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Abstract: The mechanisms behind prostate adenocarcinoma (PRAD) pathogenicity remain to be understood due to
tumor heterogeneity. In the current study, we identified by microarray technology six eligible real hub genes from
already identified hub genes through a systematic in silico approach that could be useful to lower the heterogenetic-
specific barriers in PRAD patients for diagnosis, prognosis, and treatment. For this purpose, microarray technology-
based, already-identified PRAD-associated hub genes were initially explored through extensive literature mining;
then, a protein-protein interaction (PPI) network construction of those hub genes and its analysis helped us to
identify six most critical genes (real hub genes). Various online available expression databases were then used
to explore the tumor driving, diagnostic, and prognostic roles of real hub genes in PRAD patients with different
clinicopathologic variables. In total, 124 hub genes were extracted from the literature, and among those genes,
six, including CDC20, HMMR, AURKA, CDK1, ASF1B, and CCNB1 were identified as real hub genes by the degree
method. Further expression analysis revealed the significant up-regulation of real hub genes in PRAD patients of dif-
ferent races, age groups, and nodal metastasis status relative to controls. Moreover, through correlational analyses,
different valuable correlations between treal hub genes expression and different other data (promoter methylation
status, genetic alterations, overall survival (OS), tumor purity, CD4+ T, CD8+ T immune cells infiltration, and different
other mutant genes and a few more) across PRAD samples were also documented. Ultimately, from this study, a few
important transcription factors (TFS), miRNAs, and chemotherapeutic drugs showing a great therapeutic potential
were also identified. In conclusion, we have discovered a set of six real hub genes that might be utilized as new
biomarkers for lowering heterogenetic-specific barriers in PRAD patients for diagnosis, prognosis, and treatment.
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Introduction

Prostate adenocarcinoma (PRAD) is one of the
prevalent tumors of the urogenital tract world-
wide, accounting for nearly 1.4 million new can-
cer cases and 376,000 cancer-related deaths
in year 2020 [1]. Different risk factors such as

age, family history, environmental stress, oc-
cupational hazard, chemicals, radiation, and
dietary components have been reported to be
involved in PRAD development, but the studi-
es lack precise mechanistic detail [2, 3]. Mo-
reover, androgens, certain hormones, epithelial
cells, and tumor microenvironment have also
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been regarded as key players of PRAD develop-
ment and progression [4, 5].

Nowadays, PRAD diagnosis is a challenging
task due to the lack of highly specific biomark-
ers [6]. Currently, the most extensively utilized
biomarker for PRAD diagnosis is prostate-spe-
cific antigen (PSA) [7], which has limited speci-
ficity and sensitivity [8], as it leads to over-diag-
nosis at the rate of 1.7-67% [9]. Additionally,
several serum-based biomarkers expressed in
the prostate epithelium have also been used
to diagnose PRAD including Prostate Acid Ph-
osphatase (PAP) [10], Prostate-Specific Mem-
brane Antigen (PSMA) [11], Prostate Stem Cell
Antigen (PSCA) [12], and Prostate Cancer gene
3 (PCA3) [13]; however, none of these biomark-
ers is ideal.

In the past decade, researchers have widely
used next-generation sequencing (NGS) and
microarray techniques to discover new bio-
markers and therapeutic targets of PRAD [14].
However, the small sample size in individual
studies has created substantial inter-study vari-
ability. In order to address this issue, worldwide
available datasets on PRAD expression have
been submitted to the Gene Expression Om-
nibus (GEO) database [15] by researchers so
that these datasets can be integrated further
using diverse methodologies to discover bio-
markers as hub genes. Previous studies have
integrated different PRAD GEO expression da-
tasets to discover PRAD-associated hub genes
as biomarkers [14, 16, 17]; however, keeping in
view the fact that biomarkers are highly race,
age, and nodal metastasis status-specific
biomolecules, and knowing that GEO-based
PRAD microarray expression datasets belong
to PRAD patients of diverse attributes including
different races, ages, and nodal metastasis
status, it is clinically impossible to use already-
identified GEO-based biomarkers in PRAD
patients with different clinical variables over
the heterogeneity-specific barriers.

Therefore, based on already-reported biomark-
ers (hub genes) from GEO microarray expres-
sion datasets of PRAD, it is necessary to dis-
cover a system of some diagnostic and pr-
ognostic biomarkers that could commonly be
employed in PRAD patients with different clini-
cal variables over the heterogeneity-specific
barriers for better management of cancer.

In this study, six hub genes including CDC20,
HMMR, AURKA, CDK1, ASF1B, and CDC20,
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were explored and validated as novel biomark-
ers of PRAD patients across the race, age, and
nodal metastasis status heterogeneity-specific
barriers through an in silico approach.

Materials and methods
Hub gene extraction by literature mining

We carried out a PubMed-based search to
explore research articles that analyzed PRAD
GEO microarray datasets to identify hub genes
until August 2021. Two keywords used for se-
arch purpose were “Hub genes AND Prostate
cancer/adenocarcinoma” and “Hub genes AND
Prostate neoplasia”. Moreover, to refine the
search, an “Original article” filter was also em-
ployed during the search process. At the com-
pletion of search process, a total of 222 ori-
ginal articles appeared, out of which only 17
articles were selected for further data extrac-
tion which collectively used 35 GEO PRAD mi-
croarray datasets and identified numerous hub
genes. After selecting the articles, we manually
extracted and combined all the identified hub
genes reported in these articles to make a con-
solidated pool.

Real hub gene exploration by protein-protein
interaction network, and their enrichment
analysis

STRING database (http://www.stringdb.org/)
[18] was herein used to construct a PPl net-
work of pooled hub genes. Then, the construct-
ed PPl network was analyzed by Cytoscape
(v.3.51) [19], which helped us to identify the
most significant module and real hub genes in
the PPI network using MCODE and Cytohubba
applications. Ultimately, the DAVID tool was
employed to explore the real hub genes-relat-
ed Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) terms. A p-val-
ue of <0.05 was set as the filter criterion.

Real-hub genes-related mRNA expression level
variations

In this study, A UALCAN [20] based TCGA PRAD
dataset consisting of 497 cancerous and 52
normal samples was used to analyze the ex-
pression variations in the real hub gene expres-
sion. For statistics, a t-test was employed and
gene expression data were normalized as tran-
script per million (TPM) reads. A p-value <0.05
was considered significant.
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Transcription and translation expression
validation of real hub genes by TIMER, GENT2,
GEPIA, DriverDBV3, and human protein atlas
(HPA) dataset analysis

The TIMER (http://timer.cistrome.org/) [21],
GENT2 (http://gent2.appex.kr/gent2/) [22],
GEPIA (http://gepia.cancer-pku.cn/), Driver-
DBV3 (http://driverdb.tms.cmu.edu.tw/) [23],
and HPA (https://www.proteinatlas.org/) [24]
are the publicly available tools specialized in
the TCGA or published cancer-related multi-
omics data mining and analysis [21]. In this
study, we utilized TIMER, GENT2, GEPIA, and
DriverDBV3 tools for the mRNA expression vali-
dation, while using HPA for the translational
expression validation of the real hub genes
using new independent cohorts of PRAD pa-
tients. In addition, we also used one of these
tools, UALCAN to validate the expression of real
hub genes in PRAD patients of different races,
ages, and nodal metastasis status. For statis-
tics, TIMER, GENT2, GEPIA, and DriverDBV3
used a Student t-test and normalized the
obtained mRNA expression as transcript per
million (TPM) reads, while in HPA, translational
expression is measured based on antibody-
based images and mass spectrometry-based
proteomics. A p-value <0.05 was considered
significant.

Exploring correlation among real hub gene ex-
pression and their promoter methylation levels

MEXPRESS (https://mexpress.be/) [25] data-
base was used here in the study to explore cor-
relations among real hub gene expression and
their promoter methylation levels across PRAD
through Pearson correlation analysis. A p-value
<0.05 was considered significant.

Effect of real hub genes dysregulation on the
survival of PRAD patients

Kaplan-Meier Plotter (KM Plotter, http://km-
plot.com/analysis/) repository has the capacity
to store and retrieve huge amounts of data
based on measuring the impact of 54k genes
on the survival duration of more than 20 types
of cancer patients [26]. Herein, we used this
tool to analyze the effect of real hub genes on
the Overall Survival (OS) of PRAD patients. A
p-value <0.05 was considered significant.

cBioPortal

cBioPortal database (http://www.cbioportal.
org) [27] was utilized in this study to explore
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genomic alteration and mutational hotspots in
real hub genes across PRAD samples.

TIMER database

Using TIMER database (https://cistrome.shin-
yapps.io/timer/) [28] we explored the asso-
ciations among tumor purity, CD4+ T, CD8+ T
immune cells infiltration, and the mRNA expr-
ession level of real hub genes across PRAD
samples. A p-value <0.05 was considered
significant.

TF-miRNA-mRNA network

TF-miRNA-mRNA network related to real hub
genes was constructed using ENCORI (http://
starbase.sysu.edu.cn/) databases [29]. More-
over, Cytoscape (3.8.2) was further used to
visualize and analyze the interaction network
between targeted TFs, miRNAs, and real hub
genes mRNA.

dbDEMC analysis

The dbDEMC database (http://www.picb.ac.cn/
dbDEMC/index.html) [30] is dedicated to miR-
NAs expression profiling across multiple human
cancers. The expression profiling of miRNAs
targeting real hub genes in PRAD was done
using the dbDEMC database.

CancerSEA analysis

CancerSEA  (http://biocc.hrbmu.edu.cn/Can-
cerSEA/) is developed for decoding Pearson
correlation between gene(s) of interest and 14
different functional states at a single-cell le-
vel in human cancers [31]. Herein, we utilized
CancerSEA to explore the correlation between
real hub genes and the above-mentioned func-
tional states in PRAD. A p-value <0.05 was con-
sidered significant.

MuTarget analysis

The MuTarget (https://www.mutarget.com/) is
an online platform which associates gene ex-
pression alterations with mutational status in
human cancers [32]. In our study, we used this
platform to identify the mutant genes respon-
sible for the expression alteration in the real
hub genes across PRAD samples. A p-value
<0.05 was considered significant.

Novel drugs prediction for real hub genes

Comparative toxicogenomics database (CTD,
http://ctdbase.org/) [33], which in-house the
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Table 1. List of the PRAD microarray expression datasets and the hub genes extracted selected studies

Source of

Dataset No. samples C/N origin Extracted hub genes References

GSE6919 232/272 USA  RRM2, KIFC1, TACC3, PRC1, BIRC5, CDK1, ASF1B, [109-125]

GSEB956 15/75 Maryland E2F1, RACGAP1, MYBL2, TPX2, CDC20, TOP2A,

GSE32448 0/40 Maryland NUSAP1, UBE2T, LMNB1, CCNB1, ZWINT, STMN{,

GSE30571 30/49 Germany TK1, CDH1, BMP2, NKX3-1, PPARG, PRKAR2B,
EGFR, VEGFA, PIK3R1, DLG4, TGFBR1, KIT, HSPAS,

GSE35988 28/59 USA  ppp2R1A, CTNNB1, ADCY5, ANXA1, COL9A2,

GSE46602 0/50 Denmark EPCAM, TWIST1, CD38, TCF3, MYC, MAX, CYP26A1,

GSE68555 181/263 USA SREBF1, IFITM1, RTP4, ACSF2, GSTM2, GSTM1,

GSEG9223 15/15 Germany ACOX2, COL4AG, ITGA2, AKR1B1, NPY, CFTR, GPX7,

GSE70768 82/117 UK ALDH3A1, CRYZ, ALDH2, MAOB, GSTP1, GPX3, XAF1,
BST2, FABP4, IGFBP3, THBS1, GJA1, UBE2C, KIF20A,

GSE88808 0/98 USA  PTTG1, TPM1, TAGLN, LMOD1, MYLK, ACTA2, TPM2,

GSE26910 12/12 ltaly ~ ACTG2, MYH11, MYLO, CALD1, IGF1, CD44, ITGBA4,

GSE64318 28/26 USA BCL2, LPAR3, LPAR1, TTK, CNN1, PBK, RAP1A,

GSE60329 21/109 aly  |1ga1, COL1A1, NMU, GAL, F2RL1, PTGFR, AR, CXCR7,

GSE103512 7/60 USA CCR7, NDRG1, NK3, CCNB2, CKS2, HMMR, CDKN3,

GSE45016 1/10 Japan  AURKA, SPP1, FOS, and FOXA1

GSE104749 4/4 China

GSE55323 0/40 USA

GSE26245 0/96 USA

GSE26247 41/70 USA

GSE65061 0/43 USA

GSE62610 14/22 Denmark

GSE46738 18/18 France

GSE112047 16/31 Canada

GSE76938 63/73 USA

GSE7930 0/6 USA

GSE6605 0/75 USA

GSE6606 0/196 USA

GSE26022 41/29 USA

GSE30521 0/23 China

GSE3325 6/13 USA

GSE104935 0/10 USA

GSE64143 0/2 USA

GSE120005 0/3 USA

GSE32269 4/51 USA

Total = 35 Total = 882/2073 Total = 124

information of relations between chemicals,
genes of interest and diseases is used in this
study to predict the novel drugs associated
with real hub genes.

Results
Hub gene extraction through literature mining

In total, 17 articles were shortlisted which de-
alt with GEO PRAD microarray datasets and
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searched numerous hub genes. These studies
were further explored to extract the hub genes
in these studies and construct a pool after nor-
malizing the duplicated genes. Ultimately, we
were able to get a consolidated pool of 124 hub
genes from 35 GEO microarray datasets con-
sisting of 882 PRAD and 2073 normal samples
(Table 1). The original data without normaliza-
tion can be found in the Supplementary Table
1.
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Real hub gene exploration from protein-protein
interaction network, and their enrichment
analysis

A STRING-based PPl network of pooled hub
genes was obtained initially (Figure 1A). After
that, MCODE and the Cytohubba application
(via degree method) of Cytoscape were poten-
tially used to analyze the significant module
and identify the top six PRAD-linked genes (real
hub genes). The identified module was consist-
ed of 33 hub genes (Figure 2B, 2C), and via
degree method the identified real six hub gen-
es were included CDC20, HMMR, AURKA,
CDK1, ASF1B, and CCNB1 (Figure 1C and
Table 2). Moreover, GO and KEGG enrichment
analysis revealed the involvement of real hub
genes in different GO and KEGG terms includ-
ing G2/M transition of mitotic cell cycle, etc.,
BP terms, Centrosome etc. CC terms, Histone
Kinase activity etc. MF terms (Figure 2 and
Table 3), and Oocyte meiosis etc. KEGG terms
(Figure 2D and Table 4).

Real hub gene expression analysis and valida-
tion

Expression analysis and validation of real hub
gene expression (at mMRNA and protein levels)
across controls and cancerous samples of
PRAD patients with different clinicopathologic
variables including different races, ages, and
nodal metastasis status was carried out th-
rough six different reliable platforms including
UALCAN, TIMER, GENT2, GEPIA, DriverDBV2,
HPA database. In view of the results of mRNA
and protein expression analysis and validation
using six different platforms including UALCAN,
TIMER, GENT2, GEPIA, DriverDBV3, and HPA,
it was observed that real hub genes (CDC20,
HMMR, AURKA, CDK1, ASF1B, and CCNB1)
were significantly (P<0.05) overexpressed at
both mRNA and protein levels in PRAD patients
of different race, age group, and nodal metas-
tasis status as compared to controls (Figures
3-5).

Promoter methylation analysis of real hub
genes in PRAD relative to controls

Associations between the promoter methyla-

tion and expression of real hub genes across
PRAD samples relative to controls were ana-
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lyzed by MEXPRESS. Results of the analysis
revealed that all real hub genes including
CDC20, HMMR, AURKA, CDK1, ASF1B, and
CCNB1 were found notably hypomethylated
relative to controls (Figure 6).

Prognostic significance of real hub genes

Prognostic significance of real hub genes in
estimating the OS of PRAD patients was ana-
lyzed using KM plotter. In view of the analysis
results, higher expressions of CDC20, HMMR,
AURKA, CDK1, ASF1B, and CCNB1 were found
to be significantly (P<0.05) associated with re-
duced OS of the PRAD patients (Figure 7).
Therefore, it is speculated that those real hub
genes could be potential prognostic biomark-
ers of PRAD patients for predicting their OS
outcomes.

Real hub genes-associated genomic altera-
tions

Six real hub gene-associated genomic altera-
tion information was taken from three TCGA
PRAD datasets including: Prostate Adenocar-
cinoma (MSKCC/DFCI, Nature Genetics 2018),
Prostate Adenocarcinoma (TCGA Firehose Le-
gacy), and Prostate Adenocarcinoma (TCGA
PanCancer Atlas), available through cBioPortal
platform. In view of our results, varying degrees
of genetic variation were observed in real hub
genes across PRAD samples. Out of all real
hub genes, CCNB1 had shown the highest inci-
dence rate (5%) of genetic variations followed
by CDK1, which has shown the second highest
genetic variations rate (2.9%). Other real hub
genes, including HMMR, AURKA, CDC20, and
ASF1B have shown genetic variations rates of
2%, 1.2%, 1%, and 0.4% in PRAD samples, res-
pectively. Moreover, in all six real hub genes,
the most frequently observed genetic altera-
tion was deep amplification (Figure 8A). In addi-
tion, we further observed that the most fre-
quent mutation in the CDC20 gene (W317%)
was located in WD40 domain (Figure 8B).
Similarly, in AURKA, the most frequently ob-
served mutation (R220G) was present in the
Pkinase domain (Figure 8B), while no muta-
tions were detected in ASF1B and CCNB1.
However, on the other hand, mutations in
HMMR were found outside any functional
domain (Figure 8B).

Am J Transl Res 2022;14(6):3658-3682
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Figure 1. A PPI network construction and exploration of real hub genes. (A) A PPl network of extracted hub genes, (B) A significant module inside the PPI network,
(C) Hub genes inside the significant module, and (D) Six identified real hub genes.
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Figure 2. Enrichment (GO and KEGG) of real hub genes. (A) BF enrichment, (B) CC enrichment, (C) MF enrichment,
and (D) KEGG enrichment. A p-value <0.05 was considered significant.

Table 2. List of the real hub genes identi-
fied from a PPI network of the extracted 124
PRAD related hub genes

Sr. No Name of the MCODE Node MCODE
gene Status Score

1 CDC20 Clustered 22.78769
2 HMMR Clustered 22.78769
3 AURKA Clustered 22.78769
4 CDK1 Clustered 22.78769
5 ASF1B Clustered 22.78769
6 CCNB1 Clustered 22.78769
3664

Immune cells infiltration analysis of real hub
genes

By Spearman correlation analysis through the
TIMER database, we observed notable positive
correlations between real hub genes expres-
sion, tumor purity, and CD4+ T immune cells
infiltration levels across PRAD samples (Figure
9). In addition, this analysis also showed a
negative correlation between real hub genes
expression and CD8+ T immune cells infiltra-
tion level across PRAD samples.

Am J Transl Res 2022;14(6):3658-3682
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Table 3. Details of the GO analysis of identified hub genes extracted from various GEO PRAD expres-
sion microarray datasets

Gene
GO Term GO ID P-value Gene name
count
BP
G0:0000086 G2/M transition of mitotic cell cycle 4 5.249880697116876E-6 CCNB1, CDK1, HMMR,
AURKA
G0:0042787 Protein ubiquitination 4 7.3188630105038734E-6  CDC20, CCNB1, CDK1,
AURKA
G0:0051301 Cell division 4 8.703225761335279E-5 CDC20, CCNB1, CDK1,
AURKA
G0:0007067 Mitotic nuclear division 3 0.002109580844250449 CDC20, CDK1, AURKA
G0:0045931 Positive regulation of mitotic cell cycle 2 0.00831053212854763 CCNB1, CDK1
cc
G0:0005813 Centrosome 4 1.224777247874113E-4  CDC20, CCNB1, CDK1,
AURKA
G0:0005654 Nucleoplasm 5 0.0023863917920581195 CDC20, CCNB1, CDK1,
AURKA, ASF1B
G0:0005829 Cytosol 5 0.004671535818422827 CDC20, CCNB1, CDK1,
HMMR, AURKA
G0:0072686 Mitotic spindle 2 0.011199624811404262 CDK1, AURKA
G0:0005876 Spindle microtubule 2 0.012015152655811594 CDK1, AURKA
MF
G0:0035173 Histone kinase activity 2 0.0011843428611568918 CCNB1, CDK1
G0:0004693 Cyclin-dependent protein serine/threonine 2 0.010031192883095138 CCNB1, CDK1
kinase activity
G0:0005515 Protein binding 6 0.03814879524822187  CDC20, CCNB1, CDK1,

HMMR, AURKA, ASF1B

Table 4. Details of the KEGG pathway analysis of identified hub genes extracted from various GEO

PRAD expression microarray datasets

Pathway ID Pathway Name Gene P-value Gene name

count
hsa04114 Oocyte meiosis 4 1.616848175824832E-5 CDC20, CCNB1, CDK1, AURKA
hsa04110  Cell cycle 3 0.0018887038532489457 CDC20, CCNB1, CDK1
hsa04115 p53 signaling pathway 2 0.038401909244846745 CCNB1, CDK1
hsa04914  Progesterone-mediated oocyte maturation 2 0.0496477278983673  CCNB1, CDK1
hsa05203 Viral carcinogenesis 2 0.04970365119958482 CDC20, CDK1

TFS-miRNA-mRNA network

TFS-miRNA-real network of real hub genes was
constructed in this study by ENCORI and dis-
played by Cytoscape. In the constructed net-
work, we identified degree of centrality based
one TF (E2F1), and one miRNA (hsa-mir-124-
3p) as the most crucial TF and miRNA due to
their ability to target all six real hub genes.
Therefore, the explored TFS-miRNAs-real hub
genes co-regulatory network in this study has
shown that the E2F1-hsa-mir-124-3p/CDC20/
HMR/AURKA/CDK1/ASF1B/CCNB1 axis is a
possible inducer of PRAD. For further verifica-
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tion of the identified TF and miRNA roles in
inducing PRAD by up-regulating the real hub
genes, the expressions of E2F1 and has-mir-
124-3p in PRAD samples relative to controls
were checked by UALCAN and dbDEMC, res-
pectively. Results of the analysis showed a
significant up-regulation of E2F1 and down-reg-
ulation of hsa-mir-124-3p was also observed in
PRAD samples relative to normal controls. In
light of this evidence, we suggested that up-
regulated E2F1 and down-regulated has-miR-
124-3p may also exert PRAD inducing effects
by up-regulating their target real hub genes
(Figure 10).

Am J Transl Res 2022;14(6):3658-3682
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Figure 7. KM plotter-based OS analysis of real hub genes expression in PRAD patients. A p-value <0.05 was consid-

ered significant.

Single-cell functional analysis

CancerSEA has helped us in this study to fur-
ther decode the important roles of real hub
genes in PRAD at the single-cell level. In view of
the analysis results, real hub genes (CDC20,
HMMR, AURKA, CDK1, ASF1B, and CCNB1)
were noted to be linked (positively or negative-
ly) with fourteen different states (Figure 11A)
in PRAD. However, out of these fourteen sta-
tes, real hub genes expression was notably
positively correlated with only Proliferation,
DNA Damage, Invasion, Apoptosis, and Hypo-
xia (Figure 11B).

Real hub genes association with different
other mutant genes

By MuTarget, top three mutant genes with
FC>1.4, P<0.05, and somatic mutation rate
>1% conditions were explored in this study.
These positively correlated mutant genes with
real hub genes expression are TP53, MYOO9A,
and KIF13A with CDC20, TP53, JAK1, and
XIR2P with HMMR, TP53, XIR2P, and MYO9A
with AURKA, TP53, JAK1, and XIR2P with CDK1,

3670

MYO3A, MYO9A, and JAK1 with ASF1B, and
MUC17, JAK1, and XIR2P with CCNB1 (Supple-

mentary Figure 1).

Novel drug prediction for real hub genes

Given the associations between real hub gene
expression and PRAD outcome, we speculated
that drugs potentially affecting real hub genes
expression might be valuable in the antitumor
treatment of PRAD. Therefore, we also search-
ed for drugs targeting CDC20, HMMR, AURKA,
CDK1, ASF1B, and CCNB1 to regulate their
expression. For instance, estradiol and diethyl-
nitrosamine were found in this study that can
elevate CDC20 expression while aflatoxin B1
and bisphenol A are capable of reducing CDC20

expression level (Supplementary Figure 2).

Discussion

Prostatic adenocarcinoma (PRAD) is a tumor
with complex characteristics and can be life-
threatening if not diagnosed in time [34]. In this
study, we explored a few more closely linked
real hub genes with PRAD by utilizing already

Am J Transl Res 2022;14(6):3658-3682
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Figure 8. Frequency and distribution of genomic alterations associated with real hub genes in PRAD. (A) Frequency
of genomic alteration, and (B) Distribution of mutations in protein domains of real hub genes.

reported hub genes based on PRAD GEO ex- Next, a STRING-based PPl network of 124 hub
pression datasets. Initially, from 17 selected genes was analyzed by Cytoscape to explore
studies, we manually isolated 124 hub genes six significantly PRAD-related real hub genes
and combined them to get a consolidated pool. by degree method. The top six selected real
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Figure 9. Correlation analysis of real hub genes expression with tumor purity, CD4+ T, and CD8+ T cells in PRAD. (A) CDC20, (B) HMMR, (C) AURKA, (D) CDK1, (E)
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hub genes are CDC20, HMMR, AURKA, CDK1,
ASF1B, and CCNB1. The GO and KEGG analysis
of real hub genes revealed their significant
(P<0.05) roles in diverse GO and KEGG terms
(Figure 2).

CDC20 gene encodes for a CDC20 protein that
exhibits ubiquitin ligase activity and acts as a
critical factor for inhibiting S-M phase CDKs
[35]. It is also a part of spindle assembly che-
ckpoint protein to ensure activation of ana-
phase [36]. CDC20 acts as a proto-oncogene
in promoting human carcinogenesis and its
overexpression has been associated with the
aggressiveness of prostate cancer [37], breast
cancer [38], lung carcinogenesis [39], glioblas-
toma [40], head and neck cancer [41], urothe-
lial bladder cancer [36], cervical squamous cell
carcinoma [42], PDAC [43] gastric cancer [44,
45], tumor progression in hepatocellular carci-
noma [46], and melanoma [47]. In the present
study, we have observed the significant (P<
0.05) overexpression of CDC20 across PRAD
samples of different clinicopathologic charac-
teristics relative to controls.

HMMR, also called CD168, encodes a protein
that is involved in cell motility and acts as a
receptor for hyaluronic acid (HA) [48]. Upon
binding with HA, HMMR interacts with micro-
tubules, regulates mitosis, and results in cellu-
lar transformation by activating ERK1/2-MEK1
and MAPK pathways [49]. HMMR is over-ex-
pressed in many cancers and results in the
development and progression of tumors. Ear-
lier, the up-regulation of HMMR was reported in
prostate cancer [50], acute lymphoid leukemia
and acute myeloid leukemia (AML) [51], epithe-
lial ovarian cancer [52], esophageal adenocar-
cinoma [53], and head and neck carcinoma
[54]. In our study, we found its significant
(P<0.05) up-regulation across PRAD patients
with different clinical characteristics relative to
controls.

AURKA is a serine/threonine kinase that helps
in cell cycle regulation [55]. AURKA overexpres-
sion has been associated with different can-
cers including prostate cancer [56], breast
cancer [57] colon tumorigenesis [58], gastric
cancer [59], head and neck cancer [60], liver
metastasis [61], hepatocarcinogenesis [62],
bladder cancer [63], NSCLC progression [64],
ovarian cells [65], and esophageal cancer [66].
Moreover, many subsequent studies have also
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been carried out to evaluate the AURKA expres-
sion level in PRAD, still, its role is poorly under-
stood. In the current study, we have document-
ed the significant (P<0.05) up-regulation of
AURKA in PRAD patients with different clinical
characteristics relative to controls.

CDC2 gene encodes for CDK1, which is a cell
cycle checkpoint and also helps in cell cycle
regulation [67]. Up-regulated CDK1 is known as
an inducer of prostate cancer [68], breast can-
cer [69, 70], lung cancer [71, 72], thyroid can-
cer [73], cervical cancer [74], oral squamous
cell carcinoma [75], melanomas [76], pancre-
atic ductal adenocarcinoma (PDAC) [77], ovari-
an cancer [78, 79], and hepatocellular carcino-
ma [80]. In our study, we found that CDK1 was
significantly (P<0.05) overexpressed in PRAD
patients with different clinical characteristics
relative to controls.

ASF1B encodes for a member of the H3/H4
histone family [81], which is involved in mediat-
ing nucleosome structure by constant histone
supply and replication-dependent chromatin
assembly [82]. ASF1B up-regulation has alrea-
dy been reported in many cancers, such as
prostate cancer [83] breast cancer [84], gas-
trointestinal cancer [85], renal cancer [86, 87],
lung cancer [88], cervical cancer [89], colorec-
tal cancer [90], bladder cancer, head and neck
cancer, brain, and central nervous system can-
cers [91]. In contrast, a study has also reported
that the higher expression of ASF1B in gastric
cancer inhibits its proliferation by the Bax/Bcl-
2-p53 pathway [92]. In the current study, we
have documented the significant (P<0.05) up-
regulation of ASF1B in PRAD patients with dif-
ferent clinicopathologic features relative to
controls.

CCNB1 encodes for the mitotic regulatory pro-
tein cyclin B1, which forms a maturation-pro-
moting factor with CDC2 to control the G2-M
transition phase of the cell cycle [93]. CCNB1
up-regulation has been found to be associated
with various cancers including prostate cancer
[94], colorectal cancer [95], oral carcinoma
[96], hepatocellular carcinoma [97], gastric
cancer [98], esophageal cancer [99], NSCLC
[100, 101], pancreatic cancer [102], cervical
cancer [103], and rhabdomyosarcoma [104]. In
this study, we found its significant (P<0.05) up-
regulation in PRAD patients of different clinical
characteristics as compared to the normal con-
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trols. Taken together, using expression profiling
of the real hub genes including CDC20, HMMR,
AURKA, CDK1, ASF1B, and CCNB1, we have
suggested that up-regulation of these six gen-
€s may serve as a potential biomarker in PRAD
patients regardless of different clinical charac-
teristics relative to controls. The results of cor-
relational analysis between the mRNA expres-
sion of the real hub genes OS duration of the
PRAD patients showed that overexpression of
the real hub genes served as a good progno-
stic factor for measuring the OS of PRAD
patients, suggesting the application of these
genes as prognostic biomarkers.

Through genetic alteration analysis, our re-
search revealed that real hub genes genetica-
lly altered or gain and lose their copies in the
very low proportion of the PRAD patients. In
addition, it was also observed that mutations
in the real hub genes (CDC20, HMMR, AURKA,
and CDK1) can alter amino acids at different
positions in the resultant proteins. Further-
more, the correlational analysis between the
MRNA expression and promoter methylation
level of the real hub genes in PRAD revealed
the expected significant (P<0.05) negative cor-
relation. Therefore, it is speculated that pro-
moter hypomethylation might have played a
significant role in the up-regulation of real hub
genes in PRAD.

The key components of anticancer immunity
are tumor purity, CD4+ T, and CD8+ T immune
cells [105]. In the current research, we found
correlations among tumor purity, CD4+ T im-
mune cell infiltration, CD8+ T immune cell infil-
tration, and real hub gene expression in PRAD.
Results have shown that real hub genes have a
positive correlation with tumor purity and
CD4+ T immune cell infiltration in PRAD, while a
negative correlation with CD8+ T immune cells
infiltration. Previously, CD4+ T and CD8+ T im-
mune cells infiltrations were used as a marker
in laryngeal squamous cell carcinoma [106].
Moreover, CD8+ T and CD4+ T immune cell infil-
tration were also utilized successfully for the
personalized immunotherapy treatment of LS-
CC [107]. Importantly, prior to our knowledge,
this research is the first to explore the correla-
tions between real hub gene expression (CD-
C20, HMMR, AURKA, CDK1, ASF1B, CCNB1)
and CD4+ T and CD8+ T immune cells infiltra-
tion in PRAD. These correlations may bring new
ideas for the personalized treatment of PRAD.
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Through TFS-miRNA-real hub genes co-regula-
tory analysis, we observed that one TF (E2F1)
and one miRNA (has-miR-124-3p) target all six
real hub genes. It is already acknowledged by
the previous studies that 5 miRNAs including
has-miR-23b has-miR-20a, has-let-7d has-miR-
20b, and has-let-7a, 6 mRNAs including VEGFA,
TGFBR1, PIK3R1, EGFR, DLG4, and KIT, and 2
TFS including NR3C1, NRG1 are the important
modulators of the PRAD [108]. In view of the
results of the present study, we suggest that
E2F1-has-miR-124-3p/CDC20/HMMR/AURKA/
CDK1/ASF1B/CCNB1 TFS-miRNAs-real hub ge-
nes co-regulatory networks can also be used as
new molecular biomarkers in PRAD. Moreover,
the identified axis can also be used as thera-
peutic targets in the treatment of PRAD for
regulating the gene expression of the real hub
genes. As far as we know, this research is the
first to report tumorigenesis roles of E2F1, and
has-miR-124-3p together with CDC20, HMMR,
AURKA, CDK1, ASF1B, CCNB1 in PRAD.

To understand the in-depth biological roles of
real hub genes in PRAD development, we uti-
lized the cancerSEA database to analyze their
correlation with 14 different states in PRAD at
the single-cell level. In view to our results, real
hub genes were significantly positively corre-
lated with Proliferation, DNA Damage, Invasion,
Apoptosis, and Hypoxia in PRAD. To the best of
our knowledge, this research is the first to col-
lectively investigate the roles of identified hub
genes in PRAD development with respect to
Proliferation, DNA Damage, Invasion, Apoptosis,
and Hypoxia.

Usually, prostate cancer patients harboring a
variety of somatic mutations yet do not have
appropriate targeted therapies [126]. There-
fore, in our study, we expanded the real hub
genes network using the muTarget platform to
identify mutant genes that alter the expression
of real hub genes. The top 3 mutant genes
which positively correlated with the expression
of each real hub gene are TP53, MYO9A, and
KIF13A with CDC20, TP53, JAK1, and XIR2P
with HMMR, TP53, XIR2P, and MYO9A with
AURKA, TP53, JAK1, and XIR2P with CDK1,
MYO3A, MYO9A, and JAK1 with ASF1B, and
MUC17, JAK1, and XIR2P with CCNB1.. This type
of link between mutant genes and real hub
genes expression may be helpful in designing
multi-gene and personalized therapeutic strat-
egies for PRAD patients. In addition, we have
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identified a few drugs that could target the real
hub genes and may affect the abnormal expre-
ssion level, and could be part of therapeutic
strategies.

Conclusion

Heterogeneity-specific barriers offered by can-
cer cells is one of the main issue limiting the
effective diagnosis, predication of prognosis,
and the efficiency of treatment outcomes.
Collectively, our results have led us to the iden-
tification of six real hub genes which can be
used for lowering heterogenetic-specific barri-
ers in PRAD patients for accurate diagnosis
and predicting the prognosis more precisely.
Furthermore, the findings of this study may also
enhance our understanding of PRAD develop-
ment and progression and help to identify ther-
apeutic targets for the better treatment.
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Supplementary Table 1. Row list of PRAD-associated hub genes extracted from previous studies

No. of hub

Dataset Name of hub genes Reference
genes
GSEG919 RRM2, KIFC1, TACC3, PRC1, BIRC5, CDK1, ASF1B, E2F1, RACGAP1, 20 (1]
GSE6956 MYBL2, TPX2, CDC20, TOP2A, NUSAP1, UBE2T, LMNB1, CCNB1, ZWINT,
GSE32448 STMN1, and TK1
GSE32571
GSE35988
GSE46602
GSE68555
GSE69223
GSE70768
GSE88808
GSE26910 CDH1, BMP2, NKX3-1, PPARG and PRKAR2B 6 2]
GSE64318 EGFR, VEGFA, PIK3R1, DLG4, TGFBR1 and KIT 6 [3]
GSE46602
GSE55945 HSPAS8, PPP2R1A, CTNNB1, ADCY5, ANXA1, and COL9A2 6 4]
GSE60329
GSE103512
GSE32448 EPCAM, TWIST1, CD38 and VEGFA 6 5]
GSE45016
GSE46602
GSE104749
GSE55323 TCF3, MYC, MAX, CYP26A1 and SREBF1 5 [6]
GSE26245
GSE26247
GSE65061
GSE62610
GSE46738
GSE112047  IFITM1, RTP4, ACSF2, GSTM2, GSTM1, ACOX2, COL4AG, ITGA2, 19 [7]
GSE76938 AKR1B1, NPY, CFTR, GPX7, ALDH3A1, CRYZ, ALDH2, MAOB, GSTP1,
GPX3, XAF1, and BST2
GSE7930 FABP4, IGFBP3, THBS1, and GJA1 4 8]
GSE32571 UBE2C, KIF20A, CDC20, PTTG1 and TOP2A 5 9]
GSE6B605 TPM1, TAGLN, LMOD1, MYLK, ACTA2, TPM2, ACTG2, MYH11, MYL9 and 10 [10]
GSE6606 CALD1
GSE26022 EGFR, VEGFA, IGF1, PIK3R1, CD44, ITGB4, ANXA1, BCL2, LPAR3, LPAR1 10 [11]
GSE30521
GSE46602
GSE69223 CCNB1, TTK, CNN1, and ACTG2 4 [12]
GSE3325 PBK, RAP1A, GNAS, RAB39B, COPZ2, KLF4, BACE1 and COL12A1 8 [13]
GSE6919
GSE70768 ALB, ACACB, KLK3, CDH1, IL10, ALDH1A3, KLK2, ALDH3B2, HBA1, 10 [14]
COL1A1
GSE104935 NMU, GAL, LPAR3, F2RL1, PTGFR, AR, CXCR7, CCR7, NDRG1, NK3, 11 [15]
GSE64143 NKX3-1
GSE120005
GSE6919 UBE2C, CCNB2, CKS2, HMMR, AR, CDKN3, TPX2, AURKA, SPP1, FOS 10 [16]
GSE32269
GSE103512  KLK3, CDH1, KLK2, FOXA1, EPCAM 5 [17]
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Supplementary Figure 1. Real hub genes positively correlated with mutant genes in PRAD from MuTarget. (A) Top 3 correlated genes with CDC20, (B) Top 3 cor-
related genes with HMMR, (C) Top 3 correlated genes with AURKA, (D) Top 3 correlated genes with CDK1, (E) Top 3 correlated genes with ASF1B, and (F) Top 3
correlated genes with CCNB1. A p-value <0.05 was significant.
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Supplementary Figure 2. Screening of real hub genes associated with chemotherapeutic drugs. (A-F) Indicates chemotherapeutic drugs that can decrease or in-
crease the expression of the real hub genes. (A) CDC20 relevant drugs, (B) HMMR relevant drugs, (C) AURKA relevant drugs, (D) CDK1 relevant drugs, (E) ASF1B
relevant drugs, and (F) CCNB1 relevant drugs. Red arrows: drugs that increase expression, Green arrows: drug that decrease expression. The numbers of arrows
represent the number of supportive studies in the literature.



