Am J Transl Res 2025;17(8):5896-5913
www.ajtr.org /ISSN:1943-8141/AJTR0163523

Original Article
Decoding hub gene networks and miRNA interplay in
Wilms tumor pathogenesis and therapeutic sensitivity

Weiwei Peng!, Muhammad Haider?, Salam Adil Ahnmed?, Rong Wang?, Naeem ul Hag*, Muhammad
Sohaib Aslam?®, Majid Alhomrani®’, Anmad A Alghamdi®, Abdullah A Algasem?®, Jamil A Samkari®,
Ahmed M Basrit**2, Muhammad Jamil*®

1School of Medicine and Pharmacy, Hunan Vocational College of Electronic and Technology, Changsha 410200,
Hunan, China; 2Department of Cardiology, Eastbourne District General Hospital, Eastbourne BN21 2YT, UK; 3De-
partment of Medical Laboratory Technology, Shaglawa Technical College, Erbil Polytechnic University, Erbil, Iraq;
“Department of Neurosurgery, Bacha khan Medical College/Mardan Medical Complex, KPK, Pakistan; °Depart-
ment of Pathobiology, Riphah College of Veterinary Science, Riphah International University, Lahore 54000, Paki-
stan; ®Department of Clinical Laboratories Sciences, The Faculty of Applied Medical Sciences, Taif University, Taif
21944, Saudi Arabia; "Research Centre for Health Sciences, Taif University, Taif 21944, Saudi Arabia; Depart-
ment of Clinical Laboratories Sciences, College of Applied Medical Sciences, Taif University, P.O. Box 11099, Taif
21944, Saudi Arabia; °Department of Medical Laboratory, College of Applied Medical Sciences, Prince Sattam bin
Abdulaziz University, Al-Kharj 11942, Saudi Arabia; *°Department of Family and Community Medicine, Faculty of
Medicine, King Abdulaziz University, Rabigh 21589, Saudi Arabia; *'Department of Medical Laboratory Sciences,
Faculty of Applied Medical Sciences, King Abdulaziz University, Jeddah 21589, Saudi Arabia; *>Embryonic Stem
Cell Unit, King Fahd Medical Research Center, King Abdulaziz University, Jeddah 21589, Saudi Arabia; **PARC Arid
Zone Research Centre, Dera Ismail Khan 29050, Pakistan

Received January 23, 2025; Accepted July 7, 2025; Epub August 15, 2025; Published August 30, 2025

Abstract: Objectives: This study aims to explore the expression and functional significance of hub genes in Wilms
tumors and their potential as diagnostic biomarkers and therapeutic targets. Methods: Gene expression data from
Wilms tumors and normal control samples were obtained from the Gene Expression Omnibus (GEO) database. Dif-
ferentially expressed genes (DEGs) were identified using the limma package in R, followed by Venn diagram analysis
to identify common DEGs. STRING and Cytoscape were employed to construct a protein-protein interaction (PPI)
network and identify hub genes. Cell culture of five Wilms tumor cell lines and normal controls was performed to
validate gene expression. Functional assays including proliferation, colony formation, and wound healing assays
were conducted to assess the impact of SLC12A3 and GSTM3 overexpression. Immune infiltration analysis was
carried out using ssGSEA. Results: We identified SLC12A3, CLCNKB, REN, and GSTM3 as hub genes with signifi-
cant down-regulation across Wilms tumor cell lines and normal controls. Immune infiltration analysis revealed that
the expression of these genes was associated with altered levels of immune cell populations, such as activated
dendritic cells, CD8+ T cells, macrophages, and NK cells. GSTM3 overexpression enhanced the inflammatory re-
sponse and reduced DNA damage, indicated by lower y-H2AX expression. Functional assays showed that induction
of SLC12A3 and GSTM3 overexpression significantly inhibited cell proliferation, colony formation, and migration.
Conclusion: SLC12A3, CLCNKB, REN, and GSTM3 hub genes play key roles in regulating cellular functions and the
immune microenvironment in Wilms tumors. Therefore, these genes could serve as potential biomarker and thera-
peutic targets in Wilms tumor patients.

Keywords: Wilms tumor, hub genes, biomarker, therapeutic target, prognosis

Introduction

Wilms tumor, also known as nephroblastoma,
is a rare but aggressive form of kidney cancer
that primarily affects children, typically under
the age of five [1, 2]. It arises from immature
kidney cells, and while it is a highly treatable

disease when detected early, it can still result in
significant morbidity and mortality [2]. Wilms
tumor accounts for approximately 5-6% of all
childhood cancers and remains the most com-
mon renal malignancy in children worldwide [3].
According to global cancer statistics, it is esti-
mated that there are about 500 new cases
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annually in the United States alone, with vary-
ing prevalence across different regions [2].

Despite significant advances in treatment pro-
tocols over the past few decades, which include
surgery, chemotherapy, and sometimes radia-
tion, the survival rates for Wilms tumor are not
optimal for all patients [1, 4, 5]. Particularly for
those with advanced or relapsed disease, there
is a critical need for novel, more effective thera-
peutic strategies [6]. Moreover, the identifica-
tion of specific molecular biomarkers to aid in
early diagnosis and to predict treatment res-
ponses remains an unmet need [7]. Although
survival rates for early-stage Wilms tumor are
high (around 90%), late-stage disease or re-
lapse continues to be a major challenge in pedi-
atric oncology [8].

The need for the study stems from the fact that
while current diagnostic methods rely heavi-
ly on imaging and histopathological analysis,
these techniques are not always sufficient
for accurate prediction of disease progression,
relapse, or response to therapy [9]. This high-
lights the critical importance of identifying bio-
markers that can serve as both diagnostic
markers and therapeutic targets. In recent
years, genomic studies have identified various
molecular signatures that could help in the
early detection and personalized treatment of
Wilms tumor [10]. However, the genetic land-
scape of Wilms tumor is still not completely
understood, and its complex molecular mecha-
nisms have not been fully explored. A major gap
in the existing research is the lack of robust,
universally applicable molecular biomarkers
that could be integrated into clinical practice.
Many studies have focused on identifying
potential genes or pathways involved in Wilms
tumor pathogenesis, but these findings have
often been isolated or not fully validated using
in vitro analysis [1, 11, 12]. Furthermore, the
overlap of biomarkers identified in different
studies remains unclear, and there is a lack of
consensus on which molecular signatures are
the most clinically relevant.

Several studies have previously attempted to
uncover the genetic landscape of Wilms tu-
mors using expression datasets and genomic
analyses. For example, studies utilizing Gene
Expression Omnibus (GEO) [13] datasets have
identified potential biomarkers associated with
disease progression and prognosis [9, 14-16].
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However, many of these studies focus on single
gene analysis or small datasets, which limits
the generalizability of their findings [14, 15].
Other studies have investigated the role of
specific signaling pathways, such as the Wnt/[3-
catenin and p53 pathways, in the pathogenesis
of Wilms tumor [1, 17, 18]. Despite this, com-
prehensive studies identifying hub genes -
genes that are central to the tumor network,
often highly connected and involved in regulat-
ing critical pathways within the tumor microen-
vironment [19] - have been scarce. Identifying
such hub genes could not only aid in diagnostic
efforts but also provide new targets for thera-
peutic intervention. In this study, we aim to fill
this gap by utilizing both public GEO expression
datasets and in vitro analysis [20-22] to identi-
fy hub genes that may serve as reliable diag-
nostic markers and therapeutic targets in
Wilms tumor patients.

Methodology
Data source and hub genes identification

In this study, we utilized different databases
and tools to analyze differentially expressed
genes (DEGs) and identify hub genes associat-
ed with Wilms tumor samples. The GEO data-
base (https://www.ncbi.nlm.nih.gov/geo/) [13]
provided the datasets GSE73209 and GSE-
11151, which contained gene expression pro-
files for Wilms tumor and normal control sam-
ples. The limma package in R (https://bio-
conductor.org/packages/release/bioc/html/lim-
ma.html) [23] was used for differential ex-
pression analysis to identify DEGs between
the tumor and normal samples. Venn diagram
[24] analysis was performed to identify com-
mon DEGs across both datasets, highlighting
a shared molecular signature of Wilms tumor
samples. To understand the biological rele-
vance of these DEGs, the STRING database
(https://string-db.org/) [24] was used to con-
struct a protein-protein interaction (PPl) net-
work, and Cytoscape (https://cytoscape.org/)
(Version 3.1.9) was employed to visualize and
analyze this network. The CutoHubba applica-
tion within Cytoscape was then used to identify
hub genes based on degree of centrality.

Cell culture

In this study, we purchased five Wilms tumor
cell lines and five normal control cell lines to

Am J Transl Res 2025;17(8):5896-5913



Decoding gene networks and miRNA roles in Wilms tumor

investigate the expression and functional char-
acterization of hub genes. The Wilms tumor cell
lines included SIO-1, G401, SK-NEP-1, TC-71,
and COV-504, while the normal control cell
lines consisted of HEK 293T, HUVEC, WI-38,
MCF-10A, and RPMI 1788. All cell lines were
cultured in their respective growth media under
standard conditions at 37°C and 5% CO,. The
Wilms tumor cell lines were cultured in RPMI-
1640 medium supplemented with 10% fetal
bovine serum (FBS), 1% penicillin-streptomycin,
and 2 mM L-glutamine, while the normal control
cell lines were cultured under different condi-
tions. TC-71 cells were maintained in DMEM
(Dulbecco’s Modified Eagle Medium) supple-
mented with 10% FBS, 1% penicillin-streptomy-
cin, and 2 mM L-glutamine, while HUVEC cells
were cultured in Endothelial Cell Growth Me-
dium-2 (EGM-2) containing specific growth fac-
tors for endothelial cells. WI-38 cells were cul-
tured in EMEM (Eagle’s Minimum Essential
Medium) supplemented with 10% FBS and
1% penicillin-streptomycin. MCF-10A cells we-
re maintained in DMEM/F12 medium supple-
mented with 5% horse serum, 20 ng/mL epi-
dermal growth factor (EGF), 0.5 pg/mL hydro-
cortisone, 100 ng/mL cholera toxin, and 10
pug/mL insulin. RPMI 1788 cells were cultured
in RPMI-1640 medium supplemented with 10%
FBS and 1% penicillin-streptomycin. All cell
lines were grown in a humidified incubator, with
media changes every 2-3 days, and cells we-
re subcultured upon reaching 70-80% conflu-
ence.

Reverse transcription quantitative polymerase
chain reaction (RT-gPCR) analysis

Total RNA was extracted from the Wilms tumor
and normal control cell lines using the RNAeasy
Plus Mini Kit (Qiagen, Germany) according to
the manufacturer’s instructions. The RNA con-
centration and purity were assessed using a
NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, USA), and only RNA samples
with an A260/A280 ratio between 1.8 and 2.0
were used for further analysis. For reverse tran-
scription, High-Capacity cDNA Reverse Trans-
cription Kit (Thermo Fisher Scientific, USA) was
used to synthesize complementary DNA (cDNA)
from 1 ug of total RNA.

RT-gPCR was performed using SYBR Green
Master Mix (Thermo Fisher Scientific, USA) on a
QuantStudio 3 Real-Time PCR System (Thermo
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Fisher Scientific, USA). Each PCR reaction was
carried out in a 20 L final volume, containing
10 uL of SYBR Green Master Mix, 0.5 uM of for-
ward and reverse primers, and 2 uL of cDNA.
The housekeeping gene GAPDH was used as
an internal control for normalization of gene
expression. Relative expression levels of target
genes (SLC12A3, REN, CLCNKB, and GSTM3)
were calculated using the 274 method. All
experiments were performed in triplicate, and
the results are expressed as the mean * stan-
dard deviation. Following primers were used for
amplification purposes.

SLC12A3: Forward: 5-TGGACGACCATTTCCTAC-
CTGG-3’, Reverse: 5-CACTCGGTGAAGTTCCA-
GCCAT-3’; CLCNKB: Forward: 5-CCCTCTACAAG-
ACCAGTTTCCG-3’, Reverse: 5-GCTGACAGAAG-
AGGTAAGCGCT-3’; REN: Forward: 5-GAAGAGG
CTGACACTTGGCAAC-3’, Reverse: 5-GCACCCA-
AACATTGGACGAACC-3’; GSTM3: Forward: 5'-
CGAAGCCAATGGCTGGATGTGA-3’, Reverse: 5'-
GTTGTGCTTGCGAGCGATGTAG-3’; H2AX: For-
ward: 5-CGGCAGTGCTGGAGTACCTCA-3’, Re-
verse: 5-AGCTCCTCGTCGTTGCGGATG-3’; IFNG:
Forward: 5-GAGTGTGGAGACCATCAAGGAAG-3’,
Reverse: 5-TGCTTTGCGTTGGACATTCAAGTC-3’;
IL6: Forward: 5-AGACAGCCACTCACCTCTTCAG-
3’, Reverse: 5-TTCTGCCAGTGCCTCTTTGCTG-3’;
TNF: Forward: 5-CTCTTCTGCCTGCTGCACTTTG-
3’, Reverse: 5-ATGGGCTACAGGCTTGTCACTC-
3’; GAPDH: Forward: 5-GTCTCCTCTGACTTCAA-
CAGCG-3’, Reverse: 5-ACCACCCTGTTGCTGTAG-
CCAA-3.

Prognostic significance of the hub genes

To assess the prognostic relevance of hub
genes in Wilms tumor patients, we employed
the “survival” package in R 3.5.2 software to
conduct the log-rank test and Kaplan-Meier
survival analysis. The Kaplan-Meier method, a
widely used nonparametric tool in cancer sur-
vival studies, offers a reliable statistical appro-
ach for examining survival time. In this analysis,
patients were divided into two groups based on
the expression levels of each gene (high vs.
low). The Kaplan-Meier survival estimates were
calculated, and the corresponding survival cur-
ves were plotted for further interpretation.

Immune infiltration analysis of the hub genes

The immune infiltration levels were assessed
using the single-sample Gene Set Enrichment
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Analysis (ssGSEA) algorithm [25]. This analysis
was based on 28 predefined immune-related
gene sets to evaluate the extent of immune cell
infiltration in the samples. The ssGSEA algo-
rithm provides a score for each gene set in
each sample, reflecting the relative enrichment
of the gene set, which is used to infer the
immune infiltration degree within the samples.

miRNA-mRNA network construction

A miRNA-mRNA network of the hub genes
was constructed using the miRNet database
(https://www.mirnet.ca/) [26] to investigate
the potential regulatory interactions between
miRNAs and hub genes in Wilms tumors. The
miRNet database is a comprehensive resource
for the prediction and analysis of miRNA-target
interactions, integrating experimentally validat-
ed and computationally predicted miRNA-tar-
get pairs.

RT-gPCR analysis of hsa-mir-16-5p and hsa-
mir-200c¢-3p was performed using TagMan Uni-
versal PCR Master Mix (Thermo Fisher Sci-
entific, USA) and TagMan miRNA assays (Ther-
mo Fisher Scientific, USA) specific to hsa-mir-
16-5p and hsa-mir-200c-3p, following the man-
ufacturer’s instructions. The amplification was
carried out in a QuantStudio 3 Real-Time PCR
System (Thermo Fisher Scientific, USA). For nor-
malization, the expression levels of hsa-mir-16-
5p and hsa-mir-200c¢c-3p were normalized to
the expression of U6 small nuclear RNA (U6
snRNA), which was used as an internal control.
The relative expression levels were calculated
using the 2724 method [27].

Gene enrichment analysis

Gene enrichment analysis of the hub gen-
es SLC12A3, CLCNKB, REN, and GSTM3 was
performed using the DAVID Bioinformatics
Resources (https://david.ncifcrf.gov/) [28, 29],
which is a comprehensive tool designed for
functional annotation and enrichment analysis
of gene lists. This tool helps in identifying the
most relevant biological processes, molecular
functions, and cellular components associated
with a set of genes.

Pan-cancer expression and drug sensitivity
analysis

To analyze the expression patterns of hub
genes SLC12A3, CLCNKB, REN, and GSTM3
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across various cancer types, we utilized the
TIMER2.0 database (https://cistrome.shin-
yapps.io/timer/) [30]. The TIMER2.0 database
is an online tool for the analysis of immune in-
filtration and gene expression across different
cancer types using data from The Cancer Ge-
nome Atlas (TCGA). To assess the potential
drug sensitivity of these hub genes, drug sen-
sitivity analysis was performed using the GSCA
database (https://www.bio-x.cn/GSCA) [31].
The analysis focused on the correlation be-
tween hub gene expression and the half-maxi-
mal inhibitory concentration (IC50) values of
various chemotherapeutic agents obtained
from the GDSC (Genomics of Drug Sensitivity in
Cancer) database.

Overexpression of SLC12A3 and GSTM3

The SLC12A3 and GSTM3 genes were cloned
into the pcDNA3.1 expression vectors (Thermo
Fisher Scientific, USA), and the recombinant
plasmids were confirmed by sequencing. The
TC-71 cells were transfected with these expres-
sion vectors using Lipofectamine 3000 trans-
fection reagent (Thermo Fisher Scientific, USA),
following the manufacturer’s protocol. Briefly,
2 ug of the plasmid DNA was mixed with Lipo-
fectamine 3000 reagent and incubated with
the cells for 6 hours in Opti-MEM medium (Gi-
bco, Thermo Fisher Scientific, USA). After trans-
fection, the medium was replaced with com-
plete RPMI-1640 medium, and cells were cul-
tured for 48-72 hours to allow for the overex-
pression of the target genes. Control cells were
transfected with an empty vector (pcDNA3.1)
under the same conditions. Successful trans-
fection and overexpression of SLC12A3 and
GSTM3 were confirmed by RT-gPCR and We-
stern blotting (Thermo Fisher Scientific, USA),
as described in previous methodologies.

Cell proliferation assay (CCK-8)

Cell proliferation was assessed using the Cell
Counting Kit-8 (CCK-8) assay (Dojindo Labo-
ratories, Japan). After transfection, TC-71 cells
were seeded in a 96-well plate at a density of 1
x 1074 cells per well and incubated for 24, 48,
72, and 96 hours. At each time point, 10 uL of
CCK-8 solution was added to each well, and
cells were incubated for 1 hour at 37°C. The
absorbance at 450 nm was measured using a
microplate reader (BioTek Instruments, USA).
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The cell proliferation rate was calculated by
comparing the absorbance values of the over-
expression groups with the control cells.

Colony formation assay

To evaluate the clonogenic potential of SLC-
12A3 and GSTM3 overexpressing cells, a colo-
ny formation assay was performed. Following
transfection, TC-71 cells were seeded at a low
density of 500 cells per well in a 6-well plate
and cultured in complete RPMI-1640 medium
for 10-14 days, allowing the cells to form colo-
nies. The colonies were fixed with 4% parafor-
maldehyde for 15 minutes and stained with
crystal violet (Sigma-Aldrich, USA) for 30 min-
utes. The number of colonies (defined as > 40
cells) was counted under a light microscope
(Olympus, Japan). The assay was performed in
triplicate for each condition.

Wound healing assay

To assess the migratory ability of SLC12A3 and
GSTM3 overexpressing TC-71 cells, a wound
healing assay was performed. Transfected cells
were cultured in a 6-well plate until they rea-
ched confluence. A linear scratch wound was
created in the cell monolayer using a sterile 10
ML micropipette tip. The cells were then washed
with PBS to remove detached cells and cul-
tured in serum-free RPMI-1640 medium. Im-
ages of the wound were taken at O hours and
24 hours using a light microscope (Olympus,
Japan). The wound closure was quantified by
measuring the width of the wound at both time
points using Image) software (National Ins-
titutes of Health, USA). The migration rate was
calculated as the percentage of wound closure
relative to the initial wound width.

Statistical analysis

All experiments were performed in triplicate,
and data are presented as the mean + stan-
dard deviation (SD). Statistical significance was
assessed using Student’s t-test for compari-
sons between two groups or one-way analysis
of variance (ANOVA) followed by Tukey’s post
hoc test for comparisons among multiple gr-
oups. A p-value < 0.05 was considered statisti-
cally significant. Colony formation and wound
healing assays were quantified by counting
colonies and measuring wound closure, respec-
tively, using ImageJ software. All statistical an-
alyses were performed using GraphPad Prism
(version 8.0, GraphPad Software, USA).
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Results

Datasets acquisition and hub gene identifica-
tion

Two expression datasets (GSE73209 and GS-
E11151) from the GEO database, correspond-
ing to Wilms tumor and normal control samples,
were analyzed to identify differentially ex-
pressed genes (DEGs) using the limma pack-
age in R. The analysis revealed a substantial
number of DEGs between the Wilms tumor and
normal control samples, with the majority
of the genes exhibiting significant changes in
expression levels (Figure 1A, 1B). Further
investigation through a Venn diagram analysis
(Figure 1C) of the GSE73209 dataset revealed
that 504 genes were commonly differentially
expressed in both GSE73209 and GSE11151,
while 160 genes were shared across both data-
sets, signifying a common molecular signature
of Wilms tumor (Figure 1C). The common DEGs
from both datasets were subjected to a PPl net-
work construction using the STRING database
and Cytoscape software was used to analyze
the PPI network (Figure 1D). Using CutoHubba
application of Cytoscape software, four hub
genes, including SLC12A3, REN, CLCNKB, and
GSTM3 were revealed based on the higher
degree of centrality (Figure 1D).

Expression analysis and diagnostic perfor-
mance of hub genes

The expression of the hub genes SLC12A3,
REN, CLCNKB, and GSTMT3 was validated
using RT-gPCR across five Wilms tumor cell
lines and five normal control cell lines. The
results showed significant (P***-value < 0.001)
down-regulation of all four genes in the Wilms
tumor samples compared to normal controls
(Figure 2A). Next, ROC curve analysis was per-
formed on the RT-qPCR data, yielding AUC val-
ues of 0.54 for SLC12A3, 0.58 for REN, 0.50
for CLCNKB, and 0.57 for GSTMT3 (Figure 2B).
Further validation was conducted using the
GSE11024 dataset, which showed consistent
down-regulation of SLC12A3, REN, CLCNKB,
and GSTMT3 in Wilms tumor samples com-
pared to normal controls (Figure 2C). ROC curve
analysis using the GSE11024 dataset yielded
higher AUC values: 0.94 for SLC12A3, 0.75 for
REN, 0.72 for CLCNKB, and 0.77 for GSTMT3
(Figure 2D). These higher AUC values indicate
that these genes show strong diagnostic poten-
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Figure 1. Identification of Differentially Expressed Genes (DEGs) and hub genes in Wilms tumor samples. A, B. Dif-
ferential expression analysis of Wilms tumor and normal control samples from two Gene Expression Omnibus (GEO)
datasets (GSE73209 and GSE11151) using the limma package in R. C. Venn diagram analysis of the GSE73209
and GSE11151, with 160 shared DEGs across both datasets. D. Protein-protein interaction (PPI) network construct-
ed using the STRING database and visualized in Cytoscape, with four hub genes (SLC12A3, REN, CLCNKB, and
GSTM3) identified based on the highest degree of centrality using the CutoHubba application.

tial demonstrating excellent discriminatory abil-
ity between Wilms tumor and normal samples.

Prognostic and immune infiltration analysis of
hub genes

The Wilms tumor patients were categorized into
two groups based on the median expression
levels of each of the hub genes: SLC12A3, REN,
CLCNKB, and GSTM3. Kaplan-Meier survival
curves were generated for each gene, and a
log-rank test was applied to compare the sur-
vival differences between the high-expression
and low-expression groups. The analysis re-
vealed statistically significant differences in
survival times between the two groups for all
four genes, including SLC12A3, REN, CLCNKB,
and GSTM3. The survival probability for Wilms
tumor patients with lower expression levels
of SLC12A3, REN, CLCNKB, and GSTM3 was
noticeably lower compared to those with high
expression (Figure 3A).

To further explore the biological implications of
these hub genes, immune infiltration analysis
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was performed using the single-sample gene
set enrichment analysis (ssGSEA) algorithm
(Figure 3B). The results demonstrated distinct
differences in immune cell infiltration levels
between the normal and Wilms tumor groups
for each gene. Notably, the expression of SL-
C12A3, REN, CLCNKB, and GSTM3 was associ-
ated with altered levels of several immune cell
populations, including activated dendritic cells
(aDCs), CD8+ T cells, macrophages, and natu-
ral Kkiller (NK) cells (Figure 3B). Many immune
cell types exhibited statistically significant dif-
ferences (P < 0.01) between the groups, indi-
cating that these hub genes may be involved
in modulating the tumor immune microenviron-
ment.

miRNA-mRNA network analysis

A miRNA-mRNA network of hub genes was con-
structed using the miRNet database (Figure
4A). In this network, miRNAs that target all four
hub genes simultaneously were identified as
crucial. Specifically, two miRNAs (hsa-mir-16-
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Figure 2. Expression analysis and diagnostic performance of hub genes in Wilms tumors. A. Reverse transcription
quantitative polymerase chain reaction (RT-gPCR) validation of hub gene expression (SLC12A3, REN, CLCNKB, and
GSTM3) across five Wilms tumor cell lines and five normal control cell lines. B. Receiver operating characteristic
(ROC) curve analysis of RT-gPCR data. C. Expression validation using the GSE11024 dataset. D. ROC curve analysis
of hub genes using data from the GSE11024 dataset. P***-value < 0.001.

5p and hsa-mir-200c¢-3p) were found to be par-
ticularly significant due to their ability to regu-
late all four hub genes, namely GST3M, SL-
C12A3, CLCNKB, and REN (Figure 4A). The
expression of the two identified key miRNAs
was evaluated across five Wilms tumor cell
lines and five normal control cell lines via RT-
qPCR. The results illustrated that hsa-mir-16-
5p and hsa-mir-200c-3p miRNAs exhibited hig-
her expression in the Wilms tumor cell lines
in tumor samples compared to the normal
controls (Figure 4B). The ROC curves for these
two miRNAs were generated based on RT-qgPCR
data. The ROC curve for hsa-mir-16-5p and
hsa-mir-200c-3p showed AUC of 0.840 and
0.928, indicating a good ability to differentiate
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between Wilms tumor patients and normal indi-
viduals (Figure 4C).

Gene enrichment analysis

Gene enrichment analysis of hub genes (SL-
C12A3, CLCNKB, REN, and GST3M) was per-
formed using the DAVID tool. The enrichment
analysis of cellular component terms revealed
two key components with significant enrich-
ment: “Sperm fibrous sheath and Chloride
channel complex (Figure 5A)”. In the molecular
function category, the most enriched terms
included “Glutathione binding, Voltage-gated
chloride channel activity, Insulin-like growth
factor receptor binding, and Oligopeptide bind-
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Figure 3. Prognostic and immune infiltration analysis of hub genes in Wilms tumors. A. Kaplan-Meier survival curves
were generated for each of the hub genes (SLC12A3, REN, CLCNKB, and GSTM3) based on median expression lev-
els. B. Immune infiltration analysis of Wilms tumor patients using the single-sample Gene Set Enrichment Analysis

(ssGSEA) algorithm. P**-value < 0.01.

ing (Figure 5B)”. The biological processes that
were most strongly enriched included terms
related to “Renin-angiotensin regulation of al-
dosterone production, Renal sodium ion trans-
port, Angiotensin maturation, and Regulation of
blood volume by renin-angiotensin (Figure 5C)”.
In the KEGG pathways analysis, the most en-
riched terms were associated with the “Renin-
angiotensin system, Glutathione metabolism,
and Drug metabolism by cytochrome P450
(Figure 5D)".

Pan-cancer expression and drug sensitivity
analysis

The expression patterns of the hub genes SL-
C12A3, CLCNKB, REN, and GSTM3 were ana-
lyzed across pan-cancer using the TIMER2.0
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database. Notably, all four genes demonstrat-
ed significant differential expression across
multiple cancer types (indicated by asterisks, P
< 0.05, P < 0.01, P < 0.001). Specifically, SL-
C12A3 exhibited under expression in KIRC and
KIRP, while showing overexpression in cancers
like LUAD and UCEC, etc. (Figure 6A). Similarly,
CLCNKB was significantly downregulated in
multiple cancers including LUAD, and LUSC etc.
(Figure 6A), but upregulated in a few such as
BRCA and KICH etc. (Figure 6A). REN showed
significantly high expression in kidney-related
tumors including KICH and KIRP etc. (Figure
6A). GSTM3 displayed both upregulation and
downregulation across various tumor types,
with notable overexpression in PCPG and low
expression in PAAD and READ (Figure 6A).
Concerning clinical significance, the differential

Am J Transl Res 2025;17(8):5896-5913
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expression patterns of SLC12A3, CLCNKB,
REN, and GSTM3 across various cancer types
suggest that these genes have significant po-
tential as pan-cancer biomarkers. Their abili-
ty to distinguish between different tumor types
and their association with key aspects of can-
cer progression, such as immune response
modulation, tumor aggressiveness, and treat-
ment resistance, positions them as promising
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candidates for early detection, prognosis pre-
diction, and therapeutic targeting in diverse
cancers. Drug sensitivity analysis of the hub
genes was conducted using the GSCA data-
base, focusing on their correlation with the half-
maximal inhibitory concentration (IC50) of vari-
ous chemotherapeutic agents from the GDSC
database. Significant drug resistance (positive
correlation with IC50; red circles) was obser-
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ved for CLCNKB, REN, and GSTM3 across sev-
eral agents. Notably, CLCNKB expression was
strongly and significantly associated with resis-
tance to agents such as bleomycin, Docetaxel,
and 17-AAG (Figure 6B). GSTM3 also exhibited
significant resistance associations, particular-
ly with I-BET-762 and BIX02189 (Figure 6B).
REN expression correlated positively with resis-
tance to multiple agents, including AR-42 and
BIX02189 (Figure 6B).

Functional characterization of SLC12A3 and
GSTM3 overexpression in TC-71 cells

To investigate the potential roles of SLC12A3
and GSTM3 in regulating cellular phenotypes,
we performed functional assays following their
overexpression in TC-71 cells. As shown in
Figure 7A, quantitative RT-PCR confirmed that
SLC12A3 mRNA levels were significantly elevat-
ed in TC-71 cells transfected with the SL-C12A3
expression vector compared to control cells (P
< 0.001). This overexpression was further vali-
dated at the protein level by Western blotting
(Figures 7B and S1), demonstrating increased
SLC12A3 protein expression. Functionally, over-
expression of SLC12A3 markedly suppressed
cellular proliferation, as quantified by a prolif-
eration assay (Figure 7C), where the OE-SLC-
12A3-TC-71 cells exhibited significantly redu-
ced proliferation rates compared to controls (P
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< 0.001). Colony formation assays revealed a
notable decline in colony numbers in the
SLC12A3-overexpressing cells (Figure 7D, 7E),
indicating impaired clonogenic potential (P <
0.001). In addition, wound healing assays dem-
onstrated that SLC12A3 overexpression signifi-
cantly inhibited cell migratory ability (Figure 7F,
7G). Quantification of wound closure percent-
age (Figure 7F) and representative micrographs
at O h and 24 h (Figure 7G) confirmed the re-
duced migratory capacity of OESLC12A3-TC-71
cells relative to controls (P < 0.001). Similarly,
we assessed the biological impact of GSTM3
overexpression in TC-71 cells. RT-qPCR analy-
sis demonstrated significant upregulation of
GSTM3 mRNA levels in the overexpression
group compared to controls (P < 0.001; Figure
8A), which was corroborated by Western blot
analysis showing enhanced GSTM3 protein
expression (Figures 8B and S1). Consistent
with the SLC12A3 data, GSTM3 overexpression
significantly inhibited cell proliferation (Figure
8C), reduced colony formation capacity (Figure
8D, 8E), and decreased cell migration (Figure
8F, 8G) compared to the control group (P <
0.001 for all assays).

To investigate the role of GSTM3 in modulating
the immune response, the expression of genes
coding for inflammatory cytokines such as IL-6,
TNF-a, and IFN-y was analyzed in Ctrl-GSTM3-

Am J Transl Res 2025;17(8):5896-5913
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TC-71 and OE-GSTM3-TC-71 cells via RT-gPCR
(Figure 8H). The expression levels of these
genes were significantly higher in OE-GSTM3-
TC-71 cells compared to Ctrl-GSTM3-TC-71
cells. These results suggest that GSTM3 over-
expression enhances the inflammatory res-
ponse in Wilms tumor cells, potentially through
the regulation of pro-inflammatory cytokines,
which could influence the immune microenvi-
ronment (Figure 8H). Furthermore, to explore
the potential mechanism through which GSTM3
regulates genome stability, we analyzed the
expression of the gene which encodes for
DNA damage marker y-H2AX. The expression of
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y-H2AX, a marker of DNA double-strand breaks,
was significantly lower in GSTM3 overexpressed
cells, indicating lower levels of DNA damage
(Figure 8H).

Discussion

Wilms tumor, a pediatric renal malignancy, is
the most common type of kidney cancer in chil-
dren [8, 32]. It typically presents in early child-
hood and, despite advances in treatment, re-
mains a significant cause of morbidity and mor-
tality [33]. Despite its high cure rate with appro-
priate treatment, the molecular mechanisms

Am J Transl Res 2025;17(8):5896-5913
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reduced proliferation rates in SLC12A3-overexpressing TC-71 cells. (D, E) Colony formation assay showing a notable
decline in colony numbers in SLC12A3-overexpressing cells, indicating impaired clonogenic potential. (F, G) Wound
healing assay demonstrating significantly reduced cell migration in SLC12A3-overexpressing cells, with quantifica-
tion of wound closure percentage (F) and representative micrographs at O h and 24 h (G), confirming impaired
migratory capacity. P***-value < 0.001.
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Figure 8. Functional characterization of GSTM3 overexpression in TC-71 cells. (A) Reverse transcription quantitative
polymerase chain reaction (RT-gPCR) analysis showing significant upregulation of GSTM3 mRNA levels in TC-71
cells transfected with the GSTM3 expression vector compared to control cells. (B) Western blot analysis confirming
enhanced GSTM3 protein expression in GSTM3-overexpressing TC-71 cells. (C) Proliferation assay demonstrating
significant inhibition of cell proliferation in GSTM3-overexpressing TC-71 cells (OE-GSTM3) compared to control
cells. (D, E) Colony formation assay showing reduced colony formation in GSTM3-overexpressing cells, indicating im-
paired clonogenic potential. (F, G) Wound healing assay showing decreased cell migration in GSTM3-overexpressing
cells, with quantification of wound closure percentage (F) and representative micrographs (G) showing significant
reduction in migration. (H) Expression analysis of inflammatory cytokines (IL-6, TNF-&, IFN-y) and y-H2AX, a marker
for DNA double-strand breaks, in Ctrl-GSTM3-TC-71 and OE-GSTM3-TC-71 cells via RT-gPCR. P**-value < 0.05 and

P***.value < 0.001.

underpinning Wilms tumors remain poorly un-
derstood, and there is a continued need for the
identification of robust biomarkers for diagno-
sis and prognosis, as well as therapeutic tar-
gets [33, 34]. Recent studies have identified
genetic alterations, signaling pathways, and
mMiRNAs associated with Wilms tumor [35], but
a comprehensive understanding of the molecu-
lar signature of this disease is still lacking. A
critical gap exists in the ability to identify reli-
able diagnostic and prognostic markers [36,
37], as well as understanding the therapeutic
implications [38] of these molecular changes.

This study aimed to address these gaps by
identifying and validating hub genes associat-
ed with Wilms tumor samples. Through the ac-
quisition of gene expression data from two
datasets (GSE73209 and GSE11151), differen-
tial expression analysis was conducted to pin-
point key genes implicated in Wilms tumors.
Additionally, we investigated the prognostic sig-
nificance of these genes, the potential regula-
tory role of miRNAs, and performed functional
characterization of selected genes.

Several previous studies have identified genes
related to Wilms tumors. For example, the role
of WT1 (Wilms Tumor 1 gene) has been exten-
sively studied due to its pivotal role in kidney
development and its frequent mutations in
Wilms tumor patients [1, 39]. In the previous
literature, gene expression analyses and their
relation to clinical outcomes in Wilms tumor
have been explored to some extent. For exam-
ple, work by Qi et al. examined the expression
of WT1 and its relationship to survival, but
these studies were more focused on single-
gene analysis [40]. Another key study by Phelps
et al. identified IGF2 as a potential prognostic
biomarker in Wilms tumor, reporting that lower
levels of IGF2 expression were associated with
poor survival outcomes [41]. Our study builds
on these findings by including a panel of hub
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genes (SLC12A3, REN, CLCNKB, and GSTM3)
and providing statistical evidence for their prog-
nostic value. This extends the findings from ear-
lier studies that emphasized the importance of
individual genes by considering the collective
impact of multiple genes within a network con-
text [42-44].

Although previous studies have utilized miRNA-
mMRNA network analysis in cancer research [45,
46], the application of this approach to Wilms
tumors is relatively novel. In particular, while
previous studies, such as those by Kheiry et al.
have identified individual miRNAs involved
in cancer progression [47], our study uniquely
highlights the role of miRNAs (hsa-mir-16-5p
and hsa-mir-200c-3p) in regulating a network
of hub genes in Wilms tumors. The high AUC
values for these miRNAs in the ROC curve anal-
ysis suggest their potential as diagnostic bio-
markers, which is a significant advancement
over previous studies that have not integrated
mMiRNA regulatory networks to this extent.

The immune infiltration analysis of SLC12A3,
REN, CLCNKB, and GSTM3 using the ssGSEA
algorithm revealed significant differences in
immune cell populations between the normal
and Wilms tumor groups, with altered infiltra-
tion levels of key immune cells, including acti-
vated dendritic cells (aDCs), CD8+ T cells, mac-
rophages, and natural killer (NK) cells. These
findings are consistent with previous studies
suggesting that the tumor immune microenvi-
ronment plays a crucial role in cancer progres-
sion and response to treatment [48-50]. For
instance, elevated CD8+ T cell and NK cell infil-
tration has been linked to improved anti-tumor
immunity in various cancers [51, 52], while the
presence of macrophages and dendritic cells
often reflects a more immunosuppressive envi-
ronment, contributing to tumor progression and
immune evasion [51, 53]. The observed chang-
es in immune cell infiltration associated with
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SLC12A3, REN, CLCNKB, and GSTM3 are in
line with studies that have reported that genes
influencing the immune landscape can modu-
late tumor behavior and therapeutic responses
[54, 55]. Specifically, studies on GSTM3 have
highlighted its potential in regulating oxidative
stress and immune responses [56, 57], while
SLC12A3 and CLCNKB have been implicated in
influencing the tumor immune microenviron-
ment in other cancers, such as breast and lung
cancer [58, 59]. These results suggest that the
hub genes identified in our study may not only
serve as biomarkers for Wilms tumors but could
also represent novel targets for therapeutic
strategies aimed at modulating immune cell
infiltration and enhancing anti-tumor immunity.

While this study provides valuable insights in-
to the molecular mechanisms and prognostic
potential of hub genes in Wilms tumors, a few
limitations should be considered. Firstly, the
study relies on publicly available datasets (GS-
E73209, GSE11151, and GSE11024), which
may have inherent biases and variations due to
differences in sample collection, processing,
and patient demographics, potentially affecting
the generalizability of the findings. Secondly,
although we validated the expression of hub
genes using RT-gPCR across multiple cell lines,
the findings were not corroborated by clinical
tissue samples, which would have added more
clinical relevance to our conclusions. Addition-
ally, while we performed functional assays on
TC-71 cells to investigate the biological impact
of gene overexpression, these results may not
fully represent the complex tumor microenvi-
ronment in vivo. These limitations emphasize
the need for future studies involving clinical
samples and in vivo models to validate and
extend our findings.

Conclusion

In summary, our study provides new insights
into the molecular underpinnings of Wilms
tumor by identifying and validating hub genes,
revealing their prognostic significance, and
uncovering their regulation by specific miRNAs.
The novel use of PPI network analysis, miRNA-
MRNA interaction studies, and functional vali-
dation of gene expression offers a comprehen-
sive view of the molecular landscape of Wilms
tumors. These findings pave the way for the
development of more accurate diagnostic tools,
prognostic markers, and potential therapeutic
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strategies targeting the identified hub genes
and miRNAs.
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Figure S1. Uncut Western blot bands of SLC12A3, GSTM3 and GAPDH.



