 
D) Pathway Analysis showing pathways enriched with transcripts 
targeted by the differential miRNAs. The differential pathways are 
categorized on the basis of –ln P value and the Y axis represent 
the number of targeted transcripts. The numbers of differential 
miRNAs involved in each pathway are shown as red dots in each 
bar. (*p-value ≤ 0.05 and **p-value ≤ 0.01).
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(Area Under the Curve) value of 1. Other than hsa-miR-124 (AUC=0.89), all the miRNAs 
(hsa-miR-140-5p, hsa-miR-210, hsa-miR-451a, hsa-miR-193a-3p and hsa-miR-200c) had 
excellent AUC values (0.9-0.99) proposing their efficiency as predictor tool for PCOS (Fig. 3).

Altered gene expression profile in PCOS peripheral blood

a. Discovery Phase
Gene expression profiling on the Illumina expression microarray platform was 

necessary to enable us to assess any correlation present between the miRNA and mRNA 
differential expression in PCOS. Microarray results of mRNA profiling have been deposited in 
the GEO database (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE54248).Signal 
correlation plot, Principal Component Analysis and volcano analysis(Figure S3) performed 
were explained in detail in supplementary results.

Among the 48,000 transcripts analyzed 3062 transcripts were differentially expressed 
(>1 fold in either of the direction, p value<0.05) (see Supplementary Data File S2 for the 
complete list of differentially expressed genes, DEGs). Out of the total DEGs, 1450 transcripts 
were up-regulated and 1612 transcripts were down-regulated under PCOS conditions. 
Hierarchical clustering analysis was performed to cluster transcripts based on their 
expression levels between samples. The mRNAs’ expression difference between PCOS and 
controls is shown in Fig. 4A.

Fig. 3. ROC curve analysis of the validated miRNAs. Area under curve of receiver operating characteristic 
(ROC) for A) miR-140-5p,B) miR-210, C) miR-31, D) miR-32, E) miR-451a, F) miR-124,G) miR-193a-3p, H) 
miR-200c, I) miR-494. Three miRNAs (miR-31, miR-32 and miR-494 yielded largest area under the ROC 
curve (AUC).

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi%3Facc%3DGSE54248
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b. Validation phase
The selected DEGs were validated through qRT-PCR (Fig. 4). The data showed 

downregulation of GATA3, HRAS, LCK and POMC (Fig. 4B) and upregulation of HTRA1, MMP9, 
RBPJ, RUNX2, SOD2, and TOB1(Fig. 4C) in the PCOS group. The results were consistent with 
those obtained by microarray analysis.

c. Analysis phase
Pathway analysis identified 142 pathways mainly involved in signal transduction 

including MAPK signaling, oxidative stress, and several pathways involved in immune 
signaling (Fig. 4D-F). The complete list of differential pathways is provided in Supplementary 
Data File S2.

Fig. 4. PCOS specific peripheral differential gene profile. A) Heat map representation of the differential 
transcripts in peripheral blood of PCOS patients (n=4, Patients) and control subjects (n=4, Healthy). 
The columns represent the source of the samples either PCOS or control and the rows represent the 
differentially expressed mRNAs. mRNAs were grouped by unsupervised two way hierarchical clustering. 
Pink and blue colours indicate up and down regulation respectively relative to the overall mean for each 
mRNA. Relatedness in mRNA expression across the samples is shown by the hierarchical tree on the Y axis 
through standard linkage. B-C) Dot plot representation of the relative expression of selected DEGs across 
the samples. The 2-∆Ct values are plotted in Y axis of dot plots. The RQ (2-∆∆Ct) was calculated according to 
∆∆Ct method using 18SrRNA as the endogenous control. Fold Change (FC) is represented as log2RQ. A single 
real time experiment was performed for each subject and transcript with the transcripts runs in triplicates. 
Statistical analysis was done using Graphpad Prism 6.0. D-F)Pathway analysis of the differentially expressed 
genes (DEGs) in peripheral blood of PCOS patients. The pathways are selected on the basis of adjusted P 
value and sorted by the number of differential transcripts. The horizontal axis represents the number of 
differential targets in each pathways. The pathways are grouped on the basis of the functions in which 
they are involved as D) Signaling pathways, E) Immune pathways and F) Pathways in pathogenic infections. 
(*p-value ≤ 0.05 and **p-value ≤ 0.01).
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Construction of PCOS specific Integrative Regulatory Network
Integrated Differential miRNA-mRNA Analysis in PCOS. The targets of the differential 

miRNAs (fold change >1) were predicted through miRWalk algorithm. miRWalk combines the 
predictions generated by 8 established algorithms i.e., RNA22, miRanda, miRDB, TargetScan, 
RNAhybrid, PITA, PICTAR and Diana-microT. To increase the reliability and stringency of the 
data, the filter was applied to select the targets with more than 5 database hits. The putative 
targets retrieved from the algorithm were compared with our differential transcripts (fold 
change >1, P-value <0.05). In the down-regulated miRNAs hsa-miR-202 targeted a maximum 
of 34 up-regulated transcripts. Up-regulated hsa-miR-133a targeted the maximum of 60 
down-regulated transcripts. Considering only those transcripts showing opposite types 
of regulation (down transcripts for up miRNAs and up transcripts for down miRNAs) a 
pie diagram was generated to show the number of differential downregulated targets for 
upregulated miRNA’s (Fig. 5 A, See Supplementary Data File S3) and differential upregulated 
targets for downregulated miRNA’s (Fig. 5 B; See Supplementary Data File S4).

We generated a functional network combining the differential miRNA-mRNA pairs 
using Cytoscape Plugin (Fig. 5C; See Supplementary Data File S5). 1129 interaction pairs 
were present in the network. Hsa-miR-411 was involved in maximal and hsa-miR-331-5p 
in a minimal number of functional interactions. Laminin α5 (LAM α5) was targeted by 8 
differential miRNAs (hsa-miR-192, hsa-miR-193a-3p, hsa-miR-193b, hsa-miR-210, hsa-miR-28-
5p, hsa-miR-31, hsa-miR-451and hsa-miR-411) and PLAUR, GLG10 and MMP9 were the other 
majorly targeted transcripts(Fig. 5C; See Supplementary Data File S5). The broad categories 

Fig. 5. A-B. Target enrichment 
of differential miRNAs. The 
targets were predicted using 
miRWalk algorithm. The 
number of differential targets 
are denoted at the chart’s end. 
C. miRNA-mRNA functional 
network in PCOS. The network 
comprises all the possible 
interactions between the 
miRNA-miRNA pairs. miRNAs 
are represented in diamond 
shape and transcripts in circles. 
Red means up regulation and 
green means down regulation. 
The size of each node depends 
on the number of interactions. 
The functional interactions 
in different categories are 
denoted as different color 
lines.
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of pathways associated 
with the network 
obtained by collating 
several specific pathways 
includes adipogenesis, 
angiogenesis, cell cycle 
regulation, cytoskeletal 
reorganization, enzyme 
regulation, immune system 
process, metabolism, 
signaling, transcriptional 
regulation and transport. 
76 of the miRNA-mRNA 
pairs were involved 
in all these functional 
interactions. The pathways 
are merged on to the 
functional network and 
represented by lines. The 
sub networks of negative 
regulation (miRNA under-
expressed and targets 
over expressed; See 
Supplementary Data File 
S4) is shown in Fig. 6A and 
positive regulation (miRNA 
over expressed and its 
targets under-expressed; 
See Supplementary Data 
File S3) is shown in Fig. 6B.

The Regulatory FFL 
and its functional role 
in PCOS
To generate the 

integrative network 
we constructed a FFL 
involving the interaction 
among miRNAs, mRNA 
and known human TFs. We 
identified the targets of the 
miRNAs using miRWalk 
public database (http://
www.ma.uniheidelberg.
de/apps/zmf/mirwalk). 
To improve the 
dependability of our 
approach, experimentally 
validated miRNA- targets 
from miRWalk were 
extracted for the analysis 
and miRNA- gene loops were created by merging the data with our differential data. The 
list of 115 Human TFs and 5030 known human miRNA/TF singular circuits were extracted 
from a user-friendly web server CircuitsDB (http://biocluster.di.unito.it/circuits). By 

Fig. 6. miRNA-mRNA functional network in PCOS. A) Negative 
interaction network comprises of down regulated miRNAs and up 
regulated transcripts. B) Postive interaction network comprises of 
up regulated miRNAs and down regulated transcripts. miRNAs are 
represented in diamond shape and transcripts in circles. Red means 
up regulation and green means down regulation. The size of each node 
depends on the number of interactions. The functional interactions in 
different categories are denoted as different color lines.

http://www.ma.uniheidelberg.de/apps/zmf/mirwalk
http://www.ma.uniheidelberg.de/apps/zmf/mirwalk
http://www.ma.uniheidelberg.de/apps/zmf/mirwalk
http://biocluster.di.unito.it/circuits
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combining PCOS 
miRNA and mRNA 
differential expression 
profiles and the 
transcription factor 
binding profiles we 
analyzed the different 
types of regulations: 
TF regulating gene 
(TF-gene) or miRNA 
(TF-miRNA), miRNA 
inhibiting of a gene 
(miRNA-gene) or TF 
(miRNA-TF). In our 
network miRNA or TF 
served as ‘Node1’ and 
mRNA or TF or gene 
served as ‘Node2’. This 
generated a complex 
cluster with lots of 
possible interactions 
(Fig. 7A).

In order to obtain 
a better resolution of 
the network in Fig. 7A, 
we applied stringent 
statistical parameters 
of the miRNA -mRNA 
pairs based on the 
minimal free energy 
(MFE) to create an 
evidence-based 3-node 
TF-miRNA- mRNA 
network. We also 
confirmed that each 
component is involved 
in multiple regulations. 
Based on the critical 
biological pathways 
we then dissected 
the network into sub-
clusters. This approach 
enabled us to get deep 
insights into the key 
regulators in each 
cluster representing 
specific pathways. The 
validated targets of the 
30 differential miRNAs 
extracted from miRWalk database and the identified 1262 genes from our microarray data 
were the possible targets of these miRNAs. 112 human TFs in the list were found targeting 
1213 genes and 11 miRNAs. We generated a resolved FFL network with all these parameters 
which is depicted in Fig. 7B.

Fig. 7. The miRNA-TF –mRNA network specific to PCOS peripheral blood. 
A) The initial network comprising all the possible interaction among the 
miRNAs, mRNAs and TFs. B) The regulatory network generated by applying 
significant miRNA-mRNA, miRNA-TF and TF-mRNA binding pairs on the 
basis of minimal free energy (MEF) into the initial network. The mRNAs are 
represented as circles, TFs as rectangles and miRNA as triangles. Red and 
green indicate up and down regulation respectively.



Cell Physiol Biochem 2023;57:137-156
DOI: 10.33594/000000622
Published online: 30 April, 2023 137

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2023 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Krishna et al.: miRNA-mRNA Integrated Analysis in PCOS

We also performed 
an enrichment analysis to 
identify the target genes 
regulated at transcriptional 
and post-transcriptional 
levels by multiple TFs 
and miRNAs and selected 
nodes (miRNA and /or 
TF) with more than 10% 
enrichment. In this network, 
we applied statistical 
stringency (p-value <0.05) 
for differentially expressed 
mRNA to get significant 
pairs. Accordingly, we 
obtained the key network 
(Fig. 8; See Supplementary 
Data File S6) consisting of 
17 TFs, 6 miRNAs and 25 
mRNAs interacting in 100 
different ways. The key 
network consisted of 16 non-
orphan network clusters 
with 50 TF-gene pairs, 8 
TF-TF pairs 6 miRNA-TF 
pairs and 36 miRNA- gene 
pairs. Among the 6 miRNAs, 
hsa-miR-9 was found to be 
involved in the maximum 
number of interactions 
viz., ATF6, BCL6, CCND2, 
IL1β, JUN, MMP9, STAT3, 
STAT6. The gene-annotation 
enrichment analysis 
recognized the enriched Gene Ontology (GO) terms related to the PCOS specific FFL and 
the functionally related groups were categorised on the basis of enrichment analysis. The 
specific enriched clusters consisted of broad ontology terms viz., peptide hormone signaling, 
steroid hormone signaling, response to vitamins and nutrition, oxidative stress, wnt pathway, 
EGF signaling, PDGF signaling,TPO signaling, MAPK cluster, JAK-STAT signaling, IL signaling 
and T/B cell activation, response to bacteriae, angiogenesis, apoptosis and cell cycle 
regulation, female pregnancy and regulation of transcription. The significant subcategories 
showing % enrichment as well as key node interactions, GO and key pathways are listed 
in Supplementary Data File S6. The details of the integrated network were dissected using 
Cytoscape Plugin into 16 sub-clusters as shown in Fig. 9.

Overactivated stress-activated kinases (SAPKs) upregulates c-JUN/STAT3 IN PCOS Women
Our transcriptome profiling revealed the Mitogen-Activated Protein kinase (MAPK) 

pathway to be upregulated in PCOS women as evidenced by significantly enriched pathways 
viz., MAPK signals (DEGs -21), p38 –MAPK signaling (DEGs- 24), EGF receptor (ErbB1) 
signaling pathway (DEGs- 115) and PDGF signaling (DEGs-115) (See Supplementary Table 
S1). Our integrative miRNA-mRNA network analysis with FFL as the key node also identified 
MAPK signaling as one of the 16 clusters. This is further substantiated by the differential 
expression of MAPK and its target genes as seen in our Microarray data and hence we 
assessed the MAPK pathway components further.

Fig. 8. The key node functional miRNA-TF- mRNA network specific 
to PCOS peripheral blood. The network comprises the significant 
interacting pairs among significant DEGs (fold change>1, P 
value<0.05), differential miRNAs (fold change>1) and TFs on the basis 
of minimal free energy (MEF). The mRNAs are represented as circles, 
TFs as rectangles and miRNA as triangles. Red and green indicate up 
and down regulation respectively.  Blue and pink line indicate post 
transcriptional (mediated by miRNAs) and transcriptional (mediated 
by TFs).
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Our real-time PCR analysis further confirmed the upregulated MAPK pathway in PCOS 
women as observed by an increased expression of GRB2 (1.60 FC, p≤0.02), SOS1 (0.78 FC, 
p≤0.01), RAC2 (1.23FC p≤0.01), MAPK1/ERK2 (4.53FC, p≤0.0002), p38( 1.3 FC, p≤0.01), 
JNK ( 1.4 FC, p≤0.04), JUN (4.99FC, p≤0.005), and STAT3 (2.00 FC, p≤0.0001)(Fig. 10A) when 
compared to the control group. Interestingly a downregulation in MAPK3/ERK1 (1.01 FC, 
p≤0.03)(Fig. 10A) transcripts were observed in PCOS women than in control women. Our 
western blot analysis showed that the expression of adaptors involved in signal transduction 
for the MAPK pathway, viz., Son of Sevenless (SOS1) (P≤0.003) and growth factor receptor-
bound protein 2 (GRB2) (P≤0.01) were significantly up-regulated in PCOS patients(Fig. 10B-
C). We also found a decreased expression of both total ERK (ERK1/2) (P≤0.17) and pERK 
(P≤0.16) (Fig. 10B-C) in PBMCs of PCOS subjects when compared to controls. The conserved 
serine/threonine MAPKs - p38 MAPK (p38MAPK) and c-Jun N-terminal kinases (JNK) 
are collectively called stress-activated kinases (SAPKs). Assessment of these molecules 
by western blot revealed significantly increased expression of p38MAPK (P≤0.007), pJNK 
(P≤0.02) and Ras-related C3 botulinum toxin substrate 1(RAC2) (P≤0.04) in PBMCs of PCOS 
women while the increase in phosphatidylinositol 3-kinase, PI3K (P≤0.17) was insignificant 
(Fig. 10D-E). Furthermore, we also found an overexpression of downstream effectors of 
SAPKs; c-Jun (P≤0.05), signal transducer and activator of transcription(STAT3) (P≤0.008) 
and pSTAT3(P≤0.04) in PCOS group (Fig. 10B-C). These results enable us to postulate the 
existence of an overactivated SAPK pathway in peripheral blood of PCOS patients.

Fig. 9. Sub clusters (16) 
dissected from the key 
network using Cytoscape 
Plug-in. The functional group 
for the sub-clusters are  
Cluster 1 - ‘peptide hormone 
signaling’, Cluster 2- ‘steroid 
hormone signaling’, Cluster 
3-‘response to vitamins 
and nutrition’, Cluster 4 - 
‘oxidative stress’,  Cluster 
5 - ‘wnt pathway’, Cluster 
6- ‘TPO signaling’, Cluster 
7- ‘EGF signaling’,Cluster 
8- ‘PDGF signaling’, Cluster 
9- ‘JAK-STAT signaling’,  
Cluster 10-‘IL signaling and 
T/B cell activation’, Cluster 
11- ‘response to bacteriae’, 
Cluster 12- ‘apoptosis and 
cell cycle regulation’, Cluster 
13 - ‘angiogenesis’,  Cluster 14 
- ‘MAPK’ cluster,  Cluster 15 – 
‘regulation of transcription’ 
and Cluster 16- ‘female 
pregnancy’. The clusters are 
dissected on the basis of their 
functions. The mRNAs are 
represented as circles, TFs 
as rectangles and miRNA as 
triangles. Red and green indicate up and down regulation respectively. The enriched functions associated 
with the network are merged in the Fig. 9. Blue and pink line indicate control mediated by miRNAs and 
control mediated by TFs.
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Discussion

In the current study, we have attempted to identify the pathways affected in PCOS 
by creating a computational framework of 3-node FFL with distinct miRNA, mRNA and 
transcription factors based on the expression profile of miRNA and mRNA in peripheral 
blood of PCOS patients.

Our relative expression analysis of miRNAs identified 20 under-expressed miRNAs and 
10 over-expressed ones in peripheral blood. Hsa-miR-133a, is shown to be upregulated while 
Hsa-miR-199a-3p was downregulated similar to the reported trend in adipose tissue of PCOS 
patients [18]. The opposing pattern of the miRNAs and mRNAs identified through target 
prediction software asserted the existence of strong miRNA mediation in PCOS. The PCOS 
transcriptome of peripheral blood showed the following percentage of similarity with other 
PCOS tissues; whole ovary (9%), ovarian granulosa cells (22%), ovarian theca cells (5%), 
oocytes (3.3%), endometrial tissue (2%) and adipose tissue (6%) (Supplementary Figure 
S2). This suggests that changes in the tissue get mirrored in circulating blood and thus can 
be of clinical diagnosis by using them as biomarkers.

Fig. 10. MAPK pathway in PCOS is activated through 
P38- JNK: A) Dot plot representation of the relative 
expression of GRB2, SOS1, RAC2, MAPK3/ERK1, 
MAPK1/ERK2, p38/MAPK14, JNK, JUN and STAT3 
transcripts in normal (n=16) and PCOS women 
(n=25). The 2-ΔCt values are plotted in Y axis of dot 
plots. The RQ (2-ΔΔCt) was calculated according to 
ΔΔCt method using 18SrRNA as the endogenous 
control. Fold Change (FC) is represented as log2RQ 
A single real-time experiment was performed for 
each subject and transcript with the transcripts runs 
in triplicates. Statistical analysis was done using 
GraphPad Prism 6.B) Western blot analysis of SOS1, 
GRB2, ERK1/2, pERK1/2, STAT3,  pSTAT3 and c-JUN 
in PBMC extracts of normal (Lane 1&2) and PCOS 
women (Lane 3&4)showing increased expression of 
SOS1, GRB2, STAT3,  pSTAT3 and c-JUN, and ERK1/2 
and pERK1/2 showing decreased expression in PCOS 
when compared to normal. H3 was used as an internal 
control for comparison. C) Protein quantitation is 
represented by bar diagram. D) Western blot analysis 
of PI3K, P38, p-JNK and RAC2 in PBMC extracts of 
normal and PCOS women represented an increased 
expression in PCOS than in the control group. H3 
was used as the internal control for comparison. 
E) Western blot quantitation is represented by bar 
diagram. P values less than 0.05 was considered 
to be statistically significant. (*p-value ≤ 0.05 and 
**p-value ≤ 0.01).
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Transcriptome as well as miRNA-transcriptome analysis identified the miRNA dependent 
and independent regulatory pathways involved in PCOS pathogenesis. Both the two types of 
analyses revealed similar pathways. Malfunctioning of these pathways viz., T cell signaling, 
B cell signaling, CDC42 signaling, MAPK signaling, apoptosis, cytoskeletal reorganization, 
integrin signaling and anandamide degradation can have serious perpetration on PCOS women 
(shown in Fig. 4D-F). Transcripts like MMP9, PLAUR and LAMA5 participate in cytoskeletal 
networking (shown in Fig. 5C). MMP9 expression is high in PCOS granulosa cells [19]. Thus 
our analysis identified pathways regulated by the miRNA-mRNA, which impart hints to novel 
downstream signal cross talk in PCOS. The FFL analysis revealed that the components had 
a strong association with many functional hallmarks in PCOS and identified16 sub clusters. 
Peptide hormone signaling (cluster 1) and steroid signaling(Cluster 2) are both established 
players in PCOS pathogenesis. Both these pathways exert the hormone action by modulating 
MAPK signaling(Cluster 14) directly.

The importance of Vitamin D, is apparent as our FFL analysis results due to LEF1 
involvement being highlighted in a novel sub-cluster on ‘Response to vitamins and nutrition’ 
(Cluster 3). Vitamin D is similar to steroid hormones structurally and exerts its action via 
its receptor, Vitamin D receptor (VDR). VDR can bind directly to LEF1 via its DNA binding 
domain and boost Wnt signaling [20]. Of significance is the finding of Runx 2 in our Apoptosis 
and cell cycle regulation cluster as Runx 2 and VDR is known to interact and increase the 
VDRE mediated transactivation [21]. Increased Vitamin D is reported to suppress the over-
expressed MAPK pathway [22] and improve the cytokine profile [23]. Since our analysis 
reveals an overexpressed MAPK signaling analyzing the status of vitamin D in PCOS is crucial.

Our analysis found an association between oxidative stress and angiogenesis (Cluster 
4 & 13 respectively) with HIF1A targeting miRNAs hsa-miR-31 to be downregulated 
inangiogenesis cluster. Hsa-miR-31, an upstream negative regulator of HIF1A is involved 
in angiogenesis [24]. Thus, a downregulated miR-31 would result in increased HIF1A,in 
PCOS women which in turn would activate many hypoxia-induced miRNAs. HIF1A, the 
master regulator of hypoxia can activate many angiogenic factors [25] thereby modulating 
angiogenesis. The angiogenesis cluster is also associated with the Wnt signaling cluster 
(Cluster 5). Interestingly, increased Wnt is shown to elevate inflammation and oxidative 
stress in granulosa cells of PCOS patients [26]. Since MAPK is known to be involved in 
transactivation of HIF1A[27] oxidative stress and Wnt regulate MAPK in tandem which 
finally modulates angiogenesis.

Our network analysis of PCOS identified TPO (Cluster 6), EGF (Cluster 7) and PDGF 
(Cluster 8) clusters working via JAK-STAT(Cluster 9) and MAPK (Cluster 14). The upregulated 
HIF1A suggesting that they all coordinate to cause increased angiogenesis (Cluster 13) 
and hypervascularity characteristic of PCOS. The importance of the MAPK pathway in 
angiogenesis is further confirmed by the aggravation of the anti-angiogenic effects of mTOR 
inhibitors in conjunction with MAPK inhibitors [28]. Thus, the MAPK pathway (Cluster 14) 
is again at center stage taking instructions from a host of signaling cues and regulating 
angiogenesis.

Cluster 9 deals with JAK-STAT signaling. STAT1 activation involving second 
phosphorylation at Serine 727 occurs via MAPKs, MEK1 and SAPK (p38 and JNK)[29]. 
Activation of MAPK signaling(Cluster 14) is coupled with EGF signaling [30] while 
activation of STATs (STAT1 and STAT3) and JUN could alter TPO signaling(Cluster 6). PDGF 
signaling(Cluster 8), on one hand, regulates MAPK signaling(Cluster 14) and on the other 
hand, it regulates directly the IL signaling and T/B cell activation(Cluster 10). MAPK-JNK 
signaling can modulate the interleukin pathway through IL1β expression [31] and this is 
obvious in our network as IL1β is upregulated. The cluster contained down-regulation 
of hsa-miR-31 which can regulate the generation of T regulatory cells (Treg) frequency. 
Aberrant Treg frequency in PCOS women is recently reported by our group [32]. Along with 
that, the onset of PCOS is marked by low-grade inflammation which could be responsible for 
the observed metabolic and ovarian abnormalities [33, 34]. In addition, elevated infection 
rate in PCOS subjects [35] strengthen the formation of another important cluster ‘response 
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to bacteriae’(Cluster 11). Thus, this sub-set of 5 sub-clusters strengthens the concept of 
aberrant immune regulation in PCOS.

Under the impact of various stimuli depicted in Cluster 1-8 of Fig. 9, the cell has to decide 
to live or undergo programmed cell death (apoptosis). Our analysis identified apoptosis 
and cell cycle regulation (Cluster 12) as an important cluster with an upregulated BCL6 - 
an anti-apoptotic gene suggesting loss of apoptosis in PCOS. This is possible as apoptosis 
is established to be regulated by MAPK signaling [36]. Apoptotic mechanisms are lost in 
PCOS[37] and cell death and cell proliferation rate are affected in granulosa cells of PCOS 
with downregulation of apoptotic mediators [38] causing accumulation of small antral 
follicles which are arrested in development. This premature arrest can be explained by the 
upregulated HtrA1 in our PCOS patients (shown in Fig. 4C) since oxidative stress can induce 
HtrA1 and cause premature cell senescence via the p38 MAPK pathway [39].

Female pregnancy was another major cluster in the PCOS FFL (Cluster 16), with Fos being 
targeted by miR-31 and miR-223 while IL1β was under the control of miR-31, miR-223, miR-
9 and miR-133a suggesting that these two represent key nodes in pregnancy failure in PCOS. 
PCOS ovaries are known to be deficient in c-fos leading to increased 17alpha-Hydroxylase 
(CYP17) expression [40], but our results show increased fos expression in blood and this 
could be due to increased IL1β expression as IL1β is known to stimulate fos expression [41]. 
Granulosa cells from PCOS patients show overexpression of inflammatory gene IL1β[42]. 
Thus, dysregulation in clusters 1-14 finally converges on pregnancy failure in PCOS patients.

The MAPK hub was regulated by diverse elicitors (represented by Clusters 1-8 in 
Fig.9). The over-activated MAPK pathway due to these stimuli can explain a multitude of 
physiological responses aberrant in PCOS pathogenesis represented by clusters 10-14 
culminating in impacting female pregnancy (Cluster 16). These leads to hyperandrogenemia, 
abnormal proliferation, vascularisation, inflammation in conjunction with aberrant immune 
signaling via transcriptional regulation (Cluster 15) including JNK and JAK-STAT pathway.

Aberrant MAPK signaling was found to be linked with several human disease conditions 
including Alzheimer’s disease (AD), cancer [43], diabetes [44]and obesity [45]. Moreover, 
recent studies have identified impaired MAPK activation in PCOS. Interestingly another 
study revealed activated ERK signaling in skeletal muscle of PCOS patients which can further 
add to insulin resistance in those patients [46]. Also, SNPs of MAPKs- ERK2 and MEK1-were 
associated with PCOS susceptibility [47]. Cumulus cells (CCs) and mural granulosa cells 
(MGCs) of the PCOS ovary showed deregulated MAPK pathway as a causative factor for 
defective oocyte and follicle development [48]. Microarray analysis conducted in granulosa 
cells of PCOS women identified MAPK/ERK pathway to be differentially expressed, with a 
reduced ERK activation in PCOS patients [49]. This observation is in line with our results of 
decreased expression of both total and activated ERK in PBMCs of PCOS women (shown in 
Fig. 10B-C). Moreover, it has been shown that reduced levels of ERK1/2 are linked with the 
elevated androgen synthesis in thecal cells of women with PCOS [50]. miRNA, mRNA profiling 
in cumulus cells of PCOS women with IR also identified miRNA’s regulating MAPK pathway 
to be enriched [51]. Kobayashi et al. reported that dysregulated autophagy in bovine theca 
cells could induce fibrosis and androgen synthesis via reactive oxygen species-dependent 
p38/JNK cascade [52]. Thus, increased p38/JNK levels in peripheral blood of PCOS women 
observed in our data could be linked to the associated hyperandrogenemia (shown in Fig. 
10 D-E). Our data bear out an aberrant MAPK signaling in PCOS patients which could play a 
central role in reproductive, metabolic as well as other pathogenesis of PCOS.

Conclusion

Thus, MAPK signaling represents a core cluster that can act as a junctional hub 
connecting multiple signaling pathways (elicitors and effectors) contributing to PCOS 
pathogenesis. The integrated miRNA and mRNA expression signature of PCOS reveals novel 
insights into its pathogenesis. They act as regulators of multiple molecular circuits in the 
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physiological system with MAPK as 
the hub. A schematic representation 
of the summary of the integrated 
network in PCOS pathobiology 
is shown in Fig. 11. Since MAPK 
signaling functions as the nucleus 
of these circuits targeting the MAPK 
pathway could represent a new line 
of therapy to manage PCOS and its 
complications.
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