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Wilms tumor gene (WT1) is used as a marker for the diagnosis and prognosis of ovarian
cancer. However, the molecular mechanisms involving WT1 in ovarian cancer require
further study. Herein, we used bioinformatics and other methods to identify important
pathways and hub genes in ovarian cancer affected by WT1. The results showed that WT1
is highly expressed in ovarian cancer and is closely related to the overall survival and
progression-free survival (PFS) of ovarian cancer. In ovarian cancer cell line SKOV3, WT1
downregulation increased the mRNA expression of 638 genes and decreased the mRNA
expression of 512 genes, which were enriched in the FoxO, AMPK, and the Hippo
signaling pathways. The STRING online tool and Cytoscape software were used to
construct a Protein-protein interaction (PPI) network and for Module analysis, and 18
differentially expressed genes (DEGs) were selected. Kaplan-Meier plotter analysis
revealed that 16 of 18 genes were related to prognosis. Analysis of GEPIA datasets
indicated that 7 of 16 genes were differentially expressed in ovarian cancer tissues and in
normal tissues. The expression of IGFBP1 and FBN1 genes increased significantly after
WT1 interference, while the expression of the SERPINA1 gene decreased significantly. The
correlation between WT1 expression and that of these three genes was consistent with
that of ovarian cancer tissues and normal tissues. According to the GeneMANIA online
website analysis, there were complex interactions between WT1, IGFBP1, FBN1,
SERPINA1, and 20 other genes. In conclusion, we have identified important signaling
pathways involving WT1 that affect ovarian cancer, and distinguished three differentially
expressed genes regulated by WT1 associated with the prognosis of ovarian cancer. Our
findings provide evidence outlining mechanisms involving WT1 gene expression in ovarian
cancer and provides a rational for novel treatment of ovarian cancer.

Keywords: Wilms tumor gene, ovarian cancer, RNA-sequencing, differentially expressed genes, bioinformatic
analysis
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INTRODUCTION

Ovarian cancer is the seventh most common cancer among
women worldwide and the deadliest cancer among gynecology
patients (Jemal et al., 2011; Siegel et al., 2015; Lheureux et al,,
2019a). At present, there is no accurate early screening method
for ovarian cancer, and most ovarian cancers are diagnosed in
advanced stages (Lheureux et al., 2019b). The main treatment for
ovarian cancer is surgical resection combined with
chemotherapy. Despite its beneficial effects, long-term
treatment will produce drug resistance to the selected target
(Miller et al., 2009; Beaver et al., 2019). Moreover, the overall
5-years survival rate of ovarian cancer has not changed
significantly since the 1980s, and the 5-years survival rate has
remained constant at about 40% (Vaughan et al., 2011; Allemani
et al., 2018). Thus, the mechanisms underlying occurrence and
development of ovarian cancer need to be further clarified, and
will provide important guidance for early diagnosis,
improvement of prognosis, and more precise treatment of
ovarian cancer.

The WT1 gene was cloned in 1990 (Gessler et al., 1990)
and it was originally described as a classic tumor suppressor
gene (Yang et al,, 2007). However, WT1 is overexpressed in
many hematological tumors and solid tumors, where it can
also act as an oncogene (Loeb and Sukumar, 2002; Zhang
et al., 2020). WTI is an important therapeutic target, and a
peptide vaccine has been developed for cancer treatment
(Izumoto et al., 2008; Oka and Kawase, 2008). In addition,
studies have shown that WT1 can influence the progression
of cancer through a variety of genes or signaling pathways.
For example, in the study of glioblastoma, WT1 may affect
the viability and chemoresistance of glioblastoma cells
in vitro by regulating the expression of the insulin-like
growth factor 1 receptor (IGF1-R) Pathway (Chen et al,
2011). As far as breast cancer cells are concerned, WT1
may influence tumor «cell growth by regulating the
destabilization of P-catenin (Zhang et al., 2003). In lung
cancer, WT1 may affect the oncogenesis of lung cancer
through the PI3K/AKT signaling pathway (Wang et al,
2013). In addition, studies have reported that WT1 may
affect the autophagy of osteosarcoma through AKT/JNK
signaling (Mo et al.,, 2016).

Previous studies have shown that the WT1 gene is highly
expressed in epithelial ovarian cancer tissues (Hylander et al.,
2006), and can regulate the metastasis and invasion of ovarian
cancer through the E-cadherin and ERK1/2 signaling pathways
(Barbolina et al., 2008; Han et al., 2020). WT1 is also used as a
marker for the diagnosis and prognosis of ovarian cancer
(Taube et al., 2016; Carter et al., 2018; Mondal et al., 2021).
However, the signaling pathways, functional pathways, and
key genes involved in WT1 regulation of ovarian cancer need
to be further defined.

Transcriptome technology can detect the expression of all
genes at a specific time point, and is suitable for screening
differentially expressed genes (DEGs). We used transcriptome
technology and bioinformatics analysis to study the specific
mechanisms induced by WT1 in regulating the process of
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ovarian cancer. In general, our systematic analysis will further
elucidate the specific role played by WT1 in the pathogenesis of
WT1 of ovarian cancer at the molecular level. Our findings will
provide important guidance for the early diagnosis, improvement
of prognosis, and precise treatment of ovarian cancer.

MATERIALS AND METHODS
Cell Culture

The Human ovarian cancer cell line SKOV3 (Fenghui
Biotechnology, Co.) was cultured in McCoy’s 5A medium,
Coav-3 (Procell) and A2780 (BNCC) cells were cultured in
DMEM, and OVCAR3 (BNCC) cells were cultured in RPMI-
1640. Each medium was supplemented with 10% FBS at 37°C and
5% CO2. mRNA and protein were extracted when the cell lines
reached 80% confluence. mRNA and protein extracts from the
cells were stored at —80°C until use.

Transfection of Wilms tumor gene1 Gene
siRNA Sequence Into Ovarian Cancer Cell
Line SKOV3

To study the function of WT1 in ovarian cancer cells, SKOV3
cells were cultured as previously described with minor
modifications (Meng et al., 2019a; Meng et al., 2019b). Briefly,
siRNA transfection was performed when the cells reached 50%
confluence, and the culture medium was changed after 24 h and
the culture continued for an additional 24h siRNA was
transfected into SKOV3 using Lipofectamine™ RNAIMAX
according to the manufacturer’s instructions. The siRNA
sequences of WT1 were 5'-GGACUGUGAACGAAGGUU
UTT-3' (forward) and 5'-AAACCUUCGUUCACAGUCCTT-
3’ (reverse).

RNA-Sequencing

Total RNA was processed using the mRNA enrichment method.
Briefly, magnetic beads carrying OligodT were used to enrich
mRNA with the polyA tail, which was then fragmented to obtain
mRNA, and a single cDNA strand was synthesized, followed by
synthesis of a double-stranded cDNA. After purification and
recovery, sticky-end repair, the 3'-end with the “A" tail was
ligated and the fragment size selection, PCR amplification was
performed, the constructed library was checked for quality, and
was then sequenced. Quality control (QC) and filtering were
performed on the data obtained by sequencing. This project used
the filtering software SOAPnuke independently developed by BGI
for filtering RNA sequences. After obtaining clean reads, HISAT
was used to align the clean reads to the reference genome
sequence. After the comparison, a second QC for alignment of
sequences was performed. After the second QC was passed, gene
quantification and gene expression levels were determined. A
total of 6 samples were tested using the DNBSEQ platform, and
each sample produced an average of 6.58 GB of data. The average
comparison rate of the sample comparison genome was 88.41%,
and the average comparison rate of the comparison gene set was
74.87%. A total of 17,063 genes were detected.
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Identification of Differentially Expressed

Genes

We set |log fold change (FC)|Z 0.5, Q-value < 0.01 to identify
DEGs between WT1 interference group (SKSi) and control group
(SKNCmix). Sequencing results showed that the number of DEGs
was 1,150. Compared with the control group, 638 genes in the
WT1 interference group were significantly up-regulated and 512
genes were significantly down-regulated. We applied Dr. Tom’s
online tool to draw volcano maps and cluster heat maps of
differential gene expression.

Gene Ontology and Kyoto Encyclopedia of

Genes and Genomes Enrichment Analysis

Gene Ontology (GO) (go_c, go_f, go_P) and Kyoto Encyclopedia
of Genes and Genomes (KEGG)_pathway annotations were used,
and followed by phyper function in R software to perform
enrichment analysis, to calculate the p-value, and to perform
FDR correction on p-value to obtain the Q-values (Wang et al.,
2021). Q-values < 0.05 were considered significantly enriched.

Protein-Protein Interaction Network

Construction and Module Analysis

We use the online database STRING to construct the
Protein-protein interaction (PPI) network of DEGs, followed
by the MCODE plug-in of Cytoscape software to perform module
analysis on the constructed PPI network (node score cut-off = 0.2;
max. depth = 100; k-core = 10) (Feng et al, 2019). The
CytoHubba plug-in was used for hub gene analysis and the
Maximal Clique Centrality (MCC) was used for gene sequencing.

Hub Gene Selection and Analysis

The online tool Kaplan-Meier plotter was used to analyze the
correlation between DEGs and the prognosis of ovarian cancer
(Shen et al., 2019). The figure showed the log rank p-values and
hazard ratio (HR) values. To verify the expression of the selected
DEGs in ovarian cancer, we used the online website GEPIA to
analyze gene expression, which contains the RNA sequencing
expression data of thousands of samples of the GTEx and TCGA
datasets (Tang et al., 2017). The GeneMANIA online website tool
was used for additional protein interaction analysis of the
screened genes, and the BINGO plug-in of Cytoscape was used
to analyze the biological process of the screened genes (Maere
et al., 2005; Montojo et al., 2010).

RNA Extraction and cDNA Preparation

RNA extraction was performed in a pre-cooled centrifuge with
freshly prepared solutions (chloroform, isopropanol, absolute
ethanol). The TransZol Up kit (TransGen Biotech) was used
to extract total RN, according to the manufacturer’s instructions
with minor modifications (Meng et al., 2019b). Briefly, the RNA
was obtained after washing and centrifugation with 75% absolute
ethanol (DEPC water configuration) twice, and then the sample
was left to stand at room temperature. After brief drying, 20 pL of
RNase-free water was added to resuspend the RNA pellet, and the
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OD value was assessed to determine the RNA concentration. The
A260/280 value was between 1.8 and 2.0, indicating pure RNA. A
TransScript One-step gDNA Removal and ¢cDNA Synthesis
SuperMix Kit (TransGen Biotech) was used for reverse
transcription and c¢DNA synthesis. Finally, the reverse-
transcribed cDNA was stored at -20°C for later use.

Real-Time Quantitative Polymerase Chain

Reaction

Real-time quantitative polymerase chain reaction (RT-qPCR) was
used to detect the expression of WT1 genes in different ovarian
cancer cell lines. The TB Green™ Premix Ex Taq™ GC kit (TaKaRa)
was used for RT-qPCR, and the specific primers used are shown in
Table 1. The qPCR reaction program was: 95°C, 30 5; 95°C, 5 5; 57°C,
30s; 72°C, 30 s; for 40 cycles. The dissolution curve started at 60°C,
with temperature increments of 0.5°C every 5s to 95°C.

Western Blotting Analyses

Western blotting was performed as previously described with
minor modifications (Meng et al., 2019a). Briefly, the cells were
washed twice with pre-cooled PBS, and RIPA buffer containing
protease inhibitors was added to cells, which were lysed on ice for
20 min. The protein lysate was centrifuged at 4°C at 10,000 rpm for
5 min, and the supernatant was added to 5xSDS loading buffer at
100°C for 10 min. The denatured proteins were subjected to SDS-
PAGE electrophoresis and were transferred to PVDF membranes
(Millipore). After blocking with a blocking solution (Beyotime) for
20 min, the membrane was incubated in the primary antibody at
4°C overnight. The primary antibodies used were rabbit anti-WT1
(1:1,000, Cell Signaling Technology, Inc.), mouse anti-GAPDH,
and mouse anti-ACTB (1:1,000, Abclonal). After washing, the
Abclonal secondary antibody was incubated at 1:1,000 for 1h.
Finally, the ECL Luminescent Solution (Millipore) was used to
visualize blots and for imaging of protein bands.

Infection of WT1-Expressing Adenoviruses

into Ovarian Cancer Cell Line SKOV3
WT1-expressing adenoviruses infected SKOV3, and the cells

were cultured as previously described with minor
modifications (Meng et al., 2019a; Meng et al., 2019b). Briefly,
WT1-expressing adenoviruses infection was performed when the
cells reached 50% confluence, and the infected cells were
incubated for 24h. The negative control or adenoviruses
containing WT1 infected ovarian cancer cells as recommended
by the manufacturer. The adenoviruses (10" PFU/ml) were
synthesized by Hanbio Biotechnology.

Immunofluorescence

Immunofluorescence was performed as previously described with
minor modifications (Meng et al., 2019a). Briefly, the cells were
fixed with 4% Paraformaldehyde Fix Solution (Beyotime) for
20min, and then permeabilized in Immunostaining
Permeabilization Buffer with Triton X-100 (Beyotime) for
10 min. After blocking with a blocking solution (Beyotime) for
20 min, the cells were incubated in the primary antibody at 4°C
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overnight. The primary antibodies used were rabbit anti-WT1 (1:
200, Cell Signaling Technology, Inc.). The cells were washed with
PBS and incubated with the Abclonal secondary antibody was
incubated at 1:500 for 1 h. After washing, DAPI staining solution
(Beyotime) was incubated for 3 min. After washing, the cells were
observed using a fluorescence microscope.

Proliferation Experiment

The cells in the logarithmic growth phase were seeded into a 96-well
plate at 2x10%/well. After 24 h of culture, transfection was carried
out according to the above steps. At 24 h and 48 h of transfection,
add CCK solution (Hanbio Biotechnology) to 10 uL/100 pL culture
medium, and incubate in an incubator for 2h. After that, the
absorbance at 450 nm was measured with a microplate reader.

Transwell Assay

Cell Migration Assay

The cells that have been transfected for 24 h were inoculated into
the upper chamber of the transwell at a rate of 5x10*/well. After
the cells adhered to the wall, they were replaced with serum-free
culture medium and resuspended, and 10% FBS culture medium
was added to the lower chamber. Cells were fixed with 4%
paraformaldehyde at 24 h or 48 h of culture, and then stained
with 0.1% crystal violet solution, photographed under a
microscope, and analyzed with Image] software.

Cell Invasion Assay

Before inoculating the cells, spread 60 pL of Matrigel (corning)
diluted with 6-fold serum-free medium in the upper chamber of the
transwell, and place it in a cell culture incubator for 1 h to solidify.
The remaining steps are the same as the migration experiment.

Statistical Analysis
For sequencing data, Eseq2 method was used to correct for DEGs,
Q-values <0.05 were considered significantly difference.

For experimental data, GraphPad Prism software was used to
statistical analyses. p < 0.05 indicated a significant difference, p <
0.01 represented a very significant difference. All data were
displayed as mean * standard deviation. The t-test and one-
way ANOVA analysis were performed to evaluate statistical
significance. In evaluating multiple comparisons, Dunnett’s
multiple comparisons test was used to improve the accuracy.

RESULTS

Wilms tumor gene1 Was Differentially
Expressed in Ovarian Cancer and Was
Related to Prognosis

In order to explore the potential significance of WT1 in ovarian
cancer, we used the online website UALCAN to analyze the pan-
cancer expression of WT1 and its expression in ovarian cancer of
different grades, stages, and ages. The analysis results showed that
compared with other cancers, WT1 was highly expressed in
ovarian cancer (Figure 1A). WT1 protein expression in
ovarian cancer tissues was significantly higher than that in
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normal tissues (Figure 1B), and was found to be positively
correlated with clinical stage, age, and grades of ovarian
cancer (Figures 1C-E). We used Kaplan-Meier Plotter online
software to analyze the correlation between WT1 and prognosis,
and the results indicated that WT1 was correlated with worse
survival: log-rank p = 0.0095, HR = 0.84 (0.73-0.96) for overall
survival (OS) (Figure 1F); log-rank p = 0.00018, HR = 1.29
(1.13-1.47) for progression-free survival (PFS) (Figure 1G).

siRNA Transfection Down-Regulated WT1
Expression in the Ovarian Cancer Cell Line

SKOV3

The results of RT-qPCR and western blotting showed that
compared with the other three ovarian cancer cell lines Coav-
3, OVCARS3, and A2780, the expression of WT1 in SKOV3 was
significantly higher (Figures 2A,B). After transfection of siRNA
in SKOV3 cells, the expression of WT1 mRNA and protein was
significantly reduced (Figures 2C,D).

Differential Gene Enrichment Analysis

RNA sequencing detected a total of 1,150 differentially expressed
genes (638 up-regulated and 512 down-regulated) compared with
the control group. The volcano map showed that there was a large
number of differentially expressed genes in the two sets of samples
(Figure 3A), and their expression levels were shown in a heat map
in Figure 3B. Next, we performed GO and KEGG enrichment
analysis on the 1,150 DEGs. The results of KEGG analysis showed
that the signal transduction pathways mainly enriched by the
DEGs were FoxO, AMPK, and Hippo signaling pathways
(Figure 3C). In addition to the signal transduction pathways,
the DEGs were also enriched in proteoglycans in cancer,
hepatitis B, transcriptional misregulation in cancer, and fluid
shear stress and atherosclerosis pathways related to human
diseases, and axon guidance related to development. The GO
analysis results showed that in addition to processes related to
metabolism and stimulus response, the biological processes that
were mainly enriched by the DEGs were mainly cell migration, cell
cycle, hemostasis, phosphorylation, and cell adhesion (Figure 3D);
DEGs were mainly enriched in cellular components such as
cytoplasm, cytoskeleton, Golgi apparatus, cytosol and protein-
containing complex (Figure 3E); and in terms of molecular
function, the DEGs were mainly enriched in protein binding,
kinase activity, transferase activity, actin binding, nucleotide
binding, and other molecular functions (Figure 3F).

Analysis of Enriched Genes in the Kyoto
Encyclopedia of Genes and Genomes

Pathway

We used DEGs that were significantly enriched in the FoxO,
AMPK, and Hippo signaling pathways to construct PPI networks
through the STRING website, and then we used the CytoHubba
plug-in of Cytoscape software to perform hub gene analysis. The
hub gene analysis results are shown in Table 2. We selected 9
genes for RT-qPCR verification and the RT-qPCR results are
shown in Figure 4A. The pathway diagrams of DEGs enrichment
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FIGURE 1 | Bioinformatics analysis of the clinical significance of WT1 in ovarian cancer (A) The expression level of WT1 mRNA in different cancers was analyzed
through the UALCAN website. The expression of WT1 protein in ovarian cancer tissues and normal ovarian tissues (B), ovarian cancers stratified by different stages (C),
age (D), and grades (E) were analyzed through the UALCAN website. Kaplan-Meier curves showing the correlation between the expression of WT1 and overall survival
(F) and progression-free survival (G) of patients with ovarian cancer.

are shown in the Supplementary figures. The expression trend of
the selected mRNAs was highly consistent with the RNA-Seq
analysis results (Figure 4B).

Differential Gene Protein-Protein
Interaction Network Construction and Core

Gene Analysis
In total, 1,150 DEGs were imported into the STRING website and
PPI network construction was carried out. Twelve of the 1,150

DEGs were not included in the DEGs PPI network (Figure 5A).
The MCODE plug-in of Cytoscape software was used for further
analysis, and the most important module was selected for
subsequent analysis (Figure 5B). Through the Kaplan-Meier
plotter online tool, we determined that in addition to BMP4
and AMTN, 16 of the 18 hub genes were related to prognosis
(Figure 6A). Next, we used the GEPIA website to compare the
expression of 16 genes between tumor tissues and normal tissues.
The results showed that 7 genes were differentially expressed
between tumor tissues and normal tissues. Among them, the
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go-f: molecular function in GO analysis.

expression of IGFBP1 and FBN1 genes increased significantly after =~ complex interactions between WT1, IGFBP1, FBN1, SERPINAL,
WT1 interference, and the expression of SERPINA1 decreased =~ MFAP4, LTBP4, IGF2, IGF1, ITGB6, and other 20 genes
significantly following interference with WT1 expression  (Figure 7). In addition, the analysis of the biological process
(Figure 6B). The RT-qPCR results of these genes are shown in  involving WT1, IGFBP1, FBNI1, SERPINA1l enrichment is
Figure 4A. Using the GeneMANIA online tool, we observed  shown in Supplementary Figure S4. The results included 76
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Table 1 | Sequences for gene primers.

Gene Symbol RT Forward Primer (5'- 3') RT Reverse Primer (5'- 3’)
AKTA1 AGCGACGTGGCTATTGTGAAG GCCATCATTCTTGAGGAGGAAGT
IRS1 ACAAACGCTTCTTCGTACTGC AGTCAGCCCGCTTGTTGATG
PCK2 GCCATCATGCCGTAGCATC AGCCTCAGTTCCATCACAGAT
PRKAA2 GTGAAGATCGGACACTACGTG CTGCCACTTTATGGCCTGTTA
CAT TGGAGCTGGTAACCCAGTAGG CCTTTGCCTTGGAGTATTTGGTA
MAPK11 AAGCACGAGAACGTCATCGG TCACCAAGTACACTTCGCTGA
MYC GGCTCCTGGCAAAAGGTCA CTGCGTAGTTGTGCTGATGT
CDH1 CGAGAGCTACACGTTCACGG GGGTGTCGAGGGAAAAATAGG
YAP1 TAGCCCTGCGTAGCCAGTTA TCATGCTTAGTCCACTGTCTGT
SERPINA ATGCTGCCCAGAAGACAGATA CTGAAGGCGAACTCAGCCA
IGFBP1 TTGGGACGCCATCAGTACCTA TTGGCTAAACTCTCTACGACTCT
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FIGURE 4 | RT-qPCR verification of RNA sequencing data. (A) Differential expression levels of 12 screened mRNA detected using RT-qPCR. (B) Scatter plots
verifying the consistency of the two platforms. GAPDH used as control. Kd: knockdown; con: control; RT-gPCR: reverse transcription quantitative polymerase chain
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Table 2 | The enriched hub genes in KEGG pathway.

Effect of WT1 on Ovarian Cancer

assay was used to further verify the effect of WT1 upregulation on
ovarian cancer cell line SKOV3. 24 h after infection of WT1-

KEGG signaling pathways FoxO AMPK Hippo
expressing adenoviruses, the rate of WTl-infection cells
Rank top 10 AKTH AKTH MYC was>80% and WTI1 protein is mainly located on the nucleus
l%%:‘m :?g}lz 88::3 | (Figure 8D). As shown in Figure 8E, up-regulation of WT1
CAT SREBF1 CTGE significantly inhibited the migration ability of cells.
MAPK11 LEPR TGFBT
CDKN1A CCND1 ACTB
CDKN1B CCNA2 BMP4
TGFB1 GYS1 YAP1 DISCUSSION
SGK1 ELAVL1 BMP2 . .
CDKN2D PRKAA2 WNT10A We used transcriptome sequencing technology to analyze the
effects of WT1 on the DEGs in the ovarian cancer cell line
A

FIGURE 5 | Differential gene expression PPI network construction and module analysis. (A) The PPI network of DEGs constructed using the STRING online
database. There were a total of 1,150 DEGs in the PPI network. The nodes represent proteins, and the edges represent protein interactions. (B) Module analysis using
MCODE of Cytoscape software: node score cut-off = 0.2; max. depth = 100; k-core = 10. DEGs: differentially expressed genes.

nodes and 114 edges. The main biological processes involved
included regulation of biological quality, response to
endogenous stimulus, regulation of cell growth, wound healing,
response to hormone stimulus, and regulation of cell growth.

The Effect of Wilms tumor genei on the
Proliferation, Migration and Invasion of

Ovarian Cancer Cell Line SKOV3

CCK and transwell assay were used to verify the effect of WT1
downregulation on the proliferation, migration and invasion of
ovarian cancer cell line SKOV3. As shown in Figure 8A, down-
regulation of WT1 had no significant effect on the proliferation of
SKOV3. Down-regulation of WT1 significantly increased the
migration ability of cells (Figure 8B) and the invasion ability
of cells was also significantly increased (Figure 8C). Transwell

SKOV3, and analyzed the signaling pathways, molecular
functions, and the associated biological processes, and
constructed a PPI network of DEGs and performed module
analysis. We analyzed the expression of these genes using the
GEPIA website tools, and analyzed the relationship between these
genes and the prognosis of ovarian cancer using the Kaplan-
Meier plotter online tool, and finally analyzed the interaction
between the selected genes and WTI.

Previous studies have shown that compared with normal
tissues, WT1 is highly expressed in ovarian cancer (Hylander
et al,, 2006; Han et al., 2020), and tends to be associated with
higher tumor grades and stages, but was not associated with PFS
or OS (Hylander et al., 2006). Previous studies have also shown
that there are no differences in WT1 staining intensity between
normal tissues and ovarian epithelial tumors (Jiang et al., 2014),
and the overexpression of WT1 is closely associated with poor
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FIGURE 6 | Prognostic information and expression level analysis of hub genes. (A) The prognostic information of 18 hub genes was analyzed by Kaplan-Meier
plotter online tools, and 16 of the 18 genes were significantly related to the prognosis of ovarian cancer (p < 0.05). (B) The expression levels of hub genes between ovarian
cancer tissues and normal tissues were analyzed through the GEPIA database. Compared with normal tissues, 3 of the 16 genes were significantly differentially
expressed in ovarian cancer tissues ("p < 0.05). Red represents tumor tissue; gray represents normal tissue.

prognosis of ovarian cancer (Taube et al., 2016; Carter et al.,
2018; Lu et al., 2018; Han et al., 2020). The reason for the
above differences may be related to insufficient sample size or
heterogeneity of ovarian cancer. In addition, the sensitivity of
immunostaining is lower than that of transcriptome
sequencing or western blotting. This may also explain why
there was no significant difference in WT1 staining intensity.
Based on the above, we used bioinformatics methods to
provide an in-depth analysis. Our study results indicated
that among pan-cancer samples, WT1 showed the highest

expression in ovarian cancer. The expression of WT1 in
ovarian cancer of different grades and ages was higher
than that of normal tissues, and WT1 showed a significant
correlation with OS and PFS of ovarian cancer. Although
there were differences with the results of previous studies,
these data also indicate that WT1 may play an important role
in the pathogenesis of ovarian cancer.

In order to further understand the potential mechanisms
involved in WTI1 regulation of the progression of ovarian
cancer, we used the ovarian cancer cell line SKOV3, which
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FIGURE 8 | The effect of WT1 on the proliferation, migration and invasion of ovarian cancer cell line SKOV3. (A) CCK assay was used to detect the effect of

WT1 down-regulation on cell proliferation. (B) Transwell cell migration assay to detect the effect of WT1 down-regulation on cell migration ability. (C) Transwell cell
invasion assay was used to detect the effect of WT1 down-regulation on cell invasion ability. (D) Infection efficiency and localization of Con and Ad-WT1 adenoviruses. (E)
Transwell cell migration assay to detect the effect of WT1 up-regulation on cell migration ability. *p < 0.05. Kd: knockdown, Ad: addition.

highly expresses WT1, as our study focus, and used transcriptome  signal transduction pathways of these DEGs were further
sequencing technology to identify the DEGs influenced by the  explored. The results of KEGG enrichment analysis showed
down-regulation of WT1. We identified a total of 638 up-  that the signal transduction pathways mainly enriched for
regulated genes and 512 down-regulated genes. Through GO  these DEGs were the FoxO signaling pathway, AMPK
and KEGG enrichment analysis, the biological functions and  signaling pathway, and Hippo signaling pathway. These
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signaling pathways all played important roles in regulating the
cancer process. Studies have shown that FoxO protein is involved
in cell metabolism, differentiation, proliferation, apoptosis,
migration and invasion, and other biological processes (Qiang
etal., 2015; Ramezani et al., 2019). The role of FoxO transcription
factors in cancer are more complex, as these are associated with
the inhibition of cell growth and survival of cancer cells, but they
can also promote cancer metastasis and induce cancer drug
resistance (Hornsveld et al., 2018). CTCF can affect the
progression of prostate cancer by regulating the FoxO
signaling pathway (Shan et al, 2019). In addition, FoxO
protein plays an important role in platinum resistance in
ovarian cancer (Shan et al, 2019). AMPK signaling not only
plays an important role in maintaining the balance of energy and
metabolism, but it can also control the progression of cancer,
inhibit proliferation, migration, and invasion of ovarian cancer
cells, and induce cell apoptosis (Liu et al., 2018; Lee et al., 2019;
Hsu et al, 2021). Studies have also shown that the Hippo
signaling pathway plays an important role in the process of
ovarian cancer. The overexpression of YAP1 can promote
proliferation, migration, and invasion of SKOV3 and A2780
cell lines, and inhibit their apoptosis (Lin et al., 2020), while
inhibiting YAP, a co-activator of the Hippo signaling pathway,
can inhibit the drug resistance of ovarian cancer (Munoz-Galvan
et al,, 2020). In this study, the down-regulation of WT1 increased
YAP1 mRNA expression, which may promote the migration and
invasion of the SKOV3 ovarian cancer cell line.

There are also complex interactions between WT1 and the
FoxO, AMPK and Hippo signaling pathways and hub genes in
other cancers. Studies in non-small cell lung cancer (NSCLC)
have shown that WTl-interacting protein inhibits cell
proliferation and tumorigenicity through the AKT/FoxO1 axis.
This protein will damage the phosphorylation and activation of
AKT, leading to increased expression and transcriptional activity
of FoxOl, inhibiting the expression of cyclin D1, and leading to
cell cycle arrest (Wu et al, 2019). AKT1 and CCND1 are two
important regulatory proteins in the AMPK signaling pathway. In
the human NSCLC cell line A549, WTT1 is the transcription factor
regulating AKT-1 expression, and its down-regulation can inhibit
the expression of AKT1 (Wang et al., 2013). In leukemic cells, the
down-regulation of WT1 will cause the down-regulation of
CCND1 and MYC, thereby weakening its proliferation and
cloning ability (Li et al., 2014). E-cadherin (CDHI) plays an
important regulatory role in cell proliferation, cell adhesion, cell
polarity and epithelial-mesenchymal transition and other
physiological processes, and its disorder may promote tumor
proliferation, invasion, migration and transfer (Shenoy, 2019). In
the Hippo signaling pathway, WT1 promotes the invasion of
NSCLC by inhibiting the expression of CDH1 (Wu et al.,, 2013).
In ovarian granulosa cells, mutations in WT1 can inhibit the
expression of CDHI, which may affect the differentiation of
granulosa cells and their interaction with oocytes (Wang et al,
2015). In this study, the expression of CDHI was significantly
reduced after down-regulation of WT1, which indicates that in
SKOV3 ovarian cancer cells, down-regulation of WT1 to promote
its migration and invasion may be partly by inhibiting the
expression of CDHI. Studies have also shown that WTI,

Effect of WT1 on Ovarian Cancer

IGFBPI, and SERPINA1 may be the prognostic biomarkers of
metastatic pancreatic cancer, and are of great significance for
treatment (Thakur et al., 2008). In liver cancer cells, WT1 can
affect the expression of IGFBP1, which may affect the progression
and cell survival (Perugorria et al, 2009). The above studies
support our findings to a certain extent, indicating that WT1 may
play an important role in ovarian cancer through these three
signaling pathways and related hub genes.

Tumor migration and invasion are two important hallmarks
that influence the treatment and prognosis of ovarian cancer. A
better understanding of cancer migration and invasion
mechanisms will help to achieve earlier diagnosis and
treatment of cancer. In this study, following WT1 gene
interference in the ovarian cancer cell line SKOV3, the DEGs
were mainly enriched in the FoxO, AMPK, and Hippo signaling
pathways. These pathways have been reported to participate in
the migration and invasion of cancer cells. Of these, the FoxO
signaling pathway is closely related to PI3K/AKT signaling.
Studies have shown that FoxO signaling is involved in
mediating the proliferation, survival and migration of
hepatocellular carcinoma (Li et al, 2021). Similarly, in the
study of hepatocellular carcinoma, glycochenodeoxycholate
induces AMPK/mTOR-dependent autophagy activation, which
in turn promotes cell invasion and migration (Gao et al., 2019). In
ovarian cancer cells, researchers found that AMPK/mTOR
signaling participates in the regulation of ovarian cancer cell
migration and invasion by inducing apoptosis (Lee et al., 2019).
The Hippo pathway plays an important role in the migration and
invasion of cancer cells. Studies have shown that Hippo-Yap
signaling in prostate cancer cells is involved in the regulation of
cell migration and invasion (Lai et al,, 2019). Yes-association
protein (YAP) is a core component of the Hippo pathway. The
abnormally high expression of YAP/TAZ is associated with
tumor occurrence and progression. Studies have shown that
YAP1 knockdown in gastric cancer inhibits cell proliferation
and reduces cell invasion and migration (Han, 2019). Our study
findings showed that WT1 may not only participate in the
regulation of the migration and invasion of ovarian cancer
cells through the ERK1/2 pathway, but may also participate in
the migration and invasion of ovarian cancer cells by regulating
these three signal pathways.

In addition, the core genes IGFBP1, FBNI, and SERPINA1
selected in this study have also been reported to be involved in the
regulation of cancer cell migration and invasion. IGFBPI is an
important secretory protein of cells, involved in a variety of
biological processes such as cell proliferation, apoptosis,
migration, invasion, and adhesion, and has been reported to
play an important role in the pathophysiological process of many
tumors (Lin et al., 2021). Previous studies have shown that
IGFBP-1 in gastric cancer cells can influence cell migration
(Luo et al.,, 2017). In ovarian cancer, the expression of IGFBP-
1 is significantly correlated with ovarian risk (Terry et al., 2009).
The Fibrillin 1 (FBN1) gene is responsible for encoding a protein
called fibrillin 1, which can form filaments, microfibrils, or elastic
fibers (Faivre et al., 2003; Davis et al., 2014). Previous studies in
gastric cancer cells have shown that miR-133b can inhibit cell
proliferation, migration, and invasion by increasing the
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expression of FBN1 (Yang et al., 2017). Interfering with the
expression of FBN1 in osteosarcoma cells inhibits cell
migration and invasion (Liu et al, 2020). Serpin peptidase
inhibitor clade A member 1 (SERPINAL), a protease inhibitor
plays an important role in a variety of cancers. Previous studies
have shown that the expression of SERPINAL is associated with
poor prognosis in patients with lung, colon, and skin cancer
(Farshchian et al., 2011; Chan et al., 2015; Kwon et al., 2015;
Ercetin et al., 2019). In addition, SERPINA1 has also been
reported to be involved in the regulation of ovarian cancer cell
migration and invasion (Normandin et al, 2010). Therefore,
IGFBP1, FBN1, SERPINAL1 not only have complex interactions
with WTI1, but also may jointly regulate the migration and
invasion of ovarian cancer cells.

Previous studies have shown that WT1 can be used as an
important marker for the diagnosis and prognosis of ovarian
cancer (Basak et al.; Taube et al., 2016; Gaaib, 2018; Sallum
et al., 2018; Mondal et al., 2021). Our research has identified
related genes and signaling pathways in ovarian cancer that
are affected by WT1, and identified genes that are associated
with WT1 and affect the prognosis of ovarian cancer. The
combined detection of these genes may help improve the
accuracy and consistency of ovarian cancer diagnosis. In
addition, vaccines or drugs currently developed targeting
WT1 have been used in cancer treatment, and some of
them may be combined with conventional chemotherapy
or other drugs to treat cancer (Izumoto et al, 2008;
Hashimoto et al., 2015; Ogasawara et al., 2019). However,
long-term administration to a target site may lead to acquired
drug resistance, causing many cancer patients to experience
recurrence and progression (Engelman and Jdnne, 2008). Our
study has identified potential therapeutic targets and
signaling pathways associated with WT1 expression, which
may lead to the development of targeted drugs for the
treatment of ovarian cancer to increase the efficacy of
combination treatment.

In conclusion, our research not only helps to further enrich the
possible involvement of WT1 in the occurrence and development

REFERENCES

Allemani, C., Matsuda, T., Di Carlo, V., Harewood, R., Matz, M., Niksi¢, M., et al.
(2018). Global Surveillance of Trends in Cancer Survival 2000-14 (CONCORD-
3): Analysis of Individual Records for 37 513 025 Patients Diagnosed with One
of 18 Cancers from 322 Population-Based Registries in 71 Countries. Lancet 391
(10125), 1023-1075. doi:10.1016/S0140-6736(17)33326-3

Barbolina, M. V., Adley, B. P., Shea, L. D., and Stack, M. S. (2008). Wilms Tumor
Gene Protein 1 Is Associated with Ovarian Cancer Metastasis and Modulates
Cell Invasion. Cancer 112 (7), 1632-1641. doi:10.1002/cncr.23341

Basak, B., Mondal, S. K., and Debnath, S. W. T1, Bcl-2, Ki-67 and Her2/Neu as
Diagnostic and Prognostic Immuno Markers in Ovarian Serous and
Endometrioid Carcinoma.

Beaver, J. A., Coleman, R. L., Arend, R. C., Armstrong, D. K,, Bala, S., Mills, G. B.,
etal. (2019). Advancing Drug Development in Gynecologic Malignancies. Clin.
Cancer Res. 25 (16), 4874-4880. doi:10.1158/1078-0432.ccr-19-0619

Carter, J. H., Deddens, J. A., Mueller, G., Lewis, T. G., Dooley, M. K., Robillard, M.
C., et al. (2018). Transcription Factors WT1 and P53 Combined: a Prognostic

Effect of WT1 on Ovarian Cancer

of ovarian cancer, especially the regulatory mechanisms of
migration and invasion, but also provides a theoretical rational
for establishing WT1 as a suitable target for treatment and
intervention of advanced ovarian cancer.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The data presented in the study are deposited in the
NCBI SRA repository, accession number : SRP337713.

AUTHOR CONTRIBUTIONS

KM has made significant contributions to the concept and
design, data acquisition, data analysis and supervised the
project. XW has made significant contributions to concept
and design, data analysis and drafting of this article. JCand YD
strictly revised the important knowledge content of the article
and provided technical support. MZ and CJ provided technical
support.

FUNDING

This study was supported by grants from Shandong Provincial
Natural Science Foundation (ZR2020QH042) and Supporting
Fund for Teacher’s research of Jining Medical University
(JYFC2019KJ010).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fbioe.2021.741051/
full#supplementary-material

Biomarker in Ovarian Cancer. Br. J. Cancer 119 (4), 462-470. doi:10.1038/
$41416-018-0191-x

Chan, H. ], Li, H,, Liu, Z., Yuan, Y.-C., Mortimer, J., and Chen, S. (2015).
SERPINAL Is a Direct Estrogen Receptor Target Gene and a Predictor of
Survival in Breast Cancer Patients. Oncotarget 6 (28), 25815-25827.
doi:10.18632/oncotarget.4441

Chen, M. Y,, Clark, A. J., Chan, D. C., Ware, J. L., Holt, S. E., Chidambaram, A.,
et al. (2011). Wilms’ Tumor 1 Silencing Decreases the Viability and
Chemoresistance of Glioblastoma Cells In Vitro: a Potential Role for IGF-
IR De-repression. J. Neurooncol. 103 (1), 87-102. doi:10.1007/s11060-010-
0374-7

Davis, M. R., Andersson, R., Severin, J., De Hoon, M., Bertin, N., Baillie, J. K., et al.
(2014). Transcriptional Profiling of the Human Fibrillin/LTBP Gene Family,
Key Regulators of Mesenchymal Cell Functions. Mol. Genet. Metab. 112 (1),
73-83. doi:10.1016/j.ymgme.2013.12.006

Engelman, J. A,, and Jénne, P. A. (2008). Mechanisms of Acquired Resistance to
Epidermal Growth Factor Receptor Tyrosine Kinase Inhibitors in Non-small
Cell Lung Cancer: Fig. 1. Clin. Cancer Res. 14 (10), 2895-2899. doi:10.1158/
1078-0432.ccr-07-2248

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

October 2021 | Volume 9 | Article 741051


https://www.frontiersin.org/articles/10.3389/fbioe.2021.741051/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2021.741051/full#supplementary-material
https://doi.org/10.1016/S0140-6736(17)33326-3
https://doi.org/10.1002/cncr.23341
https://doi.org/10.1158/1078-0432.ccr-19-0619
https://doi.org/10.1038/s41416-018-0191-x
https://doi.org/10.1038/s41416-018-0191-x
https://doi.org/10.18632/oncotarget.4441
https://doi.org/10.1007/s11060-010-0374-7
https://doi.org/10.1007/s11060-010-0374-7
https://doi.org/10.1016/j.ymgme.2013.12.006
https://doi.org/10.1158/1078-0432.ccr-07-2248
https://doi.org/10.1158/1078-0432.ccr-07-2248
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Meng et al.

Ercetin, E., Richtmann, S., Delgado, B. M., Gomez-Mariano, G., Wrenger, S.,
Korenbaum, E., et al. (2019). Clinical Significance of SERPINA1 Gene and its
Encoded Alphal-Antitrypsin Protein in NSCLC. Cancers 11 (9), 1306.
doi:10.3390/cancers11091306

Faivre, L., Gorlin, R., Wirtz, M., Godfrey, M., Dagoneau, N., Samples, J., et al.
(2003). In Frame Fibrillin-1 Gene Deletion in Autosomal Dominant Weill-
Marchesani Syndrome. J. Med. Genet. 40 (1), 34-36. doi:10.1136/jmg.40.1.34

Farshchian, M., Kivisaari, A., Ala-Aho, R,, Riihil4, P., Kallajoki, M., Grénman, R.,
et al. (2011). Serpin Peptidase Inhibitor Clade A Member 1 (SerpinAl) Is a
Novel Biomarker for Progression of Cutaneous Squamous Cell Carcinoma. Am.
J. Pathol. 179 (3), 1110-1119. doi:10.1016/j.ajpath.2011.05.012

Feng, H, Gu, Z. Y., Li, Q, Liu, Q. H,, Yang, X. Y., and Zhang, J. J. (2019).
Identification of Significant Genes with Poor Prognosis in Ovarian Cancer via
Bioinformatical Analysis. J. Ovarian Res. 12 (1), 35-39. doi:10.1186/s13048-
019-0508-2

Gaaib, J. N. (2018). Evaluation of WT1 Gene Expression as a Diagnostic and Prog-
Nostic Marker in Epithelial Ovarian Cancer. Albahir J. 8 (15-16), 35-45.

Gao, L, Lv, G, Li, R, Liu, W.-t, Zong, C, Ye, F, et al. (2019).
Glycochenodeoxycholate Promotes Hepatocellular Carcinoma Invasion and
Migration by AMPK/mTOR Dependent Autophagy Activation. Cancer Lett.
454, 215-223. doi:10.1016/j.canlet.2019.04.009

Gessler, M., Poustka, A., Cavenee, W., Neve, R. L., Orkin, S. H., and Bruns, G. A. P.
(1990). Homozygous Deletion in Wilms Tumours of a Zinc-finger Gene
Identified by Chromosome Jumping. Nature 343 (6260), 774-778.
doi:10.1038/343774a0

Han, Y. (2019). Analysis of the Role of the Hippo Pathway in Cancer. J. Transl Med.
17 (1), 116-117. doi:10.1186/s12967-019-1869-4

Han, Y., Song, C., Zhang, T., Zhou, Q., Zhang, X., Wang, J., et al. (2020). Wilms’
Tumor 1 (WT1) Promotes Ovarian Cancer Progression by Regulating
E-Cadherin and ERK1/2 Signaling. Cell Cycle 19 (20), 2662-2675.
doi:10.1080/15384101.2020.1817666

Hashimoto, N., Tsuboi, A., Kagawa, N., Chiba, Y., Izumoto, S., Kinoshita, M., et al.
(2015). Wilms Tumor 1 Peptide Vaccination Combined with Temozolomide
against Newly Diagnosed Glioblastoma: Safety and Impact on Immunological
Response. Cancer Immunol. Immunother. 64 (6), 707-716. doi:10.1007/s00262-
015-1674-8

Hornsveld, M., Dansen, T., Derksen, P., and Burgering, B. (2018). Re-evaluating
the Role of FOXOs in Cancer. Semin. Cancer Biol. 50, 90-100.

Hsu, C.-C., Peng, D., Cai, Z,, and Lin, H.-K. (2021). AMPK Signaling and its
Targeting in Cancer Progression and Treatment. Semin. Cancer Biol..
doi:10.1016/j.semcancer.2021.04.006

Hylander, B., Repasky, E., Shrikant, P., Intengan, M., Beck, A., Driscoll, D.,
et al. (2006). Expression of Wilms Tumor Gene (WTI1) in Epithelial
Ovarian Cancer. Gynecol. Oncol. 101 (1), 12-17. doi:10.1016/
j.ygyno.2005.09.052

Izumoto, S., Tsuboi, A., Oka, Y., Suzuki, T., Hashiba, T., Kagawa, N., et al. (2008).
Phase II Clinical Trial of Wilms Tumor 1 Peptide Vaccination for Patients with
Recurrent Glioblastoma Multiforme. Jnus 108 (5), 963-971. doi:10.3171/jns/
2008/108/5/0963

Jemal, A., Bray, F., Center, M. M., Ferlay, J., Ward, E., and Forman, D. (2011).
Global Cancer Statistics. CA: a Cancer ]. clinicians 61 (2), 69-90. doi:10.3322/
caac.20107

Jiang, Y., Chu, Y., Tang, W., Wan, Y., Zhang, L., and Cheng, W. (2014).
Transcription Factor WT1 and Promoter CpG Hypomethylation Coactivate
HOXA10 Expression in Ovarian Cancer. Curr. Pharm. Des. 20 (11), 1647-1654.
doi:10.2174/13816128113199990545

Kwon, C. H,, Park, H. J., Choi, J. H,, Lee, J. R, Kim, H. K,, Jo, H.-j,, et al. (2015).
Snail and serpinAl Promote Tumor Progression and Predict Prognosis in
Colorectal Cancer. Oncotarget 6 (24), 20312-20326. doi:10.18632/
oncotarget.3964

Lai, C.-J., Lin, C.-Y., Liao, W.-Y., Hour, T.-C., Wang, H.-D., and Chuu, C.-P.
(2019). CD44 Promotes Migration and Invasion of Docetaxel-Resistant
Prostate Cancer Cells Likely via Induction of Hippo-Yap Signaling. Cells 8
(4), 295. doi:10.3390/cells8040295

Lee,]. S., Sul,J. Y., Park, J. B., Lee, M. S., Cha, E. Y., and Ko, Y. B. (2019). Honokiol
Induces Apoptosis and Suppresses Migration and Invasion of Ovarian
Carcinoma Cells via AMPK/mTOR Signaling Pathway. Int. J. Mol. Med. 43
(5), 1969-1978. d0i:10.3892/ijmm.2019.4122

Effect of WT1 on Ovarian Cancer

Lheureux, S., Braunstein, M., and Oza, A. M. (2019a). Epithelial Ovarian Cancer:
Evolution of Management in the Era of Precision Medicine. CA Cancer J. Clin.
69 (4), 280-304. doi:10.3322/caac.21559

Lheureux, S., Gourley, C., Vergote, I, and Oza, A. M. (2019b). Epithelial Ovarian
Cancer. The Lancet 393 (10177), 1240-1253. doi:10.1016/s0140-6736(18)
32552-2

Li, Y., Li, P., and Wang, N. (2021). Effect of Let-7c on the PI3K/Akt/FoxO Signaling
Pathway in Hepatocellular Carcinoma. Oncol. Lett. 21 (2), 1. doi:10.3892/
01.2020.12357

Li, Y., Wang, ], Li, X,, Jia, Y., Huai, L., He, K,, et al. (2014). Role of the Wilms’
Tumor 1 Gene in the Aberrant Biological Behavior of Leukemic Cells and the
Related Mechanisms. Oncol. Rep. 32 (6), 2680-2686. doi:10.3892/0r.2014.3529

Lin, X, Feng, D., Li, P, and Lv, Y. (2020). LncRNA LINC00857 Regulates the
Progression and Glycolysis in Ovarian Cancer by Modulating the Hippo
Signaling Pathway. Cancer Med. 9 (21), 8122-8132. doi:10.1002/cam4.3322

Lin, Y. W., Weng, X. F., Huang, B. L., Guo, H. P, Xu, Y. W., and Peng, Y. H. (2021).
IGFBP-1 in Cancer: Expression, Molecular Mechanisms, and Potential Clinical
Implications. Am. J. Transl Res. 13 (3), 813-832.

Liu, W, Liu, P., Gao, H., Wang, X,, and Yan, M. (2020). Long Non-coding RNA
PGM5-AS1 Promotes Epithelial-mesenchymal Transition, Invasion and
Metastasis of Osteosarcoma Cells by Impairing miR-140-5p-mediated FBN1
Inhibition. Mol. Oncol. 14 (10), 2660-2677. doi:10.1002/1878-0261.12711

Liu, Y., Tong, L., Luo, Y., Li, X, Chen, G., and Wang, Y. (2018). Resveratrol Inhibits
the Proliferation and Induces the Apoptosis in Ovarian Cancer Cells via
Inhibiting Glycolysis and Targeting AMPK/mTOR Signaling Pathway.
J. Cel. Biochem. 119 (7), 6162-6172. doi:10.1002/jcb.26822

Loeb, D. M., and Sukumar, S. (2002). The Role of WT1 in Oncogenesis: Tumor
Suppressor or Oncogene? Int. J. Hematol. 76 (2), 117-126. doi:10.1007/
bf02982573

Lu,J., Gu, Y., Li, Q, Zhong, H., Wang, X., Zheng, Z., et al. (2018). Wilms’ Tumor 1
(WT1) as a Prognosis Factor in Gynecological Cancers: A Meta-Analysis.
Medicine (Baltimore) 97 (28), €11485. doi:10.1097/MD.0000000000011485

Luo, C, Sun, F,, Zhu, H,, Ni, Y., Fang, ], Liu, Y., et al. (2017). Insulin-like Growth
Factor Binding Protein-1 (IGFBP-1) Upregulated by Helicobacter pylori and Is
Associated with Gastric Cancer Cells Migration. Pathol. - Res. Pract. 213 (9),
1029-1036. doi:10.1016/j.prp.2017.08.009

Maere, S., Heymans, K., and Kuiper, M. (2005). BINGO: a Cytoscape Plugin to
Assess Overrepresentation of Gene Ontology Categories in Biological
Networks. Bioinformatics 21 (16), 3448-3449. doi:10.1093/bioinformatics/
bti551

Meng, K., Wang, X,, He, Y., Wang, H,, Xie, X., Zhang, Y., et al. (2019a). Evidence
that Downregulation of Wilms’ Tumor 1 (WT1) Is Involved in Cortical Stromal
Cell Differentiation into Theca Cells in Adult Bovine Ovaries. Mol. Reprod. Dev.
86 (11), 1731-1740. doi:10.1002/mrd.23266

Meng, K., Wang, X,, He, Y,, Yang, J., Wang, H., Zhang, Y., et al. (2019b). The
Wilms Tumor Gene (WT1) (+/-KTS) Isoforms Regulate Steroidogenesis by
Modulating the PI3K/AKT and ERK1/2 Pathways in Bovine Granulosa Cellst.
Biol. Reprod. 100 (5), 1344-1355. doi:10.1093/biolre/i0z003

Miller, D. S., Blessing, J. A., Krasner, C. N., Mannel, R. S., Hanjani, P., Pearl, M. L.,
et al. (2009). Phase II Evaluation of Pemetrexed in the Treatment of Recurrent
or Persistent Platinum-Resistant Ovarian or Primary Peritoneal Carcinoma: a
Study of the Gynecologic Oncology Group. J. Clin. Oncol. 27 (16), 2686-2691.
doi:10.1200/jc0.2008.19.2963

Mo, H., He, J., Yuan, Z., Mo, L., Wu, Z., Lin, X, et al. (2016). WT1 Is Involved in the
Akt-JNK Pathway Dependent Autophagy through Directly Regulating Gasl
Expression in Human Osteosarcoma Cells. Biochem. biophysical Res. Commun.
478 (1), 74-80. doi:10.1016/j.bbrc.2016.07.090

Mondal, S. K., Basak, B., Bhattacharya, S., and Panda, U. K. (2021). Role of WT1,
B-Cell Lymphoma 2, Ki-67 (Mibl), and Her2/Neu as Diagnostic and
Prognostic Immunomarkers in Ovarian Serous and Endometroid
Carcinoma. J. Cancer Res. Ther. 17 (1), 164-169. d0i:10.4103/jcrt.JCRT_311_19

Montojo, J., Zuberi, K., Rodriguez, H., Kazi, F., Wright, G., Donaldson, S. L., et al.
(2010). GeneMANIA Cytoscape Plugin: Fast Gene Function Predictions on the
Desktop. Bioinformatics 26 (22), 2927-2928. doi:10.1093/bioinformatics/
btq562

Muioz-Galvan, S., Felipe-Abrio, B., Verdugo-Sivianes, E. M., Perez, M., Jiménez-
Garcia, M. P., Suarez-Martinez, E., et al. (2020). Downregulation of MYPT1
Increases Tumor Resistance in Ovarian Cancer by Targeting the Hippo

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

13

October 2021 | Volume 9 | Article 741051


https://doi.org/10.3390/cancers11091306
https://doi.org/10.1136/jmg.40.1.34
https://doi.org/10.1016/j.ajpath.2011.05.012
https://doi.org/10.1186/s13048-019-0508-2
https://doi.org/10.1186/s13048-019-0508-2
https://doi.org/10.1016/j.canlet.2019.04.009
https://doi.org/10.1038/343774a0
https://doi.org/10.1186/s12967-019-1869-4
https://doi.org/10.1080/15384101.2020.1817666
https://doi.org/10.1007/s00262-015-1674-8
https://doi.org/10.1007/s00262-015-1674-8
https://doi.org/10.1016/j.semcancer.2021.04.006
https://doi.org/10.1016/j.ygyno.2005.09.052
https://doi.org/10.1016/j.ygyno.2005.09.052
https://doi.org/10.3171/jns/2008/108/5/0963
https://doi.org/10.3171/jns/2008/108/5/0963
https://doi.org/10.3322/caac.20107
https://doi.org/10.3322/caac.20107
https://doi.org/10.2174/13816128113199990545
https://doi.org/10.18632/oncotarget.3964
https://doi.org/10.18632/oncotarget.3964
https://doi.org/10.3390/cells8040295
https://doi.org/10.3892/ijmm.2019.4122
https://doi.org/10.3322/caac.21559
https://doi.org/10.1016/s0140-6736(18)32552-2
https://doi.org/10.1016/s0140-6736(18)32552-2
https://doi.org/10.3892/ol.2020.12357
https://doi.org/10.3892/ol.2020.12357
https://doi.org/10.3892/or.2014.3529
https://doi.org/10.1002/cam4.3322
https://doi.org/10.1002/1878-0261.12711
https://doi.org/10.1002/jcb.26822
https://doi.org/10.1007/bf02982573
https://doi.org/10.1007/bf02982573
https://doi.org/10.1097/MD.0000000000011485
https://doi.org/10.1016/j.prp.2017.08.009
https://doi.org/10.1093/bioinformatics/bti551
https://doi.org/10.1093/bioinformatics/bti551
https://doi.org/10.1002/mrd.23266
https://doi.org/10.1093/biolre/ioz003
https://doi.org/10.1200/jco.2008.19.2963
https://doi.org/10.1016/j.bbrc.2016.07.090
https://doi.org/10.4103/jcrt.JCRT_311_19
https://doi.org/10.1093/bioinformatics/btq562
https://doi.org/10.1093/bioinformatics/btq562
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Meng et al.

Pathway and Increasing the Stemness. Mol. Cancer 19 (1), 7-16. doi:10.1186/
$12943-020-1130-z

Normandin, K., Péant, B., Le Page, C., de Ladurantaye, M., Ouellet, V., Tonin, P. N,
et al. (2010). Protease Inhibitor SERPINA1 Expression in Epithelial Ovarian
Cancer. Clin. Exp. Metastasis 27 (1), 55-69. doi:10.1007/s10585-009-9303-6

Ogasawara, M., Miyashita, M., Yamagishi, Y., and Ota, S. (2019). Phase I/II Pilot
Study of Wilms® Tumor 1 Peptide-Pulsed Dendritic Cell Vaccination
Combined with Conventional Chemotherapy in Patients with Head and
Neck Cancer. Ther. Apher. Dial. 23 (3), 279-288. doi:10.1111/1744-9987.12831

Oka, Y., and Kawase, L. (2008). Cancer Antigen WT1-Targeting Treatment for the
Malignancies -Development of WT1 Peptide Vaccine-. Jpn. J. Clin. Immunol.
31 (5), 375-382. doi:10.2177/jsci.31.375

Perugorria, M. J., Castillo, J., Latasa, M. U., Goni, S., Segura, V., Sangro, B., et al.
(2009). Wilms’ Tumor 1 Gene Expression in Hepatocellular Carcinoma
Promotes Cell Dedifferentiation and Resistance to Chemotherapy. Cancer
Res. 69 (4), 1358-1367. doi:10.1158/0008-5472.can-08-2545

Qiang, Y., Wang, F., Yan, S., Zhang, H., Zhu, L., Chen, Z,, et al. (2015). Abnormal
Expression of Forkhead Box J2 (FOXJ2) Suppresses Migration and Invasion in
Extrahepatic Cholangiocarcinoma and Is Associated with Prognosis. Int.
J. Oncol. 46 (6), 2449-2458. doi:10.3892/ij0.2015.2957

Ramezani, A., Nikravesh, H., and Faghihloo, E. (2019). The Roles of FOX Proteins
in Virus-associated Cancers. J. Cel Physiol 234 (4), 3347-3361. doi:10.1002/
jcp.27295

Sallum, L. F., Andrade, L., Ramalho, S., Ferracini, A. C., de Andrade Natal, R., Brito,
A.B. C, etal. (2018). WT1, P53 and P16 Expression in the Diagnosis of Low-
and High-Grade Serous Ovarian Carcinomas and Their Relation to Prognosis.
Oncotarget 9 (22), 15818-15827. doi:10.18632/oncotarget.24530

Shan, Z,, Li, Y., Yu, S,, Wu, J., Zhang, C.,, Ma, Y., et al. (2019). CTCFregulates the
FoxO Signaling Pathway to Affect the Progression of Prostate Cancer. J. Cel Mol
Med 23 (5), 3130-3139. doi:10.1111/jcmm.14138

Shen, J., Yu, S., Sun, X, Yin, M., Fei, J., and Zhou, J. (2019). Identification of Key
Biomarkers Associated with Development and Prognosis in Patients with
Ovarian Carcinoma: Evidence from Bioinformatic Analysis. J. Ovarian Res.
12 (1), 110-113. doi:10.1186/s13048-019-0578-1

Shenoy, S. (2019). CDH1 (E-Cadherin) Mutation and Gastric Cancer: Genetics,
Molecular Mechanisms and Guidelines for Management. Cancer. Manage. Res.
Vol. 11, 10477-10486. doi:10.2147/cmar.s208818

Siegel, R. L., Miller, K. D., and Jemal, A. (2015). Cancer Statistics, 2015. CA: a
Cancer J. clinicians 65 (1), 5-29. doi:10.3322/caac.21254

Tang, Z., Li, C., Kang, B., Gao, G., Li, C,, and Zhang, Z. (2017). GEPIA: a Web
Server for Cancer and normal Gene Expression Profiling and Interactive
Analyses. Nucleic Acids Res. 45 (W1), W98-W102. doi:10.1093/nar/gkx247

Taube, E. T., Denkert, C., Sehouli, J., Kunze, C. A., Dietel, M., Braicu, I, et al.
(2016). Wilms Tumor Protein 1 (WT1) - Not Only a Diagnostic but Also a
Prognostic Marker in High-Grade Serous Ovarian Carcinoma. Gynecol. Oncol.
140 (3), 494-502. doi:10.1016/j.ygyno.2015.12.018

Terry, K. L., Tworoger, S. S., Gates, M. A., Cramer, D. W., and Hankinson, S. E.
(2009). Common Genetic Variation in IGF1, IGFBP1 and IGFBP3 and Ovarian
Cancer Risk. Carcinogenesis 30 (12), 2042-2046. doi:10.1093/carcin/bgp257

Thakur, A., Bollig, A., W, J., and Liao, D. J. (2008). Gene Expression Profiles in
Primary Pancreatic Tumors and Metastatic Lesions of Ela-C-Myc Transgenic
Mice. Mol. Cancer 7 (1), 11-16. doi:10.1186/1476-4598-7-11

Effect of WT1 on Ovarian Cancer

Vaughan, S., Coward, J. L, Bast, R. C., Berchuck, A., Berek, J. S., Brenton, J. D., et al.
(2011). Rethinking Ovarian Cancer: Recommendations for Improving
Outcomes. Nat. Rev. Cancer 11 (10), 719-725. doi:10.1038/nrc3144

Wang, H, Li, G., Zhang, J., Gao, F,, Li, W,, Qin, Y., et al. (2015). Novel WT1
Missense Mutations in Han Chinese Women with Premature Ovarian Failure.
Sci. Rep. 5 (1), 13983-13987. doi:10.1038/srep13983

Wang, X., Gao, P., Lin, F,, Long, M., Weng, Y., Ouyang, Y., et al. (2013). Wilms’
Tumour Suppressor Gene 1 (WT1) Is Involved in the Carcinogenesis of Lung
Cancer through Interaction with PI3K/Akt Pathway. Cancer Cel Int 13 (1),
114-211. doi:10.1186/1475-2867-13-114

Wang, X., Meng, K., Wang, H., Wang, Y., Zhao, Y., Kang, J., et al. (2021).
Identification of Small Extracellular Vesicle Subtypes in Follicular Fluid:
Insights into the Function and miRNA Profiles. J. Cel Physiol 236 (8),
5633-5645. doi:10.1002/jcp.30251

Wu, C., Zhu, W., Qian, J., He, S., Wu, C., Chen, Y., et al. (2013). WT1 Promotes
Invasion of NSCLC via Suppression of CDHI. J. Thorac. Oncol. 8 (9),
1163-1169. doi:10.1097/jto.0b013e31829f6a5f

Wu, Z., Qiu, M., Mi, Z., Meng, M., Guo, Y., Jiang, X., et al. (2019). WT1-interacting
Protein Inhibits Cell Proliferation and Tumorigenicity in Non-small-cell Lung
Cancer via the AKT/FOXO1 axis. Mol. Oncol. 13 (5), 1059-1074. doi:10.1002/
1878-0261.12462

Yang, D., Zhao, D., and Chen, X. (2017). MiR-133b Inhibits Proliferation and
Invasion of Gastric Cancer Cells by Up-Regulating FBN1 Expression. Cancer.
Biomark. 19 (4), 425-436. doi:10.3233/cbm-160421

Yang, L., Han, Y., Saurez Saiz, F., and Minden, M. D. (2007). A Tumor Suppressor
and Oncogene: the WT1 story. Leukemia 21 (5), 868-876. doi:10.1038/
sjleu.2404624

Zhang, T. F., Yu, S. Q,, Guan, L. S., and Wang, Z. Y. (2003). Inhibition of Breast
Cancer Cell Growth by the Wilms” Tumor Suppressor WT1 Is Associated with a
Destabilization of Beta-Catenin. Anticancer Res. 23 (5A), 3575-3584.

Zhang, Y., Yan, W.-T,, Yang, Z.-Y., Li, Y.-L,, Tan, X.-N., Jiang, J., et al. (2020). The
Role of WT1 in Breast Cancer: Clinical Implications, Biological Effects and
Molecular Mechanism. Int. J. Biol. Sci. 16 (8), 1474-1480. doi:10.7150/
ijbs.39958

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Meng, Cao, Dong, Zhang, Ji and Wang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

14

October 2021 | Volume 9 | Article 741051


https://doi.org/10.1186/s12943-020-1130-z
https://doi.org/10.1186/s12943-020-1130-z
https://doi.org/10.1007/s10585-009-9303-6
https://doi.org/10.1111/1744-9987.12831
https://doi.org/10.2177/jsci.31.375
https://doi.org/10.1158/0008-5472.can-08-2545
https://doi.org/10.3892/ijo.2015.2957
https://doi.org/10.1002/jcp.27295
https://doi.org/10.1002/jcp.27295
https://doi.org/10.18632/oncotarget.24530
https://doi.org/10.1111/jcmm.14138
https://doi.org/10.1186/s13048-019-0578-1
https://doi.org/10.2147/cmar.s208818
https://doi.org/10.3322/caac.21254
https://doi.org/10.1093/nar/gkx247
https://doi.org/10.1016/j.ygyno.2015.12.018
https://doi.org/10.1093/carcin/bgp257
https://doi.org/10.1186/1476-4598-7-11
https://doi.org/10.1038/nrc3144
https://doi.org/10.1038/srep13983
https://doi.org/10.1186/1475-2867-13-114
https://doi.org/10.1002/jcp.30251
https://doi.org/10.1097/jto.0b013e31829f6a5f
https://doi.org/10.1002/1878-0261.12462
https://doi.org/10.1002/1878-0261.12462
https://doi.org/10.3233/cbm-160421
https://doi.org/10.1038/sj.leu.2404624
https://doi.org/10.1038/sj.leu.2404624
https://doi.org/10.7150/ijbs.39958
https://doi.org/10.7150/ijbs.39958
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Application of Bioinformatics Analysis to Identify Important Pathways and Hub Genes in Ovarian Cancer Affected by WT1
	Introduction
	Materials and Methods
	Cell Culture
	Transfection of Wilms tumor gene1 Gene siRNA Sequence Into Ovarian Cancer Cell Line SKOV3
	RNA-Sequencing
	Identification of Differentially Expressed Genes
	Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Enrichment Analysis
	Protein–Protein Interaction Network Construction and Module Analysis
	Hub Gene Selection and Analysis
	RNA Extraction and cDNA Preparation
	Real-Time Quantitative Polymerase Chain Reaction
	Western Blotting Analyses
	Infection of WT1-Expressing Adenoviruses into Ovarian Cancer Cell Line SKOV3
	Immunofluorescence
	Proliferation Experiment
	Transwell Assay
	Cell Migration Assay
	Cell Invasion Assay

	Statistical Analysis

	Results
	Wilms tumor gene1 Was Differentially Expressed in Ovarian Cancer and Was Related to Prognosis
	siRNA Transfection Down-Regulated WT1 Expression in the Ovarian Cancer Cell Line SKOV3
	Differential Gene Enrichment Analysis
	Analysis of Enriched Genes in the Kyoto Encyclopedia of Genes and Genomes Pathway
	Differential Gene Protein-Protein Interaction Network Construction and Core Gene Analysis
	The Effect of Wilms tumor gene1 on the Proliferation, Migration and Invasion of Ovarian Cancer Cell Line SKOV3

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


