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Abstract
Accumulating evidence have suggested that some microRNAs are aberrantly expressed in prostate cancer. In our previous 
work, we had identified a panel of four differentially expressed microRNAs in prostate cancer. In the present study, we have 
investigated common molecular targets of this panel of miRNAs (DEMs) and key hub genes that can serve as potential can-
didate biomarkers in the pathogenesis and progression of prostate cancer. A joint bioinformatics approach was employed to 
identify differentially expressed genes (DEGs) in prostate cancer. Gene enrichment analysis followed by the protein–protein 
interaction (PPI) network construction and selection of hub genes was further performed using String and Cytoscape, respec-
tively. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of the 
identified hub genes was conducted using the Database for Annotation, Visualization and Integrated Discovery (DAVID) 
tool. In total, 496 genes were identified to be common targets of DEMs in prostate cancer and 13 key hub genes were identi-
fied from three modules of the PPI network of the DEGs. Further top five genes viz Rhoa, PI3KCA, CDC42, MAPK3, TP53 
were used for Enrichment analysis which revealed their association with vital cellular and functional pathways in prostate 
cancer indicating their potential as candidate biomarkers in prostate cancer.

Keywords Prostate cancer · microRNA · Differentially expressed genes · Protein–protein interaction network · Hub genes · 
Bioinformatics analysis

Introduction

Prostate cancer is one of the leading causes of cancer-related 
mortality in men with estimated number of 164,690 new 
cases and 29,430 deaths, respectively, in the United States 
according to 2018 statistics [1]. A large number of factors 
have been associated with the patient survival including the 
stage of cancer at the time of diagnosis, and thus early detec-
tion may aid in better prognosis. Various clinical parameters 
such as pathological biopsy, prostate-specific antigen (PSA) 
value, histopathological scores (Gleason score) and imag-
ing diagnostics allows detection of the disease, however, 

they lack in specificity and sensitivity [2]. First, PSA as a 
prognostic marker has detrimental effects as it is not tumor 
specific [3] and screens indolent tumors leading to unneces-
sary consecutive biopsies [4]. Although the combination of 
PSA and digital rectal examination allow certain risk strati-
fication, however, it is associated with unavoidable risk of 
misclassification and thus fails in assisting the most benefi-
cial treatment option [5]. Many attempts have been made in 
the identification of common molecular signatures that can 
serve as reliable biomarkers and help in decision-making in 
critical scenarios and one such approach is microRNAs as 
blood-based non-invasive biomarkers for cancer.

MicroRNAs (miRNAs) are highly conserved, endoge-
nous, single-stranded, non-protein coding oligonucleotides 
[6]. They play an important role in the regulation of gene 
expression at post-transcriptional and post-translational level 
[7]. MiRNAs bind to the 3′-untranslated region of the tar-
get mRNAs and depending on the level of complementarity 
between the target mRNA and miRNA it either leads to tran-
scriptional repression or translation inhibition of the targets 
[8] and thus it regulates multiple signaling pathways [9]. 
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MiRNAs are reported to regulate various important meta-
bolic and cellular pathways such as proliferation, migration, 
invasion, apoptosis, cell cycle, differentiation, survival and 
are reported to be aberrantly expressed in various cancers 
including prostate cancer [10, 11]. MiRNAs can be isolated 
from body fluids in stable condition and can be detected in 
small volumes with high specificity and sensitivity [12–14]. 
All these factors make miRNAs potential putative biomarker 
which can be of great clinical significance.

Recently, we had identified a panel of four most con-
sistently reported dysregulated miRNAs in prostate can-
cer [15]. In the present study, we have used a joint bioin-
formatics approach to analyze this panel of differentially 

expressed miRNAs (DEMs) to identify key genes that are 
differentially expressed (DEGs) in PCa. Subsequently, 
functional and pathway enrichment analysis was per-
formed on the identified DEGs, and their potential func-
tion and signaling pathways regulated by them in PCa were 
identified. Further protein–protein interaction (PPI) was 
constructed, and key hub genes and modules were iden-
tified using various plug-ins in Cytoscape (Fig. 1). The 
present study aimed to evaluate the underlying molecular 
and biological pathways driven by this panel of signature 
miRNAs in PCa and to identify certain hub genes that 
can serve as potential candidate diagnostic and prognostic 
biomarkers for PCa.

Fig. 1  Flowchart of the methodology used in the study
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Materials and methods

Identification of DEMs

A systematical literature search was carried out using Pub-
Med and Google Scholar and the keywords used were: 
microRNA, miRNA, and prostate cancer. Relevant full 
text and peer-reviewed research articles written in English 
were considered. A comprehensive list of differentially 
expressed microRNAs (miRNAs) (DEMs) in prostate can-
cer was prepared followed by identification of a panel of 
four consistently reported dysregulated miRNAs in pros-
tate cancer namely, miR-141, miR-375, miR-221 and miR-
21 as per our previously published paper [15].

Target prediction of DEMs in PCa

Targets of the DEMs in PCa were retrieved using in silico 
tools and databases such as miRDB (http://www.mirdb 
.org/) [16], miRTarbase (http://mirta rbase .mbc.nctu.edu.
tw/php/index .php) [17] and miRwalk (http://zmf.umm.uni-
heide lberg .de/apps/zmf/mirwa lk2/) [18]. These databases 
were used as they comprise of the experimentally vali-
dated miRNA targets and are the most frequently updated 
ones. A comprehensive list of target genes, regulated by 
this panel of DEMs was prepared followed by duplicate 
removal. Followed by that an overlapping analysis was 
carried out using a Venn diagram and a list of hub genes 
targeted by this panel of DEMs in PCa was identified.

Protein–protein interaction (PPI) network 
and module analysis

The protein–protein interaction (PPI) network analysis of 
the identified hub genes was constructed using the Search 
Tool for the Retrieval of Interacting Genes (STRING; https 
://strin g-db.org/cgi/netwo rk.pl) [19] database. An inter-
action score of ≥ 0.7 (high confidence) was considered 
the threshold value. The resulting PPI network was then 
visualized using Cytoscape software (version 3.7.0; https 
://cytos cape.org/) [20]. The Molecular Complex Detection 
(MCODE version 1.5.1) application (https ://cytos cape.org/
apps/mcode ) [21] was used to perform module analysis. 
A degree cutoff = 2, node density cutoff = 0.2, node score 
cutoff = 0.2, K-core = 2 and max depth = 100 was consid-
ered as the threshold. Further hub gene analysis was car-
ried out using cytoHubba (version 0.1; https ://cytos cape.
org/apps/cytoh ubba) [22] application of Cytoscape where 
degree ≥ 10 was used as the threshold.

Gene, function and pathway enrichment analysis

The Database for Annotation, Visualization and Integrated 
Discovery (DAVID 6.8, https ://david .ncifc rf.gov/) [23] was 
used to perform Gene Ontology (GO) annotation analysis 
and Kyoto Encyclopedia of Genes and Genomes (KEGG, 
https ://www.genom e.jp/kegg/) [24] pathway analysis of 
the hub genes identified by cytoHubba (version 0.1; https 
://cytos cape.org/apps/cytoh ubba) application of Cytoscape. 
GeneCodis (http://genec odis.cnb.csic.es/analy sis) [25] and 
Panther (http://www.panth erdb.org/) [26] was used for the 
functional enrichment analysis. The GO of the targets of 
identified DEMs were further categorized into biological 
functions (BF), molecular functions (MF) and cellular com-
ponents (CC). p > 0.05 was used as the threshold value for 
considering the results to be statistically significant.

Results

Identification of differentially expressed microRNAs 
(DEMs)

In our previous publication, we had identified a panel of four 
dysregulated signature miRNAs (DEMs) in PCa from the 
literature which were reported by almost all authors to be 
differentially expressed in PCa irrespective of the profiling 
platform. This panel of signature DEMs was selected for 
further analysis using bioinformatics [15].

Identification of differentially expressed genes 
(DEGs)

A total of 1132, 497, 824 and 1218 genes were identified 
to be targets of miR-141, miR-375, miR-221 and miR-21 
respectively in PCa after duplicates removal. Overlapping 
analysis using Venn diagram identified a total of 496 genes 
to be common targets of this panel of signature DEMs 
(Fig. 2).

PPI network construction and module analysis

To analyze the interaction between the identified common 
targets of the panel of signature DEMs, the protein–protein 
interaction (PPI) network was constructed using STRING. 
The PPI network of the identified targets of the panel of sig-
nature DEMs consisted of 485 nodes and 349 edges with a 
confidence score of ≥ 0.7 (Fig. 3). The network was retrieved 
from STRING and visualized using Cytoscape software ver-
sion 3.7.0. A total of 13 hub genes were selected from the PPI 
network with a degree ≥ 10 (Fig. 4). The hub genes include 
Ras homolog family member A (RHOA), Phosphatidylin-
ositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha 
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(PIK3CA), Tumor protein p53 (TP53), cell division cycle 
42 (CDC42), Mitogen-activated protein kinase 3 (MAPK3), 
V-myc myelocytomatosis viral oncogene homolog (avian) 
(MYC), Catenin (cadherin-associated protein), beta 1, 
(CTNNB1), Heat shock protein 90 kDa alpha (cytosolic), 
class A member 1; (HSP90AA1), Platelet-activating fac-
tor acetylhydrolase 1b, regulatory subunit 1 (PAFAH1B1), 
Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 
activation protein, zeta polypeptide (YWHAZ), Janus kinase 
2 (JAK2), V-erb-b2 erythroblastic leukemia viral oncogene 
homolog 2, neuro/glioblastoma derived oncogene homolog 
(avian) (ERBB2), Integrin, beta 1 (fibronectin receptor, 
beta polypeptide, antigen CD29 includes MDF2, MSK12) 
(ITGB1) (Supplementary Table 1). According to the degree 
of importance, three significant modules were screened from 
the PPI network complex using MCODE application. Mod-
ule 1 consisted of 7 nodes and 21 edges; Module 2 consisted 
of 6 nodes and 15 edges and Module 3 consisted of 10 nodes 
and 23 edges (Fig. 5a–c). Further, the PPI network of the 
identified hub genes consisted of 18 nodes and 59 edges with 
a confidence score of ≥ 0.7 (Fig. 6).

Gene, function and pathway enrichment analysis

To gain a better understanding of the identified 13 hub 
genes, GO and KEGG pathway enrichment analysis was 
performed using DAVID. The enriched GO terms were 
categorized in molecular functions (MF), biological func-
tions (BF), and cellular components (CC) (Supplementary 
Table 2). The analysis revealed that majority of the genes in 
the MF category were mainly enriched in ‘protein binding,’ 
‘enzyme binding,’ ‘ATP binding,’ ‘receptor binding, ‘ion 
binding’ and ‘kinase binding.’ In the BF category, major-
ity of the genes were associated with ‘intracellular signal 

transduction,’ ‘organ development,’ ‘wound healing,’ ‘cell 
surface receptor signaling pathway,’ ‘regulation of cellular 
component organization.’ In addition, the GO CC enrich-
ment analysis revealed that the majority of the genes in this 
category were enriched in ‘cytosol,’ ‘extracellular exosome,’ 
and ‘plasma membrane part.’

Further, the KEGG pathway enrichment analysis revealed 
that the genes were primarily enriched in ‘Pathways in 
cancer,’ ‘PI3K-Akt signaling pathway’, ‘Prostate cancer,’ 
‘MicroRNAs in cancer’ and ‘Wnt signaling pathway.’ 
These results demonstrated that these genes are significantly 
enriched in the hallmarks of cancer.

Discussion

Prostate cancer (PCa) remains one of the major medical 
burden associated with mortality in men worldwide and 
the mortality associated with metastatic PCa is even higher 
[27]. Research into the molecular mechanisms might shed 
light in the identification of biomarkers for prostate can-
cer therapeutics. In our recently published work, we had 
identified a panel of four microRNAs (miRNAs) that are 
consistently reported by various authors to be differentially 
expressed (DEMs) in PCa irrespective of the profiling plat-
form and sample size being recruited. In the current study, 
we retrieved the gene targets of this panel of DEMs using 
insilico tools. The protein–protein interaction (PPI) was con-
structed and was viewed using Cytoscape.

The PPI network analysis was followed by analysis of 
hub genes using Cytohubba plug-in of Cytoscape that iden-
tified 13 hub genes with ≥ 10°. The functional enrichment 
analysis of the identified hub genes further revealed their 
involvement in various molecular functions such as protein 
binding, receptor binding, kinase binding thus highlighting 
their role in regulating hallmarks of cancer [28]. Further, 
the biological pathway enrichment analysis showed that 
these identified hub genes contribute in intracellular signal 
transduction, organ development, wound healing, cell sur-
face receptor signaling pathway indicating the involvement 
of these hub genes in tumorigenesis. The pathway analysis 
using KEGG shed light into some of the important sign-
aling pathways being enriched by these hub genes namely 
pathways in cancer, PI3K–Akt signaling pathway, prostate 
cancer, MicroRNAs in cancer and Wnt signaling pathway.

Out of the 13 hub genes identified by the Cytohubba plug-
in of Cytoscape, the top five important hub genes identified 
were Rhoa, PI3KCA, CDC42, MAPK3, and TP53. These 
genes are reported to regulate various vital molecular and 
cellular function in various carcinomas including prostate 
cancer.

Ras homolog gene family member (RhoA) is a member 
of the Ras homology family of small GTPases [29] and is 

Fig. 2  Venn diagram showing common genes targeted by the panel of 
differentially expressed miRNAs (DEMs) in prostate cancer. DEMs 
shared by at least three datasets were extracted to identify target genes
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reported to be upregulated in a variety of cancers, particu-
larly epithelial cancers and has a role to play in the progres-
sion of cancer [30]. It plays a vital role in the regulation 
of the actin and microtubule cytoskeleton [31] and influ-
ences many cellular functions such as proliferation, migra-
tion, invasion, polarity, motility, adhesion and cell cycle 

progression [32]. In case of colorectal cancer inactivation 
of RhoA leads to increased proliferation and migration by 
activating Wnt/β catenin pathway and subsequently metasta-
sis, acting as a tumor suppressor gene [33] and is associated 
with poor prognosis in colorectal cancer [34]. However, in 
case of gastric cancer RhoA is reported to be overexpressed 

Fig. 3  Protein–protein interactions (PPI) of the differentially expressed genes (DEGs) in prostate cancer. Colored lines indicate the type of inter-
action evidence between nodes
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and is associated with the progression of the cancer acting 
as an oncogene and silencing of its expression led to apop-
tosis induction [35] and reduced cell migration and invasion 
[36] and is also found to regulate epithelial-mesenchymal 
transition (EMT) in gastric cancer [37]. In prostate cancer, 
RhoA facilitates invasiveness of PCa cells and also induces 
androgen-receptor-mediated apoptosis of PCa cells [38]. In 
our analysis, RhoA was identified as the top hub gene with 
21° and was found to be involved in Module 1 and Module 2. 
Further functional enrichment analysis revealed the involve-
ment of RhoA in wound healing, cell cycle, cell activation, 
regulation of cell–cell adhesion, pathways in cancer and Wnt 
signaling pathway highlighting its role in regulating cancer 
metastasis.

PIK3CA encodes for phosphatidylinositol-4,5-bispho-
sphate 3-kinase catalytic subunit alpha (p110α) which is 
the catalytic subunit of the enzyme phosphatidylinositol 
3-kinase (PI3K) and regulates the activation of AKT [39]. 
PIK3CA mutations are reported in various adenocarcinoma 
such as breast, colon, lung that results in the constitutive 
activation of p110α leading to the activation of AKT1 and 
its downstream component mammalian target of rapamycin 
(mTOR) and Cyclin-dependent kinase inhibitors [40–43]. 
In the case of prostate cancer upregulated expression of 
PIK3CA is reported to regulate proliferation, migration and 
invasion of PCa cells in vitro and is associated with PCa pro-
gression [44, 45]. Activation of PI3K can be a consequence 
of loss of function of phosphatase and tensin homologue 
(PTEN) reported in various cancers. PI3K–Akt–mTOR 
pathway plays a critical role in regulating metabolism, 

proliferation, cell motility and apoptosis [46]. In our analy-
sis, PIK3CA is identified as a hub gene with 19° in the PPI 
network and as a core gene of Module 3. Further enrich-
ment analysis revealed the association of PIK3CA with 
ATP binding, protein kinase activation, organ development, 
mTOR signaling pathway, apoptosis, PI3K–Akt signaling 
pathway suggesting PIK3CA to be a potential target for PCa 
therapeutics.

The tumor protein p53 (TP53) is a tumor suppressor gene, 
and its mutation is reported in almost all types of cancer 
[47–49]. The TP53 mutation is associated with various hall-
marks of cancer such as proliferation, increased migration, 
invasion, resistance to apoptosis, anchorage-independent 
growth, increased colony formation, angiogenesis and cell 
survival [50] and it serves as prognostic and predictive mark-
ers of cancer depending on the cancer type and status [51]. 
In our analysis TP53 was identified to be a hub gene with 
19° in the PPI network and is found to be core gene of Mod-
ule 3 and enriched in enzyme binding, ATP binding, protein 
kinase activity, protein phosphatase binding, wound healing, 
negative regulation of cell differentiation, cell cycle, path-
ways in cancer, MAPK signaling pathway and apoptosis, 
suggesting its association with prostate cancer progression.

Cell division control protein 42 homologue (CDC42) is 
a member of Rho GTPase family and reported to regulate 
various cellular processes governing cancer progression 
such as cell division, cellular transformation, cell invasion, 
enzyme activity, membrane trafficking and cell polarity 
thereby promoting migration of cells [52]. The upregulated 
expression of Cdc42 is reported in various cancers and is 

Fig. 4  Top 13 identified hub 
genes in prostate cancer
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associated with tumorigenesis, invasion, and metastasis [53, 
54]. For instance, in the case of cervical cancer, the expres-
sion of Cdc42 correlates positively with the grade of cervi-
cal lesions and its overexpression leads to migration and 
invasion by pseudopodia formation [55]. Similarly in the 
case of gastric cancer, inhibiting the expression of Cdc42 
induced cell cycle arrest with simultaneous downregula-
tion of MMP9 expression resulting in reduced proliferation, 
migration and invasion of gastric cancer cells [56]. In the 
case of esophageal cancer, knockdown of CXCR4 resulted 
in downregulated expression of Cdc42 resulting in reduced 
proliferation, migration, invasion of esophageal cells and 
suppression of tumor growth in xenograft models [57]. In 
case of prostate cancer also, Cdc42 regulates motility and 
invasive potential of PCa cells by actin-cytoskeleton rear-
rangement [58] also it is reported that activation of Cdc42-
associated tyrosine kinase Ack1leads to accelerated prostate 

xenograft tumor growth in mice, poor prognosis, increased 
cell motility, invasion and metastasis [59]. In our analysis, 
we found that CDC42 is identified as one of the hub gene 
with 17° in the PPI network and is found to be a core ele-
ment of the Module 2. Further biological and functional 
enrichment analysis demonstrated its association with pro-
tein binding, enzyme binding, protein kinase binding, recep-
tor binding, regulation of cell–cell adhesion, pathways in 
cancer and MAPK signaling pathway.

Mitogen-activated protein kinase (MAPK) plays an 
important role in converting extracellular signals into cel-
lular response [60] and regulate various cellular functions 
of the cell such as gene expression, differentiation, prolif-
eration, migration, apoptosis [61] and are also required for 
the induction of epithelial-mesenchymal transition (EMT) 
[62]. The MAPK signaling pathway is reported to be one of 
the most common dysregulated pathways in many cancers. 

Fig. 5  The modules of the PPI network identified using the MCode plug-in of Cytoscape: a module 1, b module 2 and c module 3
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MAPK3 was identified as a hub gene with 17° in the PPI 
network, and as a core gene of Module 3. The enrichment 
analysis demonstrated that MAPK3 is associated with pro-
tein binding, enzyme binding, ion binding, intracellular sig-
nal transduction, cell activation, cell surface receptor signal-
ing pathway revealing that MAPK3 may be involved in the 
progression of prostate cancer.

In conclusion, 496 genes were found to be differentially 
expressed in prostate cancer (DEGs) that are common targets 
of the identified panel of differentially expressed miRNAs 
(DEMs) in prostate cancer. In addition, 13 key hub genes 
were identified from the PPI network analysis of the DEGs 
which can serve as potential candidate biomarkers in the 
pathogenesis and progression of prostate cancer. The hub 
genes and the identified panel of signature miRNAs may 
serve as novel biomarkers in prostate cancer management. 
Additionally, biological and functional enrichment analysis 

showed that these identified hub genes played a key role in 
major cellular and physiological functions such as prolif-
eration, cell activation, wound healing, apoptosis, enzyme 
binding, protein kinase binding, Wnt regulation. Further, 
the DEMs-DEGs network was constructed that shed fur-
ther light into the molecular mechanisms of prostate cancer 
metastasis. However, further studies are required to validate 
and confirm our findings.
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