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Abstract. DEP domain containing 1 (DEPDC1) and forkhead 
box transcription factor 3a (FOXO3a) serve a role in tumor 
cells. To the best of our knowledge, however, the expression of 
DEPDC1 and FOXO3a in nephroblastoma and their role and 
potential mechanisms in nephroblastoma cells have not been 
reported. The aim of the present study was to characterize 
the expression of DEPDC1 and FOXO3a in nephroblastoma, 
as well as the underlying mechanisms. The expression 
levels of DEPDC1 and FOXO3a were detected using reverse 
transcription‑quantitative PCR and western blotting. Cell 
viability, proliferation, invasion and migration were detected 
using Cell Counting Kit‑8, colony formation, Transwell and 
wound healing assays, respectively. The activity of DEPDC1 
promoter was detected by dual‑luciferase reporter assay 
and the association between FOXO3a and DEPDC1 was 
detected using immunoprecipitation. DEPDC1 expression was 
significantly increased in nephroblastoma cells, particularly 
WiT49 cells. Compared with the negative control, DEPDC1 
knockdown significantly inhibited proliferation, invasion and 
migration of WiT49 cells, while DEPDC1 overexpression (Ov) 
reversed these effects. By contrast, expression of FOXO3a was 
decreased in WiT49 cells and immunoprecipitation showed 
that FOXO3a bound to the DEPDC1 promoter. Ov‑FOXO3a 
inhibited WiT49 cell proliferation, invasion and migration, as 
well as protein expression levels of phosphorylated‑glycogen 
synthase kinase‑3β, Wnt3a and β‑catenin, while DEPDC1 Ov 
reversed the inhibitory effects of FOXO3a Ov on WiT49 cells. 
In conclusion, DEPDC1 promoted malignant progression of 
nephroblastoma via the Wnt/β‑catenin signaling pathway; this 
may be regulated by FOXO3a.

Introduction

Nephroblastoma, also known as Wilms' tumor, is the fourth 
most common malignant abdominal cancer in children and 
typically occurs between the ages of 3 and 5  years  (1,2). 
Over the past 50 years, therapeutic options for patients with 
nephroblastoma have been primarily based on nephrectomy, 
complemented by radiotherapy, systemic chemotherapy and 
autologous stem cell transplantation (3). The improvement 
of treatment methods has led to long‑term survival rate of 
>90% (4); thus nephroblastoma has one of the best prognoses 
among types of pediatric cancer. However, certain patients 
still experience poor prognosis due to cancer recurrence and 
metastasis  (5). Therefore, discovering targeted biomarkers 
of nephroblastoma may contribute to understanding of the 
pathogenesis and metastatic mechanism and development of 
novel therapeutic strategies for management of patients with 
nephroblastoma.

DEP domain containing 1 (DEPDC1) is a tumor‑associated 
gene (6,7) involved in regulation of cellular processes such 
as transcription, mitosis and apoptosis (8). In addition, other 
studies have shown that DEPDC1 participates in tumori‑
genesis and cancer progression in lung adenocarcinoma (9), 
gastric cancer (10), oral squamous cell carcinoma (11) and 
colorectal (12), liver (13) and breast cancer (14). By analyzing 
Therapeutically Applicable Research to Generate Effective 
Treatments database, Su  et  al  (5) found that DEPDC1 is 
highly expressed in nephroblastoma and is associated with 
poor patient survival, indicating that DEPDC1 may serve as 
a potential prognostic and diagnostic biomarker for nephro‑
blastoma. To the best of our knowledge, however, the role of 
DEPDC1 in the onset and development of nephroblastoma 
have not been investigated.

Forkhead box transcription factor O (FOXO), a subfamily 
of the forkhead transcription factor family, serves an essential 
role in cell function, including apoptosis, energy metabo‑
lism, DNA damage repair and oxidative stress (15‑17). The 
FOXO subfamily includes four primary subtypes (FOXO1, 
FOXO3/FOXO3a, FOXO4 and FOXO6) that possess similar 
structure and function (18). The expression of FOXO4 is higher 
in skeletal muscle, while FOXO3a is primarily expressed in 
the brain, heart, kidney and spleen (19). FOXO6 is highly 

FOXO3a‑modulated DEPDC1 promotes malignant progression 
of nephroblastoma via the Wnt/β‑catenin signaling pathway

GENG GENG1,  QINGHAO LI1,  XINGQING GUO2,  QINGBIN NI1,  YONGTAO XU1,  
ZHAOLONG MA1,  YONGJIN WANG1  and  MING MING1

1Department of Pediatric Surgery, Taian City Central Hospital, Taian, Shandong 271000;  
2Department of Pediatric Respirology and Cardiology, The Affiliated Hospital of Qingdao University,  

Qingdao 266000, P.R. China

Received February 28, 2022;  Accepted April 27, 2022

DOI: 10.3892/mmr.2022.12788

Correspondence to: Dr Ming Ming, Department of Pediatric 
Surgery, Taian City Central Hospital, 29 Longtan Road, Taishan, 
Taian, Shandong 271000, P.R. China
E‑mail: mingming80S@126.com

Key words: nephroblastoma, DEP domain containing 1, forkhead 
box transcription factor 3a, proliferation, invasion, migration

https://www.spandidos-publications.com/10.3892/mmr.2022.12788


GENG et al:  ROLE OF DEPDC1 IN NEPHROBLASTOMA2

expressed in nervous tissue (19). Studies have demonstrated 
that downregulation of the functioning of FOXO protein 
promotes tumorigenesis and cancer progression (20,21). In 
particular, FOXO3a, a tumor suppressor, has been reported 
to be associated with metastasis of malignant tumor, such 
as breast  (22), pancreatic  (23) and kidney cancer  (24). A 
recent study found that FOXO3a inhibits nephroblastoma cell 
proliferation, migration and invasion and suppresses apoptosis 
by disrupting the Wnt/β‑catenin signaling pathway  (25). 
Downregulation of DEPDC1 also inhibits the Wnt/β‑catenin 
signaling pathway (26). To the best of our knowledge, however, 
no report has studied the association between FOXO3a and 
DEPDC1 in onset and progression of nephroblastoma.

The aim of the present study was to clarify the association 
between DEPDC1 expression, prognosis of nephroblastoma 
and FOXO3a and associated signaling pathways to identify 
potential therapeutic targets.

Materials and methods

Cell culture and treatment. Human normal renal (HK‑2) and 
nephroblastoma cell lines (WiT49, WILTU‑1 and GHINK‑1) 
were obtained from American Type Culture Collection. 
All cell lines were cultured in DMEM supplemented with 
10% FBS (both HyClone; Cytiva), 1% penicillin and 1% strep‑
tomycin (both from Beyotime Institute of Biotechnology) at 
37˚C with 5% CO2.

Bioinformatics analysis. JASPAR database (jaspar.genereg.
net/) was used to predict the binding site of transcription factor 
FOXO3a to DEPDC1 promoter.

Cell proliferation. WiT49 cell (1x105 cells/well) proliferation 
was assessed by 5‑ethynyl‑2'‑deoxyuridine (EdU) incorpora‑
tion using a Click‑iT™ EdU Imaging kit (cat. no. C10337; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocol. Subsequently, 1 µg/ml DAPI (Beyotime Institute of 
Biotechnology) was applied to stain the cells for 10 min at 
room temperature. Images were captured in five randomized 
fields of view using a confocal microscope.

Cell transfection. WiT49 cells (3x105 cells/well) were inocu‑
lated onto 6‑well plates and cultured for 24 h at 37˚C with 
5% CO2. Following incubation, cells were transfected with 
overexpression (Ov)‑DEPDC1, Ov‑FOXO3a vector, nega‑
tive control empty vector (Ov‑NC), DEPDC1‑targeting 
short hairpin (sh)RNA (sh‑DEPDC1#1, and sh‑DEPDC1#2) 
and sh‑NC at a concentration of 25 nM. shRNA sequences 
are presented in Table I . All plasmids were synthesized 
by Shanghai GenePharma Co., Ltd. and transfected using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions. Blank 
control group cells were untreated. Following transfection for 
48 h at 37˚C, transfection efficiency was detected using reverse 
transcription‑quantitative (RT‑q)PCR and western blotting 
within 48 h.

Cell counting kit‑8 (CCK‑8) assay. CCK‑8 assay was 
performed to assess cell viability. Briefly, WiT49 cells were 
seeded into a 96‑well plate (6x103 cells/well) and incubated for 

24, 48 and 72 h at 37˚C under 5% CO2. Following incubation, 
10 µl CCK‑8 solution (cat. no. P0037; Beyotime Institute of 
Biotechnology) was added to each well and cells were cultured 
for another 2 h at 37˚C with 5% CO2. The optical density (OD) 
was measured at 450 nm using a microplate reader (BioTek 
Instruments, Inc.), Relative cell viability (%) was calculated as 
follows: (Treated ODA450‑blank ODA450)/(control ODA450‑blank 
ODA450) x100%.

Colony formation assay. WiT49 cells (5x102  cells/well) 
suspended in DMEM were inoculated into 6‑well plates and 
incubated at 37˚C in 5% CO2 for 14 days. The cells were fixed 
with 70% ethanol at room temperature for 15 min, stained with 
0.05% crystal violet at 37˚C for 20 min and number of colonies 
was counted manually (≥50 cells) using an Olympus GX53 
light microscope (Olympus Corporation; magnification, x4).

Wound healing assay. WiT49 cells were inoculated in 
6‑well plates (1x105 cells/well). When they reached 70‑80% 
confluence, medium was replaced with serum‑free DMEM 
(Shanghai Yimiao Chemical Technology Co., Ltd.) and cells 
were incubated overnight at 37˚C at 5% CO2. Subsequently, a 
200‑µl sterile pipette tip was used to scratch the cell monolayer. 
Following washing, with PBS three times, plates were main‑
tained at 37˚C with 5% CO2. Images were captured at 0 and 
24 h using a BX51 inverted microscope (Olympus Corporation; 
magnification, x100) Cell migration (%) was calculated as 
follows: Final wound width/original wound width x100.

Cell invasion assay. Cell invasion ability was assessed using 
Matrigel‑coated Transwell chambers (BD Biosciences). 
Briefly, 24‑well Transwell plates (Corning, Inc.) with 8‑µm 
pore inserts were coated with Matrigel (BD Biosciences) 
at 37˚C for 30 min. Next, 4x104 WiT49 cells were plated in 
serum‑free DMEM (Shanghai Yimiao Chemical Technology 
Co., Ltd.). The upper chamber was precoated with Matrigel 
and cells were cultured in the upper chamber (0.1 ml cell 
suspension/well); the lower chamber was filled with DMEM 
(Shenzhen Baienwei Biotechnology Co., Ltd.) supplemented 
with 20% FBS. Following incubation at 37˚C with 5% CO2 
for 24  h, the upper chamber was collected and cleaned. 
The invading cells were fixed with 4%  formaldehyde at 
25˚C for 15 min and stained with 0.3% crystal violet solu‑
tion (Sigma‑Aldrich; Merck KGaA) at room temperature 
for 30 min. The invading cells were observed under a light 
microscope in five randomly selected fields of view (Olympus 
Corporation; magnification, x100).

RT‑qPCR. Total RNA was extracted from WiT49 cells using 
RNAzol RT (Sigma‑Aldrich; Merck KGaA), according to 
the manufacturer's instructions. RNA concentration and 
quantification were assessed using a NanoDrop spectropho‑
tometer (Thermo Fisher Scientific, Inc.). Following DNase I 
digestion, total RNA was reverse‑transcribed into cDNA 
using a QuantiTect Reverse Transcription kit (Qiagen GmbH), 
according to the manufacturer's instructions. Subsequently, 
RT‑qPCR was performed using a QuantiTect SYBR Green 
PCR kit (Qiagen GmbH), according to the manufacturer's 
instructions. The thermocycling conditions were as follows: 
Initial denaturation at 95˚C for 10 min, followed by 40 cycles 
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of 95˚C for 10 sec and 60˚C for 60 sec. Primers (GenScript) 
are listed in Table I. mRNA expression levels were quantified 
using the 2‑ΔΔCq method (27) and normalized to the internal 
reference gene GAPDH.

Western blotting. WiT49 cells were washed twice with 
PBS, lysed with RIPA lysis buffer (Beyotime Institute of 
Biotechnology) and incubated for 30 min on ice. Cell lysate was 
centrifuged at 300 x g at 4˚C for 20 min and protein supernatant 
was transferred into Eppendorf tubes. Total protein was quan‑
tified using a BCA protein assay kit (Bio‑Rad Laboratories, 
Inc.). Following denaturation in a 95˚C metal bath, Protein 
(20 µg/lane) was separated using 10% SDS‑PAGE and trans‑
ferred onto PVDF membranes (GE Healthcare), which were 
blocked with 10% skimmed milk for 1 h at room tempera‑
ture. Subsequently, membranes were incubated overnight 
at 4˚C with the primary antibodies (all 1:1,000; all Abcam) 
as follows: Anti‑DEPDC1 (cat. no. ab197246), anti‑FOXO3a 
(cat. no. ab109629), anti‑phosphorylated (p‑)glycogen synthase 
kinase‑3β (GSK‑3β; cat. no.  ab75814), anti‑GSK‑3β (cat. 
no. ab93926), anti‑Wnt3a (cat. no. ab219412), anti‑β‑catenin (cat. 
no. ab32572) and anti‑GAPDH (cat. no. ab181602). Following 
incubation with primary antibodies, the membranes were incu‑
bated with goat anti‑rabbit horseradish peroxidase‑conjugated 
IgG secondary antibody (1:5,000; cat. no. ab150077; Abcam) 
at room temperature for 1 h. Protein bands were visualized 
using enhanced chemiluminescence reagent (GE Healthcare). 
Protein expression levels were semi‑quantified using ImageJ 
software (version 1.46; National Institutes of Health) with 
GAPDH as the loading control.

Dual‑luciferase reporter assay. WiT49 cells were inoculated 
in a 24‑well plate (1x105 cells/well). When cells reached 80% 
confluence, luciferase activity was detected using the Promega 
Double Fluorescence Detection kit (Promega Corporation), 
according to the manufacturer's instructions. The DEPDC1 
sequence including the putative binding sites of FOXO3a was 
sub‑cloned and inserted into the pmirGLO vector (Promega 
Corporation) to construct DEPDC1‑wild‑type (WT) and 
mutant (MUT) reporter plasmids. 0.1 µg DEPDC1‑WT or 
DEPDC1‑MUT reporter plasmids containing Ov‑FOXO3a 

or Ov‑NC were constructed (Shanghai GenePharma) to be 
co‑transfected into WiT49 cells using Lipofectamine 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.). After 24 h, culture 
supernatant was discarded and collected cells were rinsed 
with PBS three times. Subsequently, 120 µl cell lysate was 
added to each well and shaken on a horizontal oscillator for 
45 min at 50 x g. Next, 10 µl lysed cell mixture and 50 µl firefly 
luciferase reagent was added to a 1.5 ml tube and mixed. A 
total of 50 µl Stop/Glo Sealing Luciferase Reagent was added. 
Firefly/Renilla luciferase values were recorded and DEPDC1 
promoter transfer activity was analyzed. The luciferase activity 
was also normalized to that of Renilla. Each group was set up 
in three wells and each experiment was repeated three times.

Chromatin immunoprecipitation (ChIP)‑PCR assay. Total 
genomic DNA was isolated by 1  ml SDS (Beyotime)and 
sonicated using the EZChip™ kit (EMD Millipore). Cells 
(1x107/ml were sonicated for 10s on ice for 5 times and frag‑
mented DNA was visualized on an agarose gel. For chromatin 
isolation, the sample was centrifuged at 15,000 x g for 10 min 
at 4˚C to remove insoluble material and 10X ChIP dilution 
buffer was added to the collected supernatant. The sample was 
pre‑cleared with protein G‑agarose beads at 4˚C for 1 h and 
pre‑cleared chromatin was incubated with antibodies against 
FOXO3a (cat. no. ab70315;3 µg/mg; Abcam) at 4˚C overnight 
according to the manufacture's protocol. Finally, PBS was 
adopted for the rinse of the sample. Immunochromatin was 
amplified using RT‑qPCR as aforementioned.

Statistical analysis. Data are presented as the mean ± SD of 
≥3 independent experiments. GraphPad Prism 8.0.2 software 
(GraphPad Software, Inc.) was used for data analysis. Statistical 
differences were determined using one‑way ANOVA followed 
by Tukey's post hoc test for group comparisons. P<0.05 was 
considered to indicate a statistically significant difference.

Results

DEPDC1 is highly expressed in nephroblastoma cell lines 
and sh‑DEPDC1 inhibits WiT49 cell proliferation. Western 
blotting (Fig.  1A) and RT‑qPCR (Fig.  1B) were used to 

Table I. shRNA and reverse transcription‑quantitative PCR primer sequences.

Name	 Sequence

sh‑DEPDC1#1	 5'‑GGAAGTTGTCATAATTTAA‑3'
sh‑DEPDC1#2	 5'‑CGAGATGTATTCAGAACAA‑3'
sh‑NC	 5'‑TTCGGGTCATCCGATGGGCC‑3'
DEPDC1	 Forward: 5'‑TCTGCCATGAAGTGCCTAGC‑3'
	R everse: 5'‑TGATGTAGCCACAAACAACCAAA‑3'
FOXO3a	 Forward: 5'‑GAGGAGGACGATGAAGACGAC‑3'
	R everse: 5'‑TGTGCCGGATGGAGTTCTTC‑3'
GAPDH	 Forward: 5'‑AGCCACATCGCTCAGACAC‑3'
	R everse: 5'‑GCCCAATACGACCAAATCC‑3'

sh, short hairpin; DEPDC, DEP domain containing 1; FOXO3a, forkhead box transcription factor 3a; NC, negative control.

https://www.spandidos-publications.com/10.3892/mmr.2022.12788
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detect DEPDC1 expression in nephroblastoma cell lines. 
Compared with normal renal cell line (HK‑2), DEPDC1 
expression was significantly increased in nephroblastoma 
cell lines (WiT49, WILTU‑1 and GHINK‑1), particularly 
WiT49 cells. Therefore, WiT49 cells were selected for subse‑
quent experiments. To investigate the effects of DEPDC1 on 
nephroblastoma cell proliferation, DEPDC1 interference and 
overexpression plasmids were constructed and transfected 
into WiT49 cells. Compared with the control group, protein 
and mRNA expression levels of DEPDC1 in the Ov‑DEPDC1 

group significantly increased (Fig. 1C and D). In addition, 
transfection of interference plasmids significantly inhibited 
expression of DEPDC1, with sh‑DEPDC1#2 exhibiting a 
greater interference efficiency than sh‑DEPDC1#1. Therefore, 
sh‑DEPDC1#2 was selected for subsequent experiments. 
CCK‑8 assay results showed that sh‑DEPDC1 significantly 
inhibited the viability of WiT49 cells. By contrast, DEPDC1 
overexpression significantly increased cell viability (Fig. 1E). 
Proliferation of WiT49 cells was assessed using EdU 
incorporation (Fig. 1F) and colony formation experiments 

Figure 1. DEPDC1 is highly expressed in nephroblastoma cell lines and sh‑DEPDC1 inhibits proliferation of WiT49 cells. (A) Western blotting and (B) reverse 
transcription‑quantitative PCR were used to detect expression levels of DEPDC1 in WiT49 cells. (C) Protein and (D) mRNA expression of DEPDC1 in WiT49 
cells following DEPDC1 overexpression or interference. (E) Cell Counting Kit‑8 was used to detect cell viability. (F) EdU and (G) colony formation assay 
was used to detect cell proliferation. *P<0.05 and ***P<0.001 vs. HK‑2 or sh‑NC; #P<0.05 and ###P<0.001 vs. Ov‑NC. sh, short hairpin; DEPDC, DEP domain 
containing 1; FOXO3a, forkhead box transcription factor 3a; NC, negative control; Ov, overexpression. 
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(Fig. 1G). sh‑DEPDC1 inhibited cell proliferation compared 
with the control group, with the opposite results observed 
following DEPDC1 overexpression, evidenced by increased 
cell proliferation and tumorigenic ability in Ov‑DEPDC1 
group. These results indicated that DEPDC1 may promote 
nephroblastoma progression.

sh‑DEPDC1 inhibits nephroblastoma cell invasion and 
migration. Wound healing (Fig. 2A) and Transwell (Fig. 2B) 
assay were used to detect cell invasion and migration. 
Compared with the Ov‑NC group, cell migration and inva‑
sion in the Ov‑DEPDC1 group significantly increased. In 
addition, sh‑DEPDC1 significantly inhibited migration 
and invasion of WiT49 cells. These results suggested that 
DEPDC1 may promote invasion and migration of nephro‑
blastoma cells.

FOXO3a inhibits transcription of DEPDC1. The binding 
sites of transcription factors FOXO3a and DEPDC1 promoter 
were predicted using JASPAR (Fig. 3A). Next, western blot‑
ting (Fig. 3B) and RT‑qPCR (Fig. 3C) were performed to 
detect FOXO3a expression in WiT49 cells. FOXO3a mRNA 
and protein expression were significantly downregulated 
in WiT49 compared with HK‑2 cells. Ov‑FOXO3a plasmid 
was constructed to detect DEPDC1 promoter activity using 
luciferase assay. Protein and mRNA expression of FOXO3a 
were increased by overexpressing FOXO3a compared with 
that in Ov‑NC (Fig.  3D  and E ). Ov‑FOXO3a induced a 
significant decrease in luciferase activity in the presence of 
DEPDC1‑WT promoter, while there was no significant change 
in the presence of MUT promoter (Fig. 3F). Subsequently, 

binding of FOXO3a to DEPDC1 promoter was verified using 
ChIP. DEPDC1 has abundant enrichment in anti‑FOXO3a in 
comparison with the IgG (Fig. 3G). Furthermore, DEPDC1 
expression was significantly downregulated in Ov‑FOXO3a 
nephroblastoma cells compared with Ov‑NC group 
(Fig. 3H and I).

FOXO3a mediates DEPDC1 promotion of malignant 
progression of nephroblastoma via Wnt/β‑catenin signaling. 
Considering the negative association between FOXO3a and 
DEPDC1 expression (Fig. 3H and I), DEPDC1 was overex‑
pressed using Ov‑FOXO3a to assess the effect of DEPDC1 
on proliferation, migration and invasion of nephroblastoma 
cells and the potential mechanism. Compared with Ov‑NC, 
Ov‑FOXO3a significantly inhibited WiT49 cell viability, 
which was reversed by DEPDC1 overexpression, evidenced 
by the increased WiT49 cell viability in Ov‑FOXO3a + 
Ov‑DEPDC1 when compared with Ov‑FOXO3a + Ov‑NC 
group (Fig. 4A). EdU (Fig. 4B) and colony formation assay 
(Fig.  4C), which detected cell proliferation, showed that 
overexpression of DEPDC1 reversed inhibition of cell prolif‑
eration induced by Ov‑FOXO3a in comparison with the 
Ov‑FOXO3a + Ov‑NC group. Wound healing (Fig. 4D) and 
Transwell assay (Fig. 4E) also showed that DEPDC1 overex‑
pression reversed the inhibitory effect of Ov‑FOXO3a on cell 
migration and invasion compared with Ov‑FOXO3a + Ov‑NC. 
Assessment of Wnt/β‑catenin signaling pathway‑associated 
protein expression levels (Fig. 5) showed that FOXO3a over‑
expression inhibited protein expression of p‑GSK‑3β, Wnt3a 
and β‑catenin, while overexpression of DEPDC1 increased 
expression of the aforementioned proteins, suggesting that 

Figure 2. sh‑DEPDC1 inhibits invasion and migration of nephroblastoma cells. (A) Wound healing and (B) Transwell assay were used to detect migration 
and invasion of nephroblastoma cells. ***P<0.001 vs. sh‑NC; ##P<0.01 vs. Ov‑NC. sh, short hairpin; DEPDC, DEP domain containing 1; NC, negative control; 
Ov, overexpression.

https://www.spandidos-publications.com/10.3892/mmr.2022.12788
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FOXO3a mediates DEPDC1‑induced promotion of malignant 
progression of nephroblastoma via the Wnt/β‑catenin signaling 
pathway.

Discussion

Nephroblastoma typically occurs in children aged <5 years 
and is one of the most common types of abdominal malig‑
nancy, accounting for 8% of all pediatric malignancy (28). 
Although the prognosis for patients with nephroblastoma has 
markedly improved over past decades, the mortality rate in 
1969 to 1995 remained high in the USA (29). It is therefore 
important to determine the biological and molecular mecha‑
nisms underlying nephroblastoma progression.

The aberrant expression of DEPDC1, a recently identified 
tumor‑associated gene, is associated with tumorigenesis in 
multiple types of cancer, such as lung adenocarcinoma (30), 
hepatocellular carcinoma  (31) and gastric cancer  (10) and 
contributes to cancer progression (7). The aberrant upregulation 

of DEPDC1 has been observed in bladder  (32) and breast 
cancer (33), multiple myeloma (34) and hepatocellular carci‑
noma (35), indicating its potential value as a therapeutic target. 
A recent study revealed that increased expression of DEPDC1 
leads to poor survival in patients with nephroblastoma (36). 
Su et al (5) found that DEPDC1 is highly expressed in nephro‑
blastoma and associated with poor survival using database 
network analysis. The present study investigated the role and 
underlying mechanism of DEPDC1 in nephroblastoma progres‑
sion. DEPDC1 was highly expressed in nephroblastoma cells 
at both the protein and mRNA level. These results supported 
the hypothesis that high expression of DEPDC1 serves a 
carcinogenic role in nephroblastoma progression. To verify 
this, shRNA interference vectors were constructed to knock 
down DEPDC1 expression. Silencing expression of DEPDC1 
significantly inhibited proliferation, migration and invasion 
of nephroblastoma cells. This is similar to results of Shen and 
Xi (37), who reported that DEPDC1 is highly expressed in lung 
adenocarcinoma and promotes tumor cell proliferation.

Figure 3. FOXO3a inhibits transcription of DEPDC1. (A) Binding site of transcription factor FOXO3a and DEPDC1 promoter. (B) Protein and (C) mRNA 
expression levels of FOXO3a were detected by western blotting and RT‑qPCR, respectively. (D) Western blotting and (E) RT‑qPCR were used to detect 
expression of FOXO3a in Ov‑FOXO3a cells. (F) Luciferase detection of DEPDC1 promoter activity. (G) Immunoprecipitation indicated that FOXO3a bound 
to DEPDC1. (H) Western blotting and (I) RT‑qPCR were used to detect expression of DEPDC1 in Ov‑FOXO3a cells. **P<0.01 and ***P<0.001 vs. HK‑2 or 
Ov‑NC. DEPDC, DEP domain containing 1; NC, negative control; Ov, overexpression; RT‑q, reverse transcription‑quantitative; WT, wild‑type; MUT, mutant. 
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FOXO proteins are considered to be tumor suppressors 
due to their pro‑apoptotic and anti‑proliferative activity (17). 
Accumulating evidence indicates that suppressing the func‑
tion of FOXO proteins promotes cancer progression and 

tumorigenesis (20,38). FOXO3a, also known as FOXO3 or 
forehead in rhabdomyosarcoma‑like 1, is a key transcription 
factor regulating biological processes, including apoptosis, 
inflammation and DNA damage response  (39‑41) and is 

Figure 4. FOXO3a mediates DEPDC1‑induced promotion of malignant progression of nephroblastoma. (A) Cell Counting Kit‑8 assay was performed to detect 
cell viability. (B) EdU and (C) colony formation assay were used to test cell proliferation. (D) Wound healing and (E) Transwell assay were used to determine 
migration and invasion of WiT49 cells. **P<0.01 and ***P<0.001 vs. Ov‑NC; #P<0.05, ##P<0.01 and ###P<0.001 vs. Ov‑FOXO3a + Ov‑NC. DEPDC, DEP domain 
containing 1; NC, negative control; Ov, overexpression; FOXO3a, forkhead box transcription factor 3a. 

https://www.spandidos-publications.com/10.3892/mmr.2022.12788
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associated with extreme human longevity (18). As a tumor 
suppressor, FOXO3a exerts an inhibitory effect on cancer 
progression and is frequently inactivated in breast cancer cell 
lines (42). In the present study, expression of FOXO3a was 
downregulated in WiT49 cells compared with normal HK‑2 
cells; this is consistent with results of Qian and Liu (25).

JASPAR predicted that FOXO3a bound to and regu‑
lated DEPDC1, indicating an association between FOXO3a 
and DEPDC1 expression in nephroblastoma. In addition, 
co‑immunoprecipitation results demonstrated that FOXO3a 
bound to DEPDC1 and Ov‑FOXO3a decreased levels of 
DEPDC1. Ov‑FOXO3a also prevented the promoting effect 
of Ov‑DEPDC1 on proliferation, invasion and migration 
of nephroblastoma cells, indicating an association between 
FOXO3a and DEPDC1. Increasing evidence indicates that 
aberrant Wnt/β‑catenin cascade leads to onset and progression 
of certain types of solid tumor and hematological malig‑
nancy  (43,44). The Wnt signaling pathway is a key signal 
transduction pathway involved in renal development (45). The 
transcription factor β‑catenin is a key component of the Wnt 
signaling pathway and its upregulation leads to occurrence of 
acute myeloid leukemia (46). Therefore, it may be important 

to study the effect of abnormal Wnt/β‑catenin signaling on 
the occurrence of nephroblastoma. In addition, DEPDC1 has 
been reported to activate the Wnt/β‑catenin signaling pathway 
to regulate proliferation and metastasis of hepatocellular 
carcinoma cells (26,47). In the present study, FOXO3a overex‑
pression decreased expression levels of p‑GSK‑3β, β‑catenin 
and Wnt3a protein, which are involved in the Wnt/β‑catenin 
signaling pathway, and inhibited the DEPDC1‑dependent 
Wnt/β‑catenin pathway.

To the best of our knowledge, the present study is the first to 
investigate the role and mechanism of DEPDC1 in nephroblas‑
toma. The present study only performed in vitro experiments; 
therefore, in vivo studies are needed to verify the results. 
DNMT1‑mediated hypermethylation of the FOXO3a promoter 
downregulates FOXO3a expression in breast cancer  (48). 
However, the mechanism underlying downregulation of 
FOXO3a expression and the effect of FOXO3a depletion on 
cell proliferation and DNA damage in nephroblastoma need 
further investigation. In addition, the association between 
signaling pathways other than Wnt/β‑catenin (for example, 
NF‑κB) and the mechanism of DEPDC1 in nephroblastoma 
need to be verified.

Figure 5. FOXO3a mediates DEPDC1‑induced promotion of malignant progression of nephroblastoma via Wnt/β‑catenin signaling. Expression levels 
of Wnt/β‑catenin pathway‑associated proteins (p‑GSK‑3β, Wnt3a and β‑catenin) were detected by western blotting. ***P<0.001 vs. Ov‑NC; ##P<0.01 and 
###P<0.001 vs. Ov‑FOXO3a + Ov‑NC. DEPDC, DEP domain containing 1; NC, negative control; Ov, overexpression; FOXO3a, forkhead box transcription 
factor 3a; p‑, phosphorylated.
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In conclusion, the present study demonstrated that 
DEPDC1 promoted malignant progression of nephroblas‑
toma via the Wnt/β‑catenin signaling pathway; this may be 
regulated by FOXO3a. The present findings suggested that 
DEPDC1 may serve as a valuable biomarker for understanding 
the mechanism of nephroblastoma progression.
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