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Abstract

Objective: To investigate the clinical role and biological function of receptor-interacting protein kinase 4 (RIPK4) in ovarian cancer (OC).
Methods: We conducted a comprehensive analysis of the expression and prognostic role of RIPK4 in OC using various public databases
including The Cancer Genome Atlas, Oncomine, and Kaplan–Meier plotter. In vitro studies included wound healing, cell migration and
invasion, cell proliferation, and cell apoptosis assays as well as vascular mimicry experiments. In vivo studies were conducted using
subcutaneous and intraperitoneal xenografts. Results: Our findings revealed that RIPK4 was significantly overexpressed in OC tissue
compared to normal ovarian tissue. Moreover, the overexpression of RIPK4 was associated with advanced-stage disease and a poor
prognosis in OC patients. RIPK4 silencing resulted in significant inhibition of intraperitoneal tumor growth, invasion, and vascular
mimicry in OC cells. Furthermore, downregulation of RIPK4 inhibited the epithelial–mesenchymal transition of OC cells both in vitro
and in vivo by promoting the expression of E-cadherin and inhibiting the expression of N-cadherin. Conclusion: The results of this study
suggest that RIPK4 may function as an oncogene in the development and prognosis of OC.
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1. Background
Ovarian cancer (OC) is the most lethal malignancy of

gynecological tumors, with approximately 90% of patients
diagnosed with epithelial OC [1,2]. Due to insidious symp-
toms, 70% of OC patients are diagnosed at an advanced
stage [1]. While survival rates for advanced OC have im-
proved in the past decades [3], approximately 70% of pa-
tients experience local or distant recurrence within 3 years
after treatment [4]. Therefore, it is critical to explore new
diagnostic and therapeutic targets to improve the early de-
tection and prognosis of OC patients.

Receptor-interacting protein kinase 4 (RIPK4) plays a
crucial role in maintaining epidermal homeostasis by reg-
ulating skin keratinocyte differentiation [5]. Moreover,
RIPK4 is associated with the development of various can-
cers [6]. Knockdown of RIPK4 has been shown to sup-
press Wnt-dependent xenograft tumor growth in OC cells
[7]. However, the precise biological behavior of RIPK4 in
OC and the mechanism underlying the development of OC
remain unclear.

We hypothesized that RIPK4 may regulate the oc-
currence and progression of OC by regulating the prolif-
eration, migration, invasion, angiogenesis, and epithelial–

mesenchymal transition (EMT) of OC cells both in vitro
and in vivo. In this study, we investigated the role of RIPK4
in regulating OC development and determined its potential
biological function.

2. Materials and Methods
2.1 Gene Expression Profiling Interactive Analysis
Database

The Gene Expression Profiling Interactive Analysis
(GEPIA) database (http://gepia.cancer-pku.cn/) is a com-
prehensive platform that collects and integrates the RNA se-
quencing data of 9736 tumor tissues and 8587 normal tissue
samples obtained from The Cancer Genome Atlas (TCGA)
and Genotype-Tissue Expression databases. This database
allows for the rapid and convenient profiling of gene ex-
pression in both tumor and normal tissues [8]. In our study,
we used the GEPIA database to validate the differential ex-
pression of RIPK4 between OC tissue and normal tissue.
|log2 fold change| >1 and p < 0.05 are considered statisti-
cally significant.
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2.2 Oncomine Database
The Oncomine database (https://www.oncomine.org)

has a comprehensive collection of 715 datasets, including
86,733 samples from cancer patients. It is the largest can-
cer research database, providing invaluable support to re-
searchers in identifying differentially expressed genes and
potential therapeutic targets [9]. In our study, we used
the Oncomine database to compare the expression levels of
RIPK4 between different pathological subtypes of OC with
normal tissue.

2.3 Clinical Specimen Collection
To further identify the differential expression of

RIPK4 in OC compared to normal ovarian tissue, we in-
cluded a total of five patients with FIGO stage III–IV serous
OC tissues and three patients with normal ovarian tissues in
the analyses. This study was approved by the institutional
review board of the First AffiliatedHospital of XiamenUni-
versity (No.2021GGB027; Xiamen, China), and written in-
formed consent was obtained from all participating patients.

2.4 TCGA Database
TCGA (https://www.tcga.org/) is a remarkable project

created by the National Cancer Institute and the National
Human Genome Research Institute. TCGA database has
compiled genomics information from 20,000 primary can-
cers as well as clinical data, diagnosis, treatment, and sur-
vival outcomes of patients. This comprehensive platform
has facilitated the identification of significant research in-
dicators. In this study, we utilized TCGA database to in-
vestigate the relationship between the expression of RIPK4
and clinical characteristics of patients with OC, as well as to
examine the impact of RIPK4 on prognosis in detail. There-
fore, we downloaded the RNA sequencing results of OC
patients as well as their clinical information including age,
clinical stage, tumor grade, histological type, lymphatic in-
filtration, blood metastasis, and survival outcomes.

We employed the receiver operating characteristic
(ROC) curve to determine the appropriate cut-off point for
RIPK4 mRNA expression in relation to survival outcome.
Based on this cut-off point, patients were divided into two
groups: high and low expression. We utilized amultivariate
Cox proportional hazards risk model to assess the indepen-
dent risk of RIPK4 on prognosis.

For gene set enrichment analysis (GSEA), we uti-
lized GSEA3.0 software (Broad Institute, SD, USA) and
employed the c2.cp.kegg.v6.symbols.gmt data set from
the Molecular Signatures Database as the functional gene
set. Default weighted enrichment statistics were employed,
and 1000 random combinations were generated to identify
genes with p < 0.05 and false discovery rate <0.05. These
genes were considered significant and constituted the en-
riched gene set.

2.5 Kaplan–Meier Plotter Database

We utilized the Kaplan–Meier (KM) plotter database
(http://www.kmplot.com/analysis/) [10], which specializes
in KM survival analysis of genes and their impact on
the prognosis of patients with different types of cancer.
This database compiles and integrates data from various
sources, including the Gene Expression Omnibus, Euro-
pean Genome-phenome Archive, and TCGA databases,
making up for the limitation of the small sample size of OC
patients in TCGA database. Therefore, we employed the
KM plotter database to gain further insights into the influ-
ence of RIPK4 on the survival of OC patients.

2.6 Cell Culture and Transfection

The SKOV3 human ovarian cancer cell line was ob-
tained from the Xiamen University Cancer Center Institute.
Cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Gibco, Brisbane, Australia) supplemented with
10% fetal bovine serum (Cellmax, Beijing, China) and 1%
penicillin and streptomycin (RiboBio, Guangzhou, China).
The cells were placed in a 5% CO2 incubator at 37 °C with
saturated humidity. To establish an OC model with low
RIPK4 expression, 10 µL small interfering RNA (siRNA)
targeting RIPK4 (siRIPK4) with chemical modification
and 10 µL negative control siRNA (siNC) (GenePharma,
Shanghai, China) were transfected into SKOV3 cells at 30–
50% confluence. The cells were cultured in a 6-well plate
using an siRNA reagent system (Biogen, Shanghai, China)
according to the manufacturer’s specifications. After incu-
bating for 48 h, the expression of RIPK4 was assessed by
quantitative PCR (qPCR), western blotting (WB), and im-
munofluorescence staining. Subsequent experiments were
conducted to examine the impact of RIPK4 on the biolog-
ical behaviors of OC cells. The sequences of siRIPK4 and
negative control siRNA are summarized in Supplementary
Table 1. The cell line was verified by short tandem repeat
DNA profiling, and confirmed to be free of Mycoplasma
species.

2.7 Quantitative PCR (qPCR)

Total RNA was isolated using TRIzol reagent (Apply-
gen, Beijing, China). Reverse transcription was performed
using the HisScript II RT SuperMix for qPCR (Vazyme
Biotech Co., Ltd., Nanjing, China) according to the man-
ufacturer’s instructions. The qPCR assay was conducted
using the Hieff qPCR SYBR reagent (Yeasen Biotechnol-
ogy, Shanghai, China) in a total volume of 20 µL on the
ABI 7500 Quantitative PCR System (Applied Biosystems,
Foster City, CA, USA) under the following conditions: 50
°C for 5 min, 95 °C for 5 min, followed by 40 cycles of 95
°C for 10 s and 60 °C for 31 s, and a final extension step
of 95 °C for 15 s and 60 °C for 1 min. The relative ex-
pression of other genes, with GAPDH as the reference, was
calculated using the 2−∆∆Ct method, and all experiments
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Fig. 1. The differentially expressed genes were obtained from databases and tissues. (A) Gene Expression Profiling Interactive
Analysis (GEPIA) database. (B) Oncomine database. (C) The expression of receptor-interacting protein kinase 4 (RIPK4) in various
cancers and normal tissue from the Oncomine database (blue represents low expression in cancers and red represents high expression
in cancers). The deep color indicates ranking at the top. (D) Immunohistochemical staining of RIPK4 in ovarian cancer (OC) and
normal ovarian tissues (magnification, 40×). The data are presented as the mean ± standard deviation (SD), and statistical significance
is indicated as follows: *p < 0.05.

were performed in triplicate under the same conditions. The
primer sequences used in this study are summarized in Sup-
plementary Table 1.

2.8 Western Blotting (WB)

Total protein was isolated using moderate-strength
RIPA buffer containing 2% protease inhibitors and 1%
phosphoprotein inhibitors (Applygen). The lysates were
centrifuged at 12,000 rpm for 15 min at 4 °C. The result-
ing supernatant was transferred to new 1.5 mL Eppendorf
tubes. Protein concentration was measured using a BCA
protein assay kit (Abcam, Cambridge, MA, USA). RIPA
buffer and 5× loading buffer were used to normalize the
protein concentrations. Then the mixture was boiled for 10
min. A total of 20 µg protein was loaded onto a 5% sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) gel and concentrated for approximately 40 min, fol-
lowed by separation on a 10% SDS-PAGE gel for approx-
imately 60 min. The targeted proteins in the separated gel
were electrotransferred onto PVDF membranes (Millipore,
Burlington, MA, USA). The membranes were blocked in
5% BSA (Solarbio, Beijing, China) for 1.5 h, followed by
overnight incubation with primary antibody at 4 °C. Then
the PVDFmembranes were washed with 10%Tris-buffered
saline with 0.1% Tween® 20 detergent (TBST), incubated

with secondary mouse or rabbit antibody for 1 h, and then
washed again with 10% TBST. Finally, an enhanced chemi-
luminescence kit (Millipore) was used to detect the targeted
protein. The specific antibodies used in our study are sum-
marized in Supplementary Table 2.

2.9 Immunofluorescence Staining
Transfected cells (1× 105) were cultured in a 24-well

plate. After 24 h, the cells were fixed in 4% paraformalde-
hyde for 15 min, permeabilized with 0.5% Triton X-100 for
10 min, blocked in goat serum (Yeasen) for 1.5 h, and incu-
bated with primary antibodies at 4 °C overnight. The next
day, fluorescence-labeled secondary antibody was used to
label the target protein in the cells, and 4′,6-diamidino-2-
phenylindole (Yeasen) was used to stain the cell nucleus
according to the manufacturer’s instructions. Fluoromount-
GTM (Yeasen) was used to prevent fluorescence quenching,
and the results were recorded using an inverted fluorescent
microscope (IX51; Olympus, Tokyo, Japan). All antibodies
used are summarized in Supplementary Table 2.

2.10 Wound Healing Assay
When the transfected cells reached 80–90% conflu-

ence in a 6-well plate, a 200 µL sterilized pipette tip was
used to create a scratch. The pipette tip was held perpen-
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dicular to the bottom of the plate and moved along the lines
previously marked on the back of the plate with a marker
pencil. After creating the scratch, the cells were washed
three times with phosphate-buffered saline (PBS), and then
2 mL serum-free DMEM was added for further incubation
at 37 °C. The width of the scratch was measured at 0 and 24
h. The wound healing rate during the 24 h was calculated
to assess the mobility changes of the SKOV3 cells.

2.11 Transwell Migration and Invasion Assay
For the migration assay, a Transwell with 8.0 µm pore

membrane inserts (BD Biosciences, Franklin Lakes, NJ,
USA) was placed in the well of a 24-well plate. Approx-
imately 1 × 105 transfected cells suspended in 200 µL
serum-free DMEM were seeded into the upper chamber,
while 400 µL DMEM containing 10% FBS was added to
the space between the chamber and the bottom of the well.
Then the 24-well plate was incubated in a 37 °C incuba-
tor for 24 h. A cotton swab was used to remove the non-
migrated cells. The chamber was subsequently immersed
in 4% paraformaldehyde for 20 min to fix the cells. Fol-
lowing fixation, the cells were stained with 0.1% crystal
violet (Beyotime, Beijing, China) for 20 min. Excess crys-
tal violet was washed away with PBS, and the results were
recorded. The invasion assay followed a similar procedure
as the migration assay, with the only difference being that
the invasion chamber was coated with Matrigel (Corning,
Shanghai, China) diluted in serum-free medium.

2.12 Vascular Mimicry (VM)
The Matrigel (Corning) was diluted in an equal vol-

ume of serum-free medium, added to a 21-well plate (200
µL/well) to form a thick gel, and then incubated at 37 °C for
2 h. Approximately 1 × 105 transfected cells were seeded
on top of the gel and cultured for 4 h before recording the
results.

2.13 Cell Proliferation Assay
About 3000 SKOV3 cells were cultured in a 96-well

plate for 24 h. Then the same concentrations of siRIPK4
and siNC were transfected using an siRNA reagent system
(Biogen) according to the manufacturer’s instructions. Af-
ter transfection, 10 µL Cell Counting Kit-8 Reagent (Dalian
Meilun Biotechnology, Dalian, China) was added to each
well and incubated for 2 h at 37 °C to measure the ab-
sorbency reflecting cellular viability at 0, 24, and 48 h.

2.14 Cell Apoptosis Assay (Annexin V/Propidium Iodide)
Approximately 1 × 105 transfected cells were har-

vested to determine the rates of cell apoptosis. The har-
vested cells were washed twice with chilled PBS and sub-
sequently stained using the Annexin V/PI Apoptosis De-
tection Kit (Yeasen) following the manufacturer’s instruc-
tions. After filtration, the cell suspension was analyzed us-
ing the CytoFLEX S Flow Cytometer (Beckman Coulter,
Brea, CA, USA).

Fig. 2. Relationship between RIPK4 expression and post-
progression survival.

Fig. 3. Relationship between RIPK4 expression and signaling
pathways using gene set enrichment analysis (GSEA).

2.15 Subcutaneous Xenografts in Nude Mice
All female nude mice used in this study were obtained

from Xiamen University Laboratory Animal Center when
they were approximately 4–6 weeks old. Before the start of
the animal experiment, the mice were housed in a specific
pathogen-free (SPF) clean-level environment for 1 week.
To establish the xenograft model, approximately 2 × 106
SKOV3 cells suspended in 200 µL PBS and transfected
with either siNC or siRIPK4were injected into the right skin
of the back of the neck of the nude mice. After 6 weeks, the
volume of subcutaneous xenografts was measured using the
formula: volume = length × width2/2.
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Table 1. Patient’s clinical features by RIPK4 status in OC patients.

Variables n
RIPK4 status

p
Low expression (%) High expression (%)

Age (years) (n = 373)
<53 111 62 (31.6) 49 (27.7) 0.078
≥53 262 134 (68.4) 128 (72.3)

FIGO stage (n = 370)
II 30 12 (6.2) 9 (5.1) 0.017
III 292 162 (83.5) 130 (73.9)
IV 57 20 (10.3) 37 (21.0)

Tumor grade (n = 372)
2 42 23 (11.9) 19 (11.2) 0.842
3 320 170 (88.1) 150 (88.8)

Lymphatic invasion (n = 147)
No 47 27 (34.6) 20 (29.0) 0.465
Yes 100 51 (65.4) 49 (71.0)

RIPK4, receptor-interacting protein kinase 4; FIGO, Federation International of Gynecology
and Obstetrics.

2.16 Intraperitoneal Xenograft in Nude Mice
All female nude mice used in our study were obtained

from Xiamen University Laboratory Animal Center. They
were approximately 4–6weeks old andwere kept in an SPF-
clean level environment for 1 week before prior to initia-
tion of the animal experiments. For the experiment, ap-
proximately 2 × 106 SKOV3 cells suspended in 200 µL
PBS and transfected with either siNC or siRIPK4 were in-
jected into the abdominal cavity of the nude mice. After 6
weeks, the abdominal circumference of the nude mice was
measured, and the size of the heterotopic xenograft result-
ing from intraperitoneal injection was determined. The tu-
mor xenografts were removed, photographed, weighed, and
fixed for further analyses.

2.17 Immunohistochemical Staining
The tissue was fixed in 4% polyformaldehyde at 4 °C

overnight, followed by gradient ethanol dehydration, clear-
ing with xylene, and paraffin embedding to create paraf-
fin specimens. The paraffin specimens were cut into 4
µm thick wax sections for immunohistochemical staining.
EDTA antigen repair solution (Solarbio) was used for anti-
gen retrieval (95 °C for 10 min), and the tissue was cycled
using an immunohistochemical pen. The Ultra Sensitive
TM SP (Mouse/Rabbit) IHC Kit (Maxim Biotechnologies,
Fuzhou, China) was used for immunohistochemical stain-
ing following the manufacturer’s instructions. The tissue
sections were visualized using the Enhanced HRP-DABKit
(Maxin) under the Olympus IX51 microscope (Olympus,
Tokyo, Japan).

2.18 Statistical Analysis
All data were analyzed using IBM SPSS Statistics 22

software (IBM Corp., Armonk, NY, USA). The experi-
ment was conducted in triplicate, and the results are pre-

Table 2. Multivariate survival analysis of overall survival in
OC patients.

Variables HR 95% CI p

Age (years)
<53 1
≥53 1.509 1.101–2.067 0.011

RIPK4 status
Low expression 1 1
High expression 1.500 1.147–1.963 0.003

HR, hazard ratio; CI, confidence interval; RIPK4,
receptor-interacting protein kinase 4.

sented as the mean ± standard deviation. Student’s t-test
and one-way analysis of variance (ANOVA) data were used
for statistical analyses. The categorical variables for low
and high expression of RIPK4 were compared using chi-
squared tests, and the results were further validated using
one-way ANOVAwith Bonferroni’s post hoc test. p< 0.05
was considered statistically significant.

3. Results

3.1 RIPK4 Is Overexpressed in OC

GEPIAwas utilized to compare the mRNA expression
of RIPK4 in 426 serous OC tissues and 88 normal ovar-
ian tissues. The results showed a significant increase in
RIPK4 expression in serous OC compared to normal ovar-
ian tissues (Fig. 1A). According to the Oncomine database,
RIPK4 was also overexpressed in serous adenocarcinoma,
mucinous adenocarcinoma, and clear cell adenocarcinoma
compared with normal ovarian tissues (Fig. 1B). Fig. 1C
shows the distinct expression patterns of RIPK4 across var-
ious cancers and their corresponding normal tissues. More-
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Fig. 4. Silencing of RIPK4 inhibits the migration and invasion abilities of OC cells. (A–C) qPCR, WB, and immunofluorescence
staining were performed to assess the expression of RIPK4 in SKOV3 cells after transfection with siRIPK4 or siNC. (D,E) Silencing of
RIPK4 suppressed the mobility of SKOV3 as demonstrated by the wound healing assay and transwell invasion and migration assays.
The data are presented as the mean± SD, and statistical significance is indicated as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.
qPCR, quantitative PCR; WB, western blotting.

over, immunohistochemical staining of clinical samples
confirmed the overexpression of RIPK4 in serous OC tis-
sue compared to normal ovarian tissue (Fig. 1D).

3.2 RIPK4 Is Overexpressed in Advanced-Stage OC

From TCGA database, the status of RIPK4 was di-
vided into two groups: high-expressing RIPK4 (47.3%) and
low-expressing RIPK4 (52.7%). The results revealed a sig-
nificant association between the level of RIPK4 expression
and the clinical stage of the patients. Patients with stage
IV disease exhibited a significantly higher level of RIPK4
expression compared to those with early stage disease (p =
0.017). These results were further supported by one-way
ANOVA with Bonferroni’s post hoc test (p = 0.013), which
also indicated a significant difference in RIPK4 expression
between the two groups (p = 0.013). However, no signifi-
cant associations were observed between the expression of
RIPK4 and age, tumor grade, and lymphatic invasion (Ta-
ble 1).

3.3 Overexpression of RIPK4 Affects the Prognosis of OC

Using the data from TCGA database, multivariate sur-
vival analysis showed that high expression of RIPK4 was
independently associated with worse overall survival com-
pared to low RIPK4 expression (hazard ratio [HR]: 1.500;

95% confidence interval [CI]: 1.147–1.963; p = 0.003) (Ta-
ble 2). Findings from the KM plotter database also showed
that high RIPK4 expression was associated with poorer
post-progression survival compared to low RIPK4 expres-
sion (HR: 1.38, 95% CI: 1.15–1.66; p = 0.00062) (Fig. 2).

3.4 GSEA of RIPK4 in OC
The results of GSEA analysis indicated that RIPK4

might be associated with several signaling pathways includ-
ing the cell adhesion, B-cell receptor, ERBB, inositol phos-
phate metabolism, and phosphatidylinositol signaling path-
ways. Among these pathways, cell adhesion was found to
be most significant (Fig. 3).

3.5 Suppression of RIPK4 Inhibits the Migration and
Invasion of OC Cells in Vitro

The SKOV3 cell line was utilized to establish a cell
model with low RIPK4 expression by transfecting siRIPK4
or siNC to further explore the role of RIPK4 in OC
[11]. The expression of RIPK4 was assessed using qPCR,
WB, and immunofluorescence. The findings demonstrated
that specific siRNA effectively reduced the expression
of RIPK4 (Fig. 4A–C). Furthermore, wound healing and
Transwell migration/invasion experiments were conducted
to evaluate the effect of RIPK4 on the mobility of OC
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Fig. 5. Inhibition of RIPK4 suppresses the vascular mimicry (VM) and growth of OC cells. (A) Suppression of RIPK4 expression
resulted in the reduced VM of SKOV3 cells by culturing in Matrigel. (B) Suppression of RIPK4 expression inhibited the growth of
SKOV3 cells assessed by the Cell Counting Kit-8 assay. (C) Suppression of RIPK4 expression did not significantly affect the apoptosis
of SKOV3 cells by Annexin V/propidium iodide (PI) staining. The data are presented as the mean ± SD, and statistical significance is
indicated as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.

cells. The results indicated that the down-regulation of
RIPK4 suppressed the metastasis and invasion of OC cells
(Fig. 4D,E).

3.6 Suppression of RIPK4 Inhibits the VM of OC Cells in
Vitro

The concept of VM is that malignant tumor cells can
form a circular pipeline network similar to blood vessels,
providing nutrition to the tumors. VM has also been in-
vestigated in OC [12]. In vitro experiments using three-
dimensional matrigel culture were conducted to investigate
the effect of RIPK4 on VM formation in OC cells. The re-
sults demonstrated that the downregulation of RIPK4 sig-
nificantly inhibited the formation of circular pipeline struc-
tures, indicating that suppression of RIPK4 could also in-
hibit the vasculogenic mimicry of OC cells (Fig. 5A).

3.7 Suppression of RIPK4 Inhibits the Growth of OC Cells
in Vitro

The CKK8 reagent was used to assess the role of
RIPK4 in cellular growth. The results demonstrated that the
downregulation of RIPK4 significantly inhibited the growth
of OC cells (Fig. 5B). However, there was no significant ef-

fect on the apoptosis of OC cells in the RIPK4-knockdown
group using the cellular apoptosis assay (Fig. 5C). More-
over, the results of subcutaneous xenografts in nude mice
showed that the volume of subcutaneous xenografts in the
negative control group was bigger than that in the RIPK4-
knockdown group, although the difference was not statisti-
cally significant (Supplementary Fig. 1).

3.8 Suppression of RIPK4 Inhibits the Growth of
Intraperitoneal Xenograft in Nude Mice

The growth of abdominal tumors was significantly in-
hibited in nude mice injected with SKOV3 cells transfected
with siRIPK4 compared with the siNC group (Fig. 6A).
Moreover, a greater number of xenografts was found to be
spreading extensively in the abdominal cavity of nude mice
in the siNC group, invading nearly all areas of the intestinal
curvature. However, the spread of xenografts was limited
in the RIPK4-knockdown group, with only a few abdomi-
nal peritoneal nodules with or without slight intestinal cur-
vature invasion observed (Fig. 6B). Therefore, the suppres-
sion of RIPK4 may have the potential to inhibit the intraab-
dominal spread of OC.
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Fig. 6. Silencing RIPK4 inhibits the growth of intraperitoneal xenograft in nude mice. (A) Silencing of RIPK4 significantly reduces
abdominal enlargement in nude mice following intraperitoneal injection of SKOV3 cells. (B) Heterotopic xenografts were surgically
removed, visually inspected, and weighed from each nude mouse at 6 weeks after intraperitoneal injection. The data are presented as the
mean ± SD, and statistical significance is indicated as follows: ***p < 0.001.

3.9 Suppression of RIPK4 Inhibits the EMT in OC

EMT is a critical biological process that enables
epithelial-derived cancer cells to undergo migration and in-
vasion. qPCR and WB were used to investigate the role
of RIPK4 in regulating EMT. The results demonstrated
that the downregulation of RIPK4 led to a significant in-
crease in expression of the epithelial marker E-cadherin
while decreasing expression of the mesenchymal marker N-
cadherin. However, RIPK4 downregulation only slightly
suppressed the transcription of the vimentin gene (p <

0.05) and did not affect expression of the vimentin pro-
tein. Moreover, there was no noticeable impact on the ex-
pression of Twist mRNA and protein (Fig. 7A,B). Further-
more, in vitro experiments using intraperitoneal xenograft
tumors demonstrated that suppression of RIPK4 resulted
in downregulation of N-cadherin and upregulation of E-

cadherin (Fig. 7C). Taken together, these findings indicate
that RIPK4 primarily regulates the EMT in OC develop-
ment by modulating the expression of E-cadherin and N-
cadherin.

4. Discussion
In this study, we investigated the clinical role and bio-

logical function of RIPK4 in OC. Our findings revealed that
RIPK4 was overexpressed in OC and had a significant im-
pact on the survival of OC patients. Moreover, silencing of
RIPK4 resulted in significant inhibition of intraperitoneal
tumor growth, invasion, and VM of OC both in vitro and in
vivo. Furthermore, RIPK4 was found to promote OC pro-
gression by inducing the EMT in vitro. These results sug-
gest that RIPK4 has the potential to be a therapeutic target
for OC.
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Fig. 7. Silencing of RIPK4 inhibits the epithelial–mesenchymal transition (EMT) in vitro and in vivo. (A,B) qPCR and WB were
performed to assess the expression of EMT-related markers following transfection with siRIPK4 or siNC. (C) Immunohistochemical
staining of EMT-related markers after transfection with siRIPK4 or siNC. The data are presented as the mean ± SD, and statistical
significance is indicated as follows: **p < 0.01, and ***p < 0.001.

The clinical role of RIPK4 in OC was consistent with
its role in other cancers such as bladder cancer [13], pan-
creatic cancer [14], nasopharyngeal carcinoma [15], cervi-
cal cancer [16], and osteosarcoma [17]. However, RIPK4
may act as a tumor suppressor gene in other cancers includ-
ing skin squamous cell carcinoma [18], esophageal squa-
mous cell carcinoma [19], tongue squamous cancer [20],
lung adenocarcinoma [21], and hepatocellular carcinoma
[22]. The different roles of RIPK4 in various tumors may
be related to its heterogeneous characteristics and ability to
regulate different signaling pathways. For example, RIPK4
activates Wnt/β-catenin, which is associated with the de-
velopment of various malignancies [7]. In bladder cancer
[13] and nasopharyngeal carcinoma [15], RIPK4 activates
the nuclear factor kappa B/vascular endothelial growth fac-
tor signaling pathway to promote the metastasis of can-

cer cells. However, RIPK4 activates plakophilin 1 in ker-
atinocytes and inhibits the extracellular signal-regulated
pathway, leading to an increased incidence of skin cancer
[23].

In our study, the results of GSEA showed that RIPK4
may be associated with cell adhesion, which plays a criti-
cal role in the metastasis of tumor cells. Moreover, func-
tional studies have demonstrated that downregulation of
RIPK4 inhibits invasion, metastasis, and intraperitoneal tu-
mor growth in OC cells. The EMT is a key mechanism
regulating the implantation and metastasis of OC, primar-
ily through cell adhesion molecules, especially the cadherin
family [24,25]. Several previous studies have also shown
that RIPK4 can regulate migration and invasion in various
cancers by inducing the EMT [13,15–17]. In our study, we
observed that RIPK4 can regulate the EMT by altering the
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expression of N-cadherin and E-cadherin both in vitro and
in vivo. Moreover, the Wnt/β-catenin pathway, which can
be activated by RIPK4, has been identified as an important
signaling pathway in regulating the EMT in OC [7,26].

VM is a process in which tumor cells mimic the for-
mation of blood vessels, providing nutrition for malignan-
cies [27,28]. Our study revealed that RIPK4 has a posi-
tive effect on the formation of VM in OC cells, which is
associated with a poor prognosis in OC patients [27,28].
Mechanically, the EMT has also been linked to VM in OC
through the regulation of Twist1 expression [24]. However,
our results showed that Twist1 was not regulated by RIPK4,
suggesting the involvement of another pathway in RIPK4-
mediated VM formation.

While several studies have demonstrated that suppres-
sion of RIPK4 inhibits subcutaneous tumor growth of cer-
vical cancer [16] and osteosarcoma [17], our study did not
find significant differences in subcutaneous xenografts be-
tween RIPK4-knockdown and siNC groups. However, we
found that the suppression of RIPK4 inhibited the growth
of intraperitoneal xenografts in nude mice. Ascite forma-
tion is one of the critical pathways for OC invasion, and
our findings suggest that suppression of RIPK4 may inhibit
the intraabdominal spread of OC. Further investigations are
needed to explore the impact of RIPK4 expression on ascite
formation in OC patients.

This study had several limitations. First, we only used
the SKOV3 cell line; thus, additional studies using multiple
OC cell lines are required to validate our findings. Second,
there is a lack of clinical evidence to verify the association
between RIPK4 and intraabdominal metastasis in OC pa-
tients. Third, the molecular mechanism of RIPK4 regulat-
ing the biological behavior of OC needs to be further inves-
tigated. Finally, we did not use in vivo models to study the
relationship among overall survival rate, tumor stage, and
RIPK4 expression.

5. Conclusion
In conclusion, the results of our study suggest that

RIPK4 may function as an oncogene in the development
and prognosis of OC. Further exploration is needed to eluci-
date the specific molecular mechanisms underlying the role
of RIPK4 and its potential application in the diagnosis or
treatment of OC.
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