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Abstract
Epithelial ovarian cancer (EOC) is the leading cause of cancer death all over the world. USP43 functions as a tumor promoter 
in various malignant cancers. Nevertheless, the biological roles and mechanisms of USP43 in EOC remain unknown. In this 
study, USP43 was highly expressed in EOC tissues and cells, and high expression of USP43 were associated with a poor 
prognosis of EOC. USP43 overexpression promoted EOC cell proliferation, enhanced the ability of migration and invasion, 
decreased cisplatin sensitivity and inhibited apoptosis. Knockdown of USP43 in vitro effectively retarded above malignant 
progression of EOC. In vivo xenograft tumors, silencing USP43 slowed tumor growth and enhanced cisplatin sensitivity. 
Mechanistically, USP43 inhibited HDAC2 degradation and enhanced HDAC2 protein stability through its deubiquitylation 
function. USP43 diminished the sensitivity of EOC cells to cisplatin through activation of the Wnt/β-catenin signaling path-
way mediated by HDAC2. Taken together, the data in this study revealed the functions of USP43 in proliferation, migration, 
invasion, chemoresistance of EOC cells, and the mechanism of HDAC2-mediated Wnt/β-catenin signaling pathway. Thus, 
USP43 might serve as a potential target for the control of ovarian cancer progression.
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Introduction

Ovarian cancer is the second most common cause of gyneco-
logical cancer deaths in woman worldwide [1]. Most patients 
with ovarian cancer are advanced disease at initial diagnosis 
and relapse within 3 years of diagnosis [2, 3]. Epithelial 
ovarian cancer (EOC) is the most common pathological type 
of ovarian malignant tumor accounting for more than 90% 
[4]. More than 80% of EOC cases have spread to the perito-
neal cavity and upper abdominal organs at diagnosis [5, 6]. 

At present, the main treatment methods include debulking 
surgery and cisplatin combined with taxane chemotherapy 
[1]. However, recent studies have shown that patients treated 
with these compounds develop resistance over time [7, 8]. 
Therefore, it is of great clinical significance to search for 
novel therapeutic targets of EOC.

Protein ubiquitination is an important mechanism to regu-
late protein activity and level under physiological conditions 
[9]. Loss of ubiquitination regulation of proteins may lead to 
various diseases, including cancer [10]. Ubiquitin-specific 
peptidase (USP) is a major member of the ubiquitinase fam-
ily. Several studies show that USP is essential for cancer 
progression. USP43 is highly expressed in osteosarcoma and 
colorectal cancer [11, 12]. USP43 promoted cell prolifera-
tion, migration and invasion of colorectal cancer, and reduce 
the sensitivity of chemotherapy through deubiquitinating 
ZEB1 [12]. USP43 also exerts a carcinogenic role in breast 
cancer [13]. However, the role and molecular mechanisms of 
USP43 during EOC progression are still unknown.

Histone deacetylases control cellular signaling and gene 
expression. Histone deacetylase 2 (HDAC2) is indispensa-
ble for embryonic development and affects cytokine signal 
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transduction related to immune response, and HDAC2 is 
aberrantly expressed in tumors [14]. HDAC2 plays a car-
cinogenic role in ovarian cancer, lung cancer, colorectal 
cancer and other cancers [15–17]. The expression level of 
HDAC2 increases with the malignant degree of ovarian can-
cer, and high expression of HDAC2 is related to the poor 
prognosis of patients [17]. Some studies have shown that 
USP5 promotes the proliferation of EOC cells by HDAC2 
deubiquitylation [18], and silencing HDAC2 increases the 
sensitivity of ovarian cancer cells to cisplatin [19].

Accumulating evidence has shown that the aberrant acti-
vation of the Wnt/β-catenin signaling pathway promotes the 
development and progression of multiple cancers, including 
ovarian cancer [20–22]. Inhibition of HDAC2 suppresses 
the activation of the Wnt/β-catenin signaling pathway [23]. 
However, the modulation of HDAC2 and Wnt/β-catenin 
signaling pathways in relation to USP43 remains unclear.

In the current study, we found that USP43 was upregu-
lated in EOC and predicted poor prognosis of patients. 
USP43 promoted cell proliferation, migration, invasion 
and chemoresistance of EOC. Further research found that 
USP43 induced activation of the Wnt/β-catenin signaling 
pathway by regulating HDAC2. Our study may provide fur-
ther insight for the EOC at molecular level.

Methods and materials

Bioinformatic analyses

Three validated GEO datasets (GSE40595, GSE29450 and 
GSE38666) were downloaded from GEO database (https://​
www.​ncbi.​nlm.​nih.​gov/​geo/). Gene Oncology (GO) func-
tional annotation and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis of significant differ-
ential expression genes were performed using Database for 
Annotation Visualization and Integrated Discovery bioin-
formatics resource (DAVID, http://​david.​abcc.​ncifc​rf.​gov/).

We used GEO2R to analyze the mRNA expression of 
USP43 in different GEO databases. The overall survival 
(OS) of patients with EOC was analyzed in the UCSC Xena 
database (https://​xenab​rowser.​net/).

Protein–protein interaction (PPI) network of USP43 were 
generated based on the Biogrid database (https://​thebi​ogrid.​
org/), and the genes in the network were analyzed for GO 
and KEGG pathway enrichment.

DiseaseMeth web tool (http://​bio-​bigda​ta.​hrbmu.​edu.​
cn/​disea​semeth/) was used to analyze the USP43 meth-
ylation level in ovarian serous cystadenocarcinoma (OV) 
and normal tissues. miRWalk (http://​mirwa​lk.​umm.​uni-​
heide​lberg.​de/) was employed to constructed the miRNA 
regulatory network with USP43. The protein expression 
of USP43 in clinical specimens and the survival rate of 

USP43 in ovarian cancer were analyzed by Human Pro-
tein Atlas (https://​www.​prote​inatl​as.​org/). The correlation 
between HDAC2 expression and the level of immune cell 
infiltration was analyzed by TIMER (https://​cistr​ome.​shiny​
apps.​io/​timer/).

Immunohistochemistry (IHC)

All tumor samples were formalin-fixed, paraffin-embedded, 
and sliced into 5 μm sections. The sections were deparaffi-
nized with xylene for 15 min and repaired the antigen with 
sodium citrate solution. Then the sections were incubated 
using 3% H2O2 (Sinopharm) and blocked using 1% Bovine 
Serum Albumin (BSA, Sangon Biotech). Tumor sections 
were incubated with the primary antibody diluted in PBS 
overnight at 4 °C, followed by incubation with the HRP-
conjugated goat anti-rabbit secondary antibody (Thermo 
Fisher Scientific) diluted in PBS for 1 h at 37 °C. The pri-
mary antibodies were as follows: USP43 antibody (Affin-
ity Bioscience), HDAC2 antibody (Proteintech Group) and 
cleaved caspase-3 antibody (Affinity Bioscience). The sec-
tions were visualized with DAB solution (MXB Biotech) 
and counterstained with hematoxylin (Solarbio Science). 
The stained sections were observed with a microscope 
(Olympus Corporation).

Cell culture and infection

HEY and OV-90 cells were purchased from Guangzhou 
Cellcook Biotech Co., Ltd. HEY cells were cultured in 
RPMI-1640 medium (Solarbio Science), which included 
10% fetal bovine serum (FBS) (Tianhang Biotechnology). 
OV-90 cells were cultured in DMEM/F12 medium (Biosharp 
Life Science), which supplemented with 15% FBS. All cells 
were cultured in in an incubator at 37 °C with 5% CO2.

Two USP43 shRNA vectors and USP43 overexpression 
vector were designed and cloned into transfer plasmids. Len-
tiviral particles were produced using 293T cells and har-
vested to infect HEY and OV-90 cells. Puromycin was added 
into the medium to obtain stably infected cells. For cisplatin 
sensitivity experiments, cells were treated with the indicated 
concentrations of cisplatin (meilunbio) for 48 h. To investi-
gate the effect of USP43 on the stability of HDAC2, stable 
transfected cells were treated with 10 µM cycloheximide 
(Med Chem Express) for 0, 2, 4 and 6 h, respectively. For the 
detection of HDAC2 ubiquitination levels, stable transfected 
cells were pretreated with 20 µM MG132 (Aladdin) for 8 h.

HDAC2 knockdown in HEY cells were carried out using 
HDAC2 siRNA (si-HDAC2: 5’-GGU​CAA​UAA​GAC​CAG​
AUA​ATT-3’) via Lipofectamine 3000 (Invitrogen), and 
si-NC as the negative control.

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
http://david.abcc.ncifcrf.gov/
https://xenabrowser.net/
https://thebiogrid.org/
https://thebiogrid.org/
http://bio-bigdata.hrbmu.edu.cn/diseasemeth/
http://bio-bigdata.hrbmu.edu.cn/diseasemeth/
http://mirwalk.umm.uni-heidelberg.de/
http://mirwalk.umm.uni-heidelberg.de/
https://www.proteinatlas.org/
https://cistrome.shinyapps.io/timer/
https://cistrome.shinyapps.io/timer/
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Quantitative real‑time PCR (qPCR)

Total RNA was isolated using a TRIpure commercial kit 
(BioTeke Corporation). RNA concentrations were deter-
mined with the NANO 2000 spectrophotometry (Thermo 
Fisher Scientific). cDNA was synthesized using reverse tran-
scription with a BeyoRT II M-MLV reverse transcriptase 
(Beyotime Biotechnology). qPCR was performed with 
SYBR Green (Solarbio Science) using an ExicyclerTM 
96 Real-Time PCR System (Bioneer Corporation). Gene 
expression was normalized to the expression of GAPDH 
by the 2−ΔΔCt method. The PCR primer sequences are as 
follows: USP43 F, 5’-AGG​GCT​TGA​AGA​ACC​ACG​-3’; 
USP43 R, 5’-CAG​CAA​CCA​GAG​CAG​GAA​-3’.

Western blot

Total protein was extracted using RIPA buffer (Beyotime 
Biotechnology) and quantified using a BCA protein assay kit 
(Beyotime Biotechnology). Equal amounts of protein were 
separated using SDS-PAGE (Sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis), then transferred onto PVDF 
(Polyvinylidene difluoride) membranes (Millipore). After 
blocking in 5% non-fat milk for 1 h, the membranes were 
incubated with the primary antibody. The primary antibodies 
were as follows: USP43 antibody (1: 500 diluted, Santa Cruz 
Biotechnology), cleaved PARP antibody (1:1000 diluted, 
Affinity Bioscience), cleaved caspase-3 antibody (1:1000 
diluted, Affinity Bioscience), Phospho-Histone H2AXSer139 
(γH2AX) antibody (1:1000 diluted, Thermo Fisher Scien-
tific), CDK4 antibody (1:1000 diluted, Affinity Biosciences), 
CDK6 antibody (1:1000 diluted, Affinity Bioscience), cyclin 
D1 antibody (1:1000 diluted, Affinity Bioscience), HDAC2 
antibody (1:1000 diluted, Proteintech Group), β-catenin 
antibody (1:1000 diluted, Affinity Bioscience), Ubiquitin 
antibody (1:1000 diluted, Abclonal Technology), Histone 
H3 antibody (1:2000 diluted, ABGENT Biotechnology) and 
GADPH antibody (1:1000 diluted, Santa Cruz Biotechnol-
ogy). Then the membranes were incubated with the HRP 
(Horseradish Peroxidase)-conjugated secondary antibody. 
The secondary antibodies were as follows: goat anti-rabbit 
antibody (1:5000 diluted, Beyotime Biotechnology) and goat 
anti-mouse antibody (1:5000 diluted, Beyotime Biotechnol-
ogy). The protein membranes were visualized by ECL kit 
(Beyotime Biotechnology).

CCK‑8 and BrdU assays

Cell proliferation was performed with CCK-8 (Beyotime 
Biotechnology) and BrdU Cell Proliferation ELISA Kit 
(Abcam) according to the manufacturer’s protocol. Cells 
were seeded into 96-well plates (4 × 103 cells per well for 
CCK-8; 2 × 104 cells per well for BrdU), then cultured by 

CCK-8 or BrdU solution. The absorbance at 450 nm was 
analyzed with a microplate reader.

For the cell viability assay, cells were plated at a density 
of 4 × 103 cells per well in 96-well plates and exposed to 
different concentrations of cisplatin (Aladdin) (0, 5, 10, 50, 
100 or 200 µM) for 48 h in 5% CO2 at 37 °C. Cell viability 
was determined by CCK-8 kit (Beyotime Biotechnology) 
according to the manufacturer’s protocols.

Colony formation assay

Total of 300 cells were seeded into 60-mm dishes. After 12 
days, the culture medium was discarded, and each dish was 
washed twice with PBS. Then, the cells were stained with 
Wright-Giemsa stain (Nanjing Jiancheng Bioengineering) 
according to the attached instructions. Colonies were imaged 
and counted under the microscope.

Flow cytometric analysis

Cell cycle analysis was investigated using a Cell Cycle 
Detection Kit (Keygen Biotechnology) following the manu-
facturer’s instructions. Briefly, cells were stained with 500 
µL PI/RNase A for 30 min at room temperature in the dark. 
The cells of each period were determined by flow cytometry 
(Agilent NovoCyte).

For cell apoptosis analysis, cells were treated with cis-
platin (HEY: 10 µM, OV-9: 30 µM) for 48 h, cell apoptosis 
was detected by Annexin V-FITC/PI Apoptosis Detection 
Kit (Keygen Biotechnology).

Cell migration and invasion assay

Wound healing assay was conducted to detect the cell migra-
tion ability. Cells were cultured in serum-free medium con-
taining 10 µg/ml mitomycin C (Sigma). When the cells reach 
confluence, gently stroke the center of the culture dish with 
the tip of a 200-µL pipette. After rinsing with PBS, cells 
were cultured in serum-free medium for 24 h in 5% CO2 at 
37 °C. Photographs were taken under the microscope at 0 
and 24 h.

Transwell invasion assay was performed in 24-well plates 
with transwell inserts (Labselect) precoated Matrigel (Corn-
ing). Total of 5 × 104 cells (200 µL/well) were placed in top 
chamber in serum-free medium, and 800 µL culture medium 
containing 10% FBS was placed in the bottom chamber. 
After incubating for 24 h at 37 °C in a humidified incuba-
tor with 5% CO2, the top and bottom chambers were rinsed 
with PBS, fixed with 4% paraformaldehyde, and stained with 
0.4% crystal violet (Amresco) for 5 min. After washing with 
distilled water, the invasive cells were counted in five ran-
domly microscopic fields.
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Immunofluorescence (IF)

The slides were fixed with 4% paraformaldehyde for 15 min 
and permeabilized with 0.1% Triton X-100 (Beyotime 
Biotechnology) for 30 min. After blocking in 1% BSA for 
15 min at room temperature, cells were incubated with pri-
mary antibody overnight at 4 °C. The primary antibodies 
were as follows: γH2AX antibody (1:200 diluted, Thermo 
Fisher Scientific), USP43 antibody (1:50 diluted, Santa Cruz 
Biotechnology), HDAC2 antibody (1:100 diluted, Protein-
tech Group) and β-catenin antibody (1:50 diluted, Protein-
tech Group). Then cells were incubated with Cy3-conjugated 
goat anti-rabbit antibody (1:200 diluted, Invitrogen), Cy3-
conjugated goat anti-mouse antibody (1:200 diluted, Invit-
rogen) or FITC-conjugated goat anti-mouse antibody (1:200 
diluted, Abcam) for 60 min at room temperature in the dark. 
After washing with PBS, cells were counterstained with 
DAPI (Aladdin) to mark the nuclei. The slides were sealed 
with fluorescent mounting medium (Solarbio Science), and 
observed under the microscope.

Co‑immunoprecipitation (Co‑IP)

Co-IP was performed using a Pierce Co-Immunoprecipita-
tion kit (Thermo Scientific Pierce) according to the manufac-
turer’s instructions. In short, whole proteins were extracted 
in IP lysis buffer (Beyotime Biotechnology). HDAC2, 
USP43, ubiquitin and IgG antibodies were pre-incubated 
with AminoLink Plus coupling resin for 2 h. The resin was 
washed six times with washing buffer, and incubated with 
the whole protein lysates overnight. After incubation, the 
resin was again washed and protein was eluted using elu-
tion buffer. Subsequently, the immunoprecipitated protein 
complexes were collected for Western blot.

Xenograft tumor models

To assess the effect of USP43 on tumor progression in vivo, 
we established a xenograft tumor model. The cells (5 × 106) 
were subcutaneously injected into BALB/c nude mice 
(17–22 g). After 7 days inoculation, we randomly assigned 
the mice into four groups which were intraperitoneal injected 
with saline (Minkang Pharmaceutical) or cisplatin (2 mg/
kg) twice a week. Tumor volume was measured every three 
days starting from day 7. After 4-weeks cisplatin-treatment, 
tumors were removed, imaged, weighed and pathologically 
examined.

Statistical analysis

All data were shown as mean ± SD. GraphPad Prism 8 was 
used for statistical data in this study. Statistical significance 
between two sample groups was calculated using t-test. 

While for comparisons between three or more groups, one-
way ANOVA were used, followed by the Tukey post hoc test 
for multiple comparisons. Two-way ANOVA was performed 
for group comparisons influenced by two independent fac-
tors. P < 0.05 was considered significantly different.

Results

USP43 is highly expressed in EOC tissues 
and predicts poor prognosis

Bioinformatics analysis based on the three datasets from 
GEO database showed that 139 overlapping genes were 
upregulated in ovarian tissue (Fig. 1A). To understand the 
potential functions and associated pathways of these over-
lapping genes, GO and KEGG analyses were conducted. 
As shown in Fig. 1B, the top enriched GO terms included 
cell division, mitotic cell cycle, apoptotic process (biologi-
cal process), nucleus (cell component) and protein binding 
(molecular function). Pathways in cancer, cell cycle and 
p53 signaling pathway were the most commonly identi-
fied underlying pathways by KEGG (Fig. 1C). Further, the 
enrichment biological process or pathways that associated 
with tumor progression was shown in Fig. 1D and E.

Based on the above analysis and recent studies, we found 
that USP43 was upregulated and associated with cancer 
process, but its function in EOC is not understood. There-
fore, further experimental studies on USP43 are needed. As 
shown in Fig. 2A, the upregulated mRNA expression level 
of USP43 in EOC was confirmed in the three GEO data-
bases. Furthermore, the high expression of USP43 predicted 
a poor prognostic of ovarian cancer patients (Fig. 2B). qPCR 
analysis revealed that the mRNA expression level of USP43 
in tumor tissues (T) was significantly higher than in adja-
cent normal tissues (NT) of EOC patients (Fig. 2C). USP43 
expression was higher in tumor tissues of cisplatin-resistant 
patients than in those sensitive to cisplatin (Fig. 2D). The 
representative images for low or high expression of USP43 
were presented in Fig. 2E. These data demonstrated that 
USP43 was highly expressed in the EOC, and indicated a 
poor prognosis of EOC.

USP43 exerts a carcinogenic effect in EOC cells

To investigate the biological effects of USP43 on EOC, we 
evaluated the function of USP43 in EOC cell proliferation, 
clonogenicity, cell cycle, migration and invasion. First, 
USP43 was effectively overexpressed or knocked down in 
EOC cells as confirmed by Western blot (Fig. 3A and B). 
Decreased proliferation of USP43 knockdown EOC cells 
was observed by CCK-8 and BrdU assays (Fig. 3C and 
E). Overexpression of USP43 significantly increased cell 
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proliferation (Fig. 3D and F). Moreover, USP43 silencing 
repressed the growth of EOC cells (Fig. 3G), while USP43 
overexpression exerted the opposite effects (Fig. 3H). The 
percentage of EOC cells in G1-phase was significantly 
increased after USP43 knockdown, with a concomitant 
decrease in the percentage of EOC cells in S-phase and 
G2-phase (Fig. 4A). USP43 overexpression was observed 

to induced a decrease in G1-phase and G2-phase cells and an 
increase in S-phase cells (Fig. 4B). In addition, the expres-
sion of CDK4, CDK6 and cyclin D1 was downregulated 
upon USP43 silencing (Fig. 4C) and upregulated by USP43 
overexpression (Fig. 4D), which contributes to cell entry 
into the proliferation cycle. Furthermore, wound healing and 
transwell assays demonstrated that the ability of migration 

Fig. 1   The identification of differentially expressed genes in ovarian 
cancer and enrichment analysis. A Total of 139 common upregulated 
genes in ovarian cancer tissues were identified in three GEO data-
sets (GSE40595, GSE29450 and GSE38666). B, C  GO and KEGG 
enrichment analysis were conducted for the 139 upregulated genes. 

D, E Genes were enriched in GO terms and KEGG pathways related 
to biological process of ovarian cancer. The right side of the circle 
shows the enriched genes and the color on the left side of the circle 
represents the different GO terms or KEGG pathways
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and invasion was decreased in USP43-silenced EOC cells 
(Fig. 5A and C). Whereas USP43-overexpressed EOC cells 
showed an enhanced migration and invasion ability (Fig. 5B 
and D). In summary, these findings suggested that USP43 
may exerts a carcinogenic effect in EOC cells.

USP43 impaired cisplatin sensitivity of EOC cells 
invitro

To determine whether USP43 was involved in drug sensitiv-
ity for EOC treatment, we first measured the inhibition effect 

Fig. 2   USP43 was upregulated in ovarian cancer tissues. A  USP43 
expression in tumor tissues (T) and normal tissues (NT) were 
analyzed in three GEO databases (GSE40595, GSE29450 and 
GSE38666). B  Kaplan-Meier survival curve evaluating the overall 
survival of ovarian cancer, based on the expression of USP43. C The 
mRNA levels of USP43 were determined by qPCR in tumor tissues 

(T) and matched non-cancerous tissues (NT) of 15 EOC patients. 
D  Representative images of IHC staining with USP43 in cisplatin-
sensitive and cisplatin-resistant EOC tissues. Scale bar, 200  μm or 
50  μm. E  Representative images of IHC staining for high and low 
expression of USP43 in EOC tissues. Scale bar, 200  μm or 50  μm. 
**P < 0.01 versus NT
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Fig. 3   USP43 promoted EOC cell proliferation and colony forma-
tion. A, B USP43 expression was detected by Western blot in HEY 
and OV-90 cells with or without USP43 knockdown or overexpres-
sion. C,  F  Cell proliferation was detected by CCK-8 assay (C, D) 

and BrdU incorporation E, F. G, H Representative colony formation 
assays for HEY and OV-90 cells (upper panel); quantitative analysis 
of colony formation assays (lower panel). *P < 0.05, **P < 0.01 versus 
shNC or vector
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of cisplatin on EOC cells with USP43 overexpression or 
knockdown. The inhibition rate in USP43-silenced cells was 
increased dose-dependently (Fig. 6A). Cells overexpressing 
USP43 showed decreased sensitivity to cisplatin (Fig. 6B). 
Notably, knockdown of USP43 enhanced cisplatin-induced 
apoptosis (Fig. 6C), while USP43 overexpression dimin-
ished the effect of cisplatin (Fig. 6D).

Given that DNA damage is a most prominent mechanism 
of cisplatin for cancer treatment [24], we further explored 

the effect of USP43 on cisplatin-induced DNA damage. 
IF staining showed that the expression of γH2AX induced 
by cisplatin was increased in USP43-silenced cells, and 
decreased in USP43-overexpressed cells (Fig. 7A and B). 
In addition, cisplatin induced an upregulation of cleaved 
PARP, cleaved caspase-3 and γH2AX expression in EOC 
cells, and this effect was enhanced in by USP43 silencing 
and attenuated by USP43 overexpression (Fig. 7C and D). 
Collectively, these data provided evidences that USP43 

Fig. 4   USP43 accelerated cell cycle progression of EOC. A, B Cell 
cycle distribution was detected in HEY and OV-90 cells by flow 
cytometry (left panel); cells were counted for each phase (right 

panel). C, D CDK4, CDK6 and Cyclin D1 protein expression levels 
were measured by Western blot. **P < 0.01 versus shNC or vector
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repressed the sensitivity to cisplatin of EOC cells in vitro. 
These data suggested that USP43 reduced cisplatin sensitiv-
ity in EOC cells through suppressing DNA damage.

USP43 PPI network and enrichment analysis

BioGrid database was used to identify the genes inter-
acted with USP43 and construct a PPI network. A total of 
54 interactors were identified as shown in the Fig. 8A. For 
more effective understanding of these interactors, GO and 
KEGG pathway enrichment analysis was conducted. In bio-
logical process group (Fig. 8B), USP43-related genes were 
enrichment in regulation of cell fate specification, negative 

regulation of cell proliferation and migration, ubiquitin-
dependent protein catabolic process, and response to drug. 
For the molecular function group (Fig. 8C), USP43-related 
genes were mainly enriched in protein deacetylase activity, 
p53 binding, and ubiquitin protein ligase binding. The cellu-
lar component group including histone deacetylase complex, 
focal adhesion, and macromolecular complex (Fig. 8D). 
KEGG analysis showed that USP43-related genes had com-
mon pathways in PI3K-Akt signaling pathway, Hippo signal-
ing pathway, cell cycle, and pathways in cancer (Fig. 8E). 
The chord diagram indicated the USP43-related genes were 
mainly enriched in functions and pathways related to regula-
tion of cancer progression and histone deacetylation (Fig. 8F 

Fig. 5   USP43 enhanced the ability of migration and invasion of EOC 
cells. A, B Cell migration ability was assessed with the wound heal-
ing assay. Representative photographs of cell migration (upper panel); 
cell migration rate was analyzed (lower panel). Scale bar, 200  μm. 

C, D Transwell assay was used to assess cell invasion ability. Repre-
sentative photographs of cell invasion (upper panel); analysis of cell 
invasion rate (lower panel). Scale bar, 100 μm. *P < 0.05, **P < 0.01 
versus shNC or vector
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and G). These findings attracted our attention to the HDAC 
family. As HDAC2 was reported to be highly expressed in 
ovarian cancer and associated with poor prognosis, we spec-
ulated that a regulatory relation may exist between HDAC2 
and USP43.

USP43 inhibited ubiquitin‑mediated degradation 
of HDAC2 in EOC cells

To test our suspicions, we first examined HDAC2 expres-
sion in EOC cells with USP43 knockdown or overexpres-
sion. We noticed that the protein expression of HDAC2 
was downregulated with USP43 silencing and upregulated 
with USP43 overexpression (Fig. 9A). IF double stain-
ing showed that USP43 and HDAC2 were co-expressed 

in EOC cells (Fig. 9B). The interaction between USP43 
and HDAC2 was confirmed by Co-IP assay (Fig. 9C). 
Cycloheximide, a protein synthesis inhibitor, is often 
used to inhibit protein synthesis of eukaryotic cells. 
With cycloheximide treatment, we observed that USP43 
knockdown decreased the expression of HDAC2 in HEY 
cells, indicating that downregulation of USP43 reduced 
HDAC2 stability (Fig. 9D). To further explore the specific 
regulatory mechanism of USP43 on HDAC2, the effect 
of USP43 on HDAC2 ubiquitin levels was examined. 
As shown in Fig. 9E, the ubiquitin was accumulated in 
HDAC2 IP products of the shUSP43 cells. These results 
demonstrated that USP43 diminished HDAC2 degradation 
via deubiquitylation.

Fig. 6   USP43 suppressed cisplatin sensitivity of EOC cells. 
A,  B  CCK-8 was used to detect cell viability after treatment with 
different concentrations of cisplatin. C,  D Apoptotic cells were 

measured by flow cytometry and the apoptosis rate was calculated. 
**P < 0.01 versus shNC, vector or shNC + cisplatin
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Fig. 7   USP43 suppressed cisplatin sensitivity by reducing apoptosis. 
Stably transfected HEY and OV-90 cells were treated with 10 and 30 
µM cisplatin for 48 h, respectively. A, B IF staining was used to eval-
uate the expression of γH2AX (red) in epithelial ovarian cancer. Cell 

nuclei were stained with DAPI (blue). Scale bar, 50  μm. C, D  The 
protein levels of cleaved PARP, cleaved caspase-3 and γH2AX were 
detected by Western blot
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Fig. 8   USP43 PPI network and function enrichment analysis. A PPI 
network of USP43 was generated by BioGRID database. B–D  GO 
analysis for the predicted genes interacted with USP43. BP, biological 
process; MF, molecular function; CC: cellular component. E KEGG 

pathway analysis for these genes. F, G  GO and KEGG enrichment 
chord diagrams of USP43 related genes. The right side of the circle 
shows the enriched genes and the color on the left side of the circle 
represents the different GO terms or KEGG pathways
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Fig. 9   USP43 stabilized HDAC2 through deubiquitylation. A  West-
ern blot was used to detect the protein level of HDAC2 in HEY and 
OV-90 cells. B  IF double staining was used to detect the localiza-
tion of USP43 (green) and HDAC2 (red). Scale bar, 50 μm. C Co-IP 
assay was used to detect the interaction between USP43 and HDAC2. 

D After treatment with 10 µM cycloheximide for different times, the 
protein expression level of HDAC2 was observed by Western blot. E 
After treatment with 20 µM MG132, HDAC2 ubiquitination levels 
were measured by Co-IP
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USP43 impaired cisplatin sensitivity of EOC cells 
by activating the Wnt/β‑catenin signaling pathway 
through HDAC2

As shown in Fig. 10A, HDAC2 expression in the tumor 

tissues of cisplatin-resistant patients was increased compared 
to those sensitive to cisplatin. To confirm whether HDAC2 
is involved in the USP43-induced reduction of cisplatin 
sensitivity in EOC cells, USP43 over-expressed cells were 
transfected with si-HDAC2 or si-NC. Western blot showed 
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that HDAC2 was effectively silenced in Hey cells (Fig. 10B). 
The overexpression of USP43 attenuated the inhibition of 
cisplatin on EOC cells, while HDAC2 silencing reversed the 
result (Fig. 10C). HDAC2 silencing elevated apoptosis rate 
induced by overexpression of USP43 (Fig. 10D). In addi-
tion, the protein levels of cleaved PARP, cleaved caspase-3 
and γH2AX induced by USP43 overexpression were fur-
ther elevated by silencing HDAC2 (Fig. 10E). These results 
showed that USP43 promoted the sensitivity of EOC cells 
to cisplatin via HDAC2.

Activation of Wnt/β-catenin signaling pathway is impor-
tant in the tumorigenesis and development of ovarian cancer 
[22], and it can be estimated by β-catenin protein levels in 
the nucleus [25]. As expected, the expression of β-catenin in 
the nucleus was positively regulated by USP43 (Fig. 10F). 
IF staining revealed that β-catenin accumulation in the 
cytoplasm and transport to the nucleus were restrained with 
USP43 silencing and enhanced with USP43 overexpression 
(Fig. 10G). The excessive accumulation of β-catenin in the 
cytoplasm and its translocation to the nucleus are important 
processes that activate the Wnt/β-catenin signaling pathway. 
Correspondingly, downregulation of HDAC2 suppressed 
activation of the Wnt/β-catenin signaling pathway (Fig. 10H, 
I). Notably, knockdown of HDAC2 diminished the activation 
of Wnt/β-catenin signaling pathway caused by upregulation 
of USP43 (Fig. 10J, K). These results indicated that USP43 
activated Wnt/β-catenin signaling pathway through HDAC2.

To further determine whether USP43 regulates the sensi-
tivity of EOC cells to cisplatin via the Wnt/β-catenin signal-
ing pathway, EOC cells were co-treated with Wnt/β-catenin 
signaling pathway inhibitor ICG-001 and cisplatin. USP43 
overexpression diminished cell apoptosis induced by cispl-
atin, and ICG-001 treatment restored this effect (Fig. 10L). 

The same changes were observed in the expression of 
cleaved PARP, cleaved caspase-3 and γH2AX (Fig. 10M). 
Taken together, our results suggested that USP43 impaired 
the sensitivity of EOC cells to cisplatin by activating the 
Wnt/β-catenin signaling pathway through HDAC2.

Knockdown of USP43 inhibited tumor growth 
and enhanced cisplatin sensitivity of EOCin vivo.

To clarify the effect of USP43 on EOC growth and cisplatin 
sensitivity in vivo, a subcutaneous xenograft model was con-
structed. As shown in Fig. 11A–C, the weight and volume of 
tumors formed by USP43 knockdown cells and treated with 
cisplatin were significantly reduced. The growth of tumors 
formed by USP43 knockout cells in cisplatin-treated mice 
was significantly inhibited. IHC staining for cleaved cas-
pase-3 showed that cisplatin induced apoptosis of EOC cells 
was aggravated by the downregulation of USP43 (Fig. 11D). 
Moreover, HDAC2 expression was induced by cisplatin and 
decreased upon USP43 knockdown (Fig. 11E). Thus, we 
concluded that knockdown of USP43 inhibited tumor growth 
and enhanced cisplatin sensitivity of EOC in vivo.

Discussion

EOC is a common malignant tumor of the female repro-
ductive system, and its mortality rate is the highest among 
gynecological tumors. Due to the difficulty of early diagno-
sis, most patients are already at advanced stage when they 
are diagnosed. Cisplatin is widely used in the treatment of 
EOC, but cisplatin resistance will affect the treatment effect 
[26, 27]. In the current study, we demonstrated that USP43 
facilitated the malignant behaviors, and decreased the sen-
sitivity of cisplatin to EOC cells. Mechanically, USP43 acti-
vated the Wnt/β-catenin signaling pathway through inhib-
iting ubiquitin-mediated degradation of HDAC2 to induce 
EOC cell chemoresistance.

USP43 functions as a tumor promoter in multiple cancers. 
For instance, USP43 promoted cell proliferation, migration 
and invasion of colorectal cancer [12]. USP43 facilitates 
breast cancer cell proliferation and cell cycle progression in 
vivo [13]. Our results showed that the expression of USP43 
was higher in EOC tissues. Similarly, the protein expres-
sion of USP43, analyzed in clinical specimens of the human 
protein atlas, was barely expressed in normal ovarian tis-
sues and highly expressed in ovarian cancer tissues (Figure 
S1A). The high expression of USP43 had a lower survival 
rate (Figure S1B). This also validated the prognostic results 
of USP43 in EOC tissues. In addition, high expression of 
USP43 was accompanied by malignant phenotypes in EOC, 
suggesting that USP43 promotes tumorigenesis in EOC.

Fig. 10   USP43 impaired cisplatin sensitivity of EOC cells by acti-
vating the Wnt/β-catenin signaling pathway through HDAC2. 
A Representative images of IHC staining with HDAC2 in cisplatin-
sensitive and cisplatin-resistant EOC tissues. Scale bar, 200  μm or 
50  μm. HEY cells were transfected with si-HDAC2 or si-NC and 
24  h later, B  the expression of HDAC2 was detected by Western 
blot. C–E USP43 overexpressed HEY cells were treated with 10 µM 
cisplatin, then C  cell inhibition rate was detected by CCK-8; D  cell 
apoptosis was detected by flow cytometry; E Western blot was used 
to detect the protein levels of cleaved PARP, cleaved caspase-3 and 
γH2AX. F Western blot analysis for β-catenin in HEY cells with or 
without USP43 knockdown or overexpression. G  IF staining was 
used to observe the expression and localization of β-catenin in HEY 
cells. Scale bar, 50  μm. H,  I  HEY cells were transfected with si-
HDAC2 or si-NC and 24 h later, β-catenin expression was tested by 
Western blot and IF staining. Scale bar, 50  μm. J, K  USP43 over-
expressed cells were transfected with si-HDAC2 or si-NC and 24  h 
later, β-catenin expression was determined by Western blot and IF 
staining. Scale bar, 50  μm. L, M  USP43 overexpressed cells were 
treated with 10 µM ICG-001 and cisplatin for 48 h, the cell apoptosis 
was assessed by flow cytometry and apoptosis-related proteins were 
analyzed by Western blot. ##P < 0.01 versus Vector + si-NC or Vector; 
*P < 0.05, **P < 0.01 versus OE-USP43 + si-NC or OE-USP43

◂
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Ubiquitination is one of the vital post-translational modi-
fications of proteins, which plays a crucial role in regulation 
of cell apoptosis [28, 29]. The USP family is one of the most 
abundant and structurally diverse ubiquitin. USP18 is nega-
tively associated with cell apoptosis in breast cancer [30]. 
USP39 knockdown induces cell apoptosis via the regulation 
the Wnt/β-catenin signaling pathway in colorectal cancer 
[31]. It has been shown that the mechanism underlying cis-
platin resistance is related to apoptosis [32–34]. Knockdown 
of CCAT1 modulates the sensitivity of ovarian cancer cells 
to cisplatin via promoting cell apoptosis [35]. Our results 
indicated that USP43 reduced the sensitivity of EOC to 
cisplatin by decreasing apoptosis. When the DNA damage 
induced by cisplatin exceeds the DNA repair capacity, cis-
platin interferes with the DNA repair mechanisms, resulting 
in DNA damage and exerts anticancer effects [36, 37]. We 

revealed that USP43 inhibited cisplatin sensitivity, reduced 
the number of DNA breaks attacked by cisplatin, and dou-
ble-strand breaks led to decrease expression of apoptosis 
proteins. Our results demonstrated that USP43 inhibition of 
apoptosis affected the sensitivity of EOC to cisplatin.

High-level expression of HDAC2 promotes cancer 
progression through various signal pathways, including 
breast cancer [38, 39], non-small cell lung cancer [16], 
liver cancer [40]. Resistance is a major problem when 
treating malignancies. Despite advances in drug develop-
ment, resistance still inevitably occurs over time. HDAC2 
is involved in the resistance of tumor cells, inhibition of 
HDAC2 expression increased the sensitivity of cisplatin 
in non-small cell lung cancer [41]. Some genes impact the 
development of malignancies by regulating HDAC2. In 
ovarian plasmacytosis, USP5 impedes the ubiquitinated 

Fig. 11   Knockdown of USP43 inhibited tumor growth and enhanced 
cisplatin sensitivity of EOC in vivo. shUSP43 cells or shNC cells 
(5 × 106) were subcutaneously injected in nude mice, after 7 days, 
the mice were treated with saline or cisplatin twice every week. 
After 4-weeks cisplatin-treatment, A  xenograft tumor was taken out 

and photographed. B The tumor weight was assessed. C Tumor vol-
ume was examined. D, E  The expression of cleaved caspase-3 and 
HDAC2 in subcutaneous tumor tissues was detected by IHC staining. 
Scale bar, 50 μm. ##P < 0.01 versus si-NC + Saline; **P < 0.01 versus 
si-NC + Cisplatin
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degradation of HDAC2, inducing cell proliferation, metas-
tasis and poor prognosis [18]. We indicated that USP43 
regulated HDAC2 through deubiquitylation. Moreover, 
HDAC2 inhibits the expression of apoptotic proteins cas-
pase-3, and PARP in thyroid squamous cell carcinoma 
[42]. Herein, our findings revealed that USP43 enhances 
EOC cell chemosensitivity via HDAC2.

Several studies have reported a role for HDAC2 in 
immune-related modulations [43, 44]. Tumor-infiltrating 
immune cells are important for cancer treatment and patient 
prognosis [45]. Laham, Amina Jamal et al. demonstrated the 
potential role of DYRKs as biomarkers for immunotherapy 
by analyzing the correlation of its expression with immune 
infiltrating cells in the tumor microenvironment [46]. Based 
on these studies, the correlation between HDAC2 expression 
and the level of immune cell infiltration was analyzed by 
TIMER. In OV, HDAC2 correlated with tumor purity and 
CD8+ T cells (Fig. 2SA). Then, we analyzed the relation-
ship between immune cell infiltration and patient survival 
(Fig. 2SB). Dendritic cells were correlated with prognosis 
of OV patients. Furthermore, we analyzed the correlation 
of HDAC2 with immune cell markers (Table S1). Unfortu-
nately, although HDAC2 was associated with some immune 
infiltrating cells, the correlation coefficients were all less 
than 0.3. For the immune-related role of HDAC2, it may 
be exerted indirectly in specific subpopulations of immune 
infiltrates [47], or through regulation of downstream genes 
[44].

Abnormal Wnt/β-catenin signaling pathway promotes 
cancer stem cell renewal, cell proliferation and differen-
tiation, thus exerting essential roles in tumorigenesis and 
therapy response [48]. The Wnt/β-catenin signaling pathway 
is an important cellular signaling pathway in cancer and is 
profoundly influenced by the activity of USPs [49]. Previous 
studies have reported that USP39 silencing inhibits colon 
cancer cell growth and metastasis, and induces apoptosis 
by regulating the Wnt/β-catenin signaling pathway [31]. 
β-catenin, acting as an intracellular signal transducer in the 
Wnt/β-catenin signaling pathway, plays a key role in tumo-
rigenesis [21]. Previous studies have shown that β-catenin 
is abnormally expressed in breast cancer [50], endometrial 
cancer [51] and cervical cancer [52], which activates the 
Wnt/β-catenin signaling pathway and initiates the expression 
of corresponding genes in the nucleus. ARHGAP4 regu-
lates HDAC2 degradation by ubiquitination and enhances 
the expression of the Wnt/β-catenin signal pathway by regu-
lating β-catenin activation, thus promoting the invasion and 
metastasis of pancreatic cancer [23]. Wnt/β-catenin signal-
ing pathway plays a vital role in cisplatin resistance in ovar-
ian cancer and participates in the maintenance and propaga-
tion of ovarian cancer stem cells [53]. Our result indicated 
that USP43 activated the Wnt/β-catenin signaling pathway 
by regulating HDAC2.

DNA methylation and miRNA are critical in the prognostic 
assessment and potential biomarkers of cancer development 
[54, 55]. Anuraga, Gangga et al. performed DNA methylation 
analysis of NEK family members in breast cancer and inves-
tigated the relationship between NEK2 and miRNA regula-
tory network to identify potential prognostic biomarkers in 
breast cancer [56]. Based on these findings, the Disease Meth 
web tool (http://​bio-​bigda​ta.​hrbmu.​edu.​cn/​disea​semeth/) was 
used to analyze the difference of USP43 methylation level in 
OV and normal tissues. We found that the methylation level 
of USP43 was decreased in OV tissues (Fig. 1SC). In addi-
tion, miRWalk was used to constructed the miRNA regula-
tory network with USP43 (Fig. 1SD). Researches have shown 
that hsa-mir-124-3p and hsa-mir-506-3p were involved in the 
regulating ovarian cancer development [57, 58]. In addition, 
studies have shown that USP43 mediates metastasis in breast 
and colon cancer [12, 59], but it has not been reported in ovar-
ian cancer metastasis or recurrence, and it will be a direction 
for our investigation in the future.

In conclusion, USP43 impaired cisplatin sensitivity by 
activating the Wnt/β-catenin signaling pathway via HDAC2 
deubiquitylation, thereby promoting EOC progression. USP43 
may serve as a potential therapeutic target of EOC.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10495-​023-​01873-x.

Author contributions  LP designed the study and wrote the main manu-
script. LP and FZ performed the experiments and analyzed the data. 
LP, FZ and YZ revised the manuscript. YZ supervised the study. All 
authors reviewed and approved the final manuscript.

Funding  This research was supported by 2022 Shenyang Science and 
Technology Plan (22-321-33-54).

Data availability   The data used in this study are available from the 
corresponding author upon reasonable request.

Declarations 

Competing interests  The authors declare that they have no competing 
interests.

Ethical approval  All animal experiments were approved by the Ani-
mal Medical Research Ethics Board of General Hospital of Northern 
Theater Command [No. 2021-011]. All procedures performed in stud-
ies involving human participants were approved by the Medical Eth-
ics Board of General Hospital of Northern Theater Command [No. 
Y(2021)153], and in accordance with all principles of the Declaration 
of Helsinki. The written informed consent was obtained from each 
participant.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 

http://bio-bigdata.hrbmu.edu.cn/diseasemeth/
https://doi.org/10.1007/s10495-023-01873-x


227Apoptosis (2024) 29:210–228	

1 3

otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Lheureux S, Braunstein M, Oza AM (2019) Epithelial ovarian 
cancer: evolution of management in the era of precision medicine. 
CA Cancer J Clin 69:280–304. https://​doi.​org/​10.​3322/​caac.​21559

	 2.	 Buechel M et al (2019) Treatment of patients with recurrent 
epithelial ovarian cancer for whom platinum is still an option. 
Ann Oncol 30:721–732. https://​doi.​org/​10.​1093/​annonc/​mdz104

	 3.	 Armstrong DK et al (2021) Ovarian cancer, Version 2.2020, 
NCCN clinical practice guidelines in oncology. J Natl Compr 
Canc Netw 19:191–226. https://​doi.​org/​10.​6004/​jnccn.​2021.​
0007

	 4.	 Torre LA et al (2018) Ovarian cancer statistics, 2018. CA Cancer 
J Clin 68:284–296. https://​doi.​org/​10.​3322/​caac.​21456

	 5.	 Orr B, Edwards RP (2018) Diagnosis and treatment of ovarian 
cancer. Hematol Oncol Clin North Am 32:943–964. https://​doi.​
org/​10.​1016/j.​hoc.​2018.​07.​010

	 6.	 Kuroki L, Guntupalli SR (2020) Treatment of epithelial ovarian 
cancer. BMJ 371:m3773. https://​doi.​org/​10.​1136/​bmj.​m3773

	 7.	 Kurnit KC, Fleming GF, Lengyel E (2021) Updates and new 
options in advanced epithelial ovarian cancer treatment. Obstet 
Gynecol 137:108–121. https://​doi.​org/​10.​1097/​AOG.​00000​00000​
004173

	 8.	 Lheureux S, Gourley C, Vergote I, Oza AM (2019) Epithelial 
ovarian cancer. Lancet 393:1240–1253. https://​doi.​org/​10.​1016/​
S0140-​6736(18)​32552-2

	 9.	 Young MJ, Hsu KC, Lin TE, Chang WC, Hung JJ (2019) The role 
of ubiquitin-specific peptidases in cancer progression. J Biomed 
Sci 26:42. https://​doi.​org/​10.​1186/​s12929-​019-​0522-0

	10.	 Chen S, Liu Y, Zhou H (2021) Advances in the development ubiq-
uitin-specific peptidase (USP) inhibitors. Int J Mol Sci. https://​doi.​
org/​10.​3390/​ijms2​20945​46

	11.	 Lavaud M et al (2021) Overexpression of the ubiquitin specific 
proteases USP43, USP41, USP27x and USP6 in osteosarcoma cell 
lines: inhibition of osteosarcoma tumor growth and lung metasta-
sis development by the USP antagonist PR619. Cells. https://​doi.​
org/​10.​3390/​cells​10092​268

	12.	 Ye DX, Wang SS, Huang Y, Wang XJ, Chi P (2021) USP43 
directly regulates ZEB1 protein, mediating proliferation and 
metastasis of colorectal cancer. J Cancer 12:404–416. https://​doi.​
org/​10.​7150/​jca.​48056

	13.	 Lin F et al (2017) USP43 promotes tumorigenesis through regu-
lating cell cycle and EMT in breast cancer. Int J Clin Exp Pathol 
10:11014–11021

	14.	 Kramer OH (2009) HDAC2: a critical factor in health and disease. 
Trends Pharmacol Sci. https://​doi.​org/​10.​1016/j.​tips.​2009.​09.​007. 
30:647 – 55

	15.	 Tang W et  al (2019) The p300/YY1/miR-500a-5p/HDAC2 
signalling axis regulates cell proliferation in human colo-
rectal cancer. Nat Commun 10:663. https://​doi.​org/​10.​1038/​
s41467-​018-​08225-3

	16.	 Zhu W et al (2017) FKBP3 promotes proliferation of Non-small 
cell lung cancer cells through regulating Sp1/HDAC2/p27. Thera-
nostics 7:3078–3089. https://​doi.​org/​10.​7150/​thno.​18067

	17.	 Zhou L et al (2018) Prognosis analysis of histone deacetylases 
mRNA expression in ovarian cancer patients. J Cancer 9:4547–
4555. https://​doi.​org/​10.​7150/​jca.​26780

	18.	 Du Y et al (2019) Ubiquitin specific peptidase 5 promotes ovarian 
cancer cell proliferation through deubiquitinating HDAC2. Aging 
(Albany NY). 11:9778–9793

	19.	 Huang R et al (2016) The role of HDAC2 in chromatin remodel-
ling and response to chemotherapy in ovarian cancer. Oncotarget 
7:4695–4711. https://​doi.​org/​10.​18632/​oncot​arget.​6618

	20.	 Bian J, Dannappel M, Wan C, Firestein R (2020) Transcriptional 
regulation of Wnt/beta-catenin pathway in colorectal cancer. 
Cells. https://​doi.​org/​10.​3390/​cells​90921​25

	21.	 He S, Tang S (2020) WNT/beta-catenin signaling in the develop-
ment of liver cancers. Biomed Pharmacother 132:110851. https://​
doi.​org/​10.​1016/j.​biopha.​2020.​110851

	22.	 Nguyen VHL, Hough R, Bernaudo S, Peng C (2019) Wnt/beta-
catenin signalling in ovarian cancer: insights into its hyperactiva-
tion and function in tumorigenesis. J Ovarian Res 12:122. https://​
doi.​org/​10.​1186/​s13048-​019-​0596-z

	23.	 Shen Y et al (2019) ARHGAP4 regulates the cell migration and 
invasion of pancreatic cancer by the HDAC2/beta-catenin sign-
aling pathway. Carcinogenesis 40:1405–1414. https://​doi.​org/​10.​
1093/​carcin/​bgz067

	24.	 Galluzzi L et al (2012) Molecular mechanisms of cisplatin resist-
ance. Oncogene 31:1869–1883. https://​doi.​org/​10.​1038/​onc.​2011.​
384

	25.	 Yuan Y et al (2011) The Wnt5a/Ror2 noncanonical signaling path-
way inhibits canonical wnt signaling in K562 cells. Int J Mol Med 
27:63–69. https://​doi.​org/​10.​3892/​ijmm.​2010.​560

	26.	 Armbruster S, Coleman RL, Rauh-Hain JA (2018) Management 
and treatment of recurrent epithelial ovarian cancer. Hematol 
Oncol Clin North Am 32:965–982. https://​doi.​org/​10.​1016/j.​hoc.​
2018.​07.​005

	27.	 Pignata S et al (2019) Treatment of recurrent epithelial ovarian 
cancer. Cancer 125 Suppl 24:4609–4615. https://​doi.​org/​10.​1002/​
cncr.​32500

	28.	 Han ZJ, Feng YH, Gu BH, Li YM, Chen H (2018) The post-
translational modification, SUMOylation, and cancer (review). 
Int J Oncol 52:1081–1094. https://​doi.​org/​10.​3892/​ijo.​2018.​4280

	29.	 Feng T et al (2021) Ubiquitin-specific peptidase 22 in cancer. 
Cancer Lett 514:30–37. https://​doi.​org/​10.​1016/j.​canlet.​2021.​05.​
004

	30.	 Tan Y, Zhou G, Wang X, Chen W, Gao H (2018) USP18 promotes 
breast cancer growth by upregulating EGFR and activating the 
AKT/Skp2 pathway. Int J Oncol 53:371–383. https://​doi.​org/​10.​
3892/​ijo.​2018.​4387

	31.	 Yuan X et al (2017) USP39 promotes colorectal cancer growth 
and metastasis through the Wnt/beta-catenin pathway. Oncol Rep 
37:2398–2404. https://​doi.​org/​10.​3892/​or.​2017.​5454

	32.	 Brabec V, Kasparkova J (2005) Modifications of DNA by platinum 
complexes. Relation to resistance of tumors to platinum antitumor 
drugs. Drug Resist Updat. https://​doi.​org/​10.​1016/j.​drup.​2005.​04.​
006. 8:131 – 46

	33.	 Jayson GC, Kohn EC, Kitchener HC, Ledermann JA (2014) 
Ovarian cancer. Lancet 384:1376–1388. https://​doi.​org/​10.​1016/​
S0140-​6736(13)​62146-7

	34.	 Shahzad MM, Lopez-Berestein G, Sood AK (2009) Novel strate-
gies for reversing platinum resistance. Drug Resist Updat. https://​
doi.​org/​10.​1016/j.​drup.​2009.​09.​001. 12:148 – 52

	35.	 Wang DY, Li N, Cui YL (2020) Long non-coding RNA CCAT1 
sponges miR-454 to promote chemoresistance of ovarian cancer 
cells to cisplatin by regulation of surviving. Cancer Res Treat 
52:798–814. https://​doi.​org/​10.​4143/​crt.​2019.​498

	36.	 Shen DW, Pouliot LM, Hall MD, Gottesman MM (2012) Cisplatin 
resistance: a cellular self-defense mechanism resulting from mul-
tiple epigenetic and genetic changes. Pharmacol Rev 64:706–721. 
https://​doi.​org/​10.​1124/​pr.​111.​005637

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3322/caac.21559
https://doi.org/10.1093/annonc/mdz104
https://doi.org/10.6004/jnccn.2021.0007
https://doi.org/10.6004/jnccn.2021.0007
https://doi.org/10.3322/caac.21456
https://doi.org/10.1016/j.hoc.2018.07.010
https://doi.org/10.1016/j.hoc.2018.07.010
https://doi.org/10.1136/bmj.m3773
https://doi.org/10.1097/AOG.0000000000004173
https://doi.org/10.1097/AOG.0000000000004173
https://doi.org/10.1016/S0140-6736(18)32552-2
https://doi.org/10.1016/S0140-6736(18)32552-2
https://doi.org/10.1186/s12929-019-0522-0
https://doi.org/10.3390/ijms22094546
https://doi.org/10.3390/ijms22094546
https://doi.org/10.3390/cells10092268
https://doi.org/10.3390/cells10092268
https://doi.org/10.7150/jca.48056
https://doi.org/10.7150/jca.48056
https://doi.org/10.1016/j.tips.2009.09.007
https://doi.org/10.1038/s41467-018-08225-3
https://doi.org/10.1038/s41467-018-08225-3
https://doi.org/10.7150/thno.18067
https://doi.org/10.7150/jca.26780
https://doi.org/10.18632/oncotarget.6618
https://doi.org/10.3390/cells9092125
https://doi.org/10.1016/j.biopha.2020.110851
https://doi.org/10.1016/j.biopha.2020.110851
https://doi.org/10.1186/s13048-019-0596-z
https://doi.org/10.1186/s13048-019-0596-z
https://doi.org/10.1093/carcin/bgz067
https://doi.org/10.1093/carcin/bgz067
https://doi.org/10.1038/onc.2011.384
https://doi.org/10.1038/onc.2011.384
https://doi.org/10.3892/ijmm.2010.560
https://doi.org/10.1016/j.hoc.2018.07.005
https://doi.org/10.1016/j.hoc.2018.07.005
https://doi.org/10.1002/cncr.32500
https://doi.org/10.1002/cncr.32500
https://doi.org/10.3892/ijo.2018.4280
https://doi.org/10.1016/j.canlet.2021.05.004
https://doi.org/10.1016/j.canlet.2021.05.004
https://doi.org/10.3892/ijo.2018.4387
https://doi.org/10.3892/ijo.2018.4387
https://doi.org/10.3892/or.2017.5454
https://doi.org/10.1016/j.drup.2005.04.006
https://doi.org/10.1016/j.drup.2005.04.006
https://doi.org/10.1016/S0140-6736(13)62146-7
https://doi.org/10.1016/S0140-6736(13)62146-7
https://doi.org/10.1016/j.drup.2009.09.001
https://doi.org/10.1016/j.drup.2009.09.001
https://doi.org/10.4143/crt.2019.498
https://doi.org/10.1124/pr.111.005637


228	 Apoptosis (2024) 29:210–228

1 3

	37.	 Dasari S, Tchounwou PB (2014) Cisplatin in cancer therapy: 
molecular mechanisms of action. Eur J Pharmacol. https://​doi.​
org/​10.​1016/j.​ejphar.​2014.​07.​025. 740:364 – 78

	38.	 Darvishi N et al (2020) MiR-646 prevents proliferation and pro-
gression of human breast cancer cell lines by suppressing HDAC2 
expression. Mol Cell Probes 53:101649. https://​doi.​org/​10.​1016/j.​
mcp.​2020.​101649

	39.	 Zhang Z et al (2020) SRGN crosstalks with YAP to maintain 
chemoresistance and stemness in breast cancer cells by modulat-
ing HDAC2 expression. Theranostics 10:4290–4307. https://​doi.​
org/​10.​7150/​thno.​41008

	40.	 Li Z et al (2020) Methylation of EZH2 by PRMT1 regulates its 
stability and promotes breast cancer metastasis. Cell Death Differ 
27:3226–3242. https://​doi.​org/​10.​1038/​s41418-​020-​00615-9

	41.	 Chen JH et al (2017) Valproic acid (VPA) enhances cisplatin sen-
sitivity of non-small cell lung cancer cells via HDAC2 mediated 
down regulation of ABCA1. Biol Chem 398:785–792. https://​doi.​
org/​10.​1515/​hsz-​2016-​0307

	42.	 Lin CL et al (2019) HDAC1 and HDAC2 double knockout triggers 
cell apoptosis in advanced thyroid cancer. Int J Mol Sci. https://​
doi.​org/​10.​3390/​ijms2​00204​54

	43.	 Zhang Q et al (2015) Tet2 is required to resolve inflammation by 
recruiting Hdac2 to specifically repress IL-6. Nature 525:389–
393. https://​doi.​org/​10.​1038/​natur​e15252

	44.	 Xu P et al (2021) Histone deacetylase 2 knockout suppresses 
immune escape of triple-negative breast cancer cells via down-
regulating PD-L1 expression. Cell Death Dis 12:779. https://​doi.​
org/​10.​1038/​s41419-​021-​04047-2

	45.	 Li T et al (2020) TIMER2.0 for analysis of tumor-infiltrating 
immune cells. Nucl Acids Res 48:W509–W514. https://​doi.​org/​
10.​1093/​nar/​gkaa4​07

	46.	 Laham AJ, El-Awady R, Lebrun J-J, Ayad MS (2022) A bioinfor-
matics evaluation of the role of dual-specificity tyrosine-regulated 
kinases in colorectal cancer. Cancers. https://​doi.​org/​10.​3390/​
cance​rs140​82034

	47.	 Conte M et al (2023) Targeting HDAC2-mediated immune regu-
lation to overcome therapeutic resistance in mutant colorectal 
cancer. Cancers. https://​doi.​org/​10.​3390/​cance​rs150​71960

	48.	 Zhang Y, Wang X (2020) Targeting the Wnt/beta-catenin signal-
ing pathway in cancer. J Hematol Oncol 13:165. https://​doi.​org/​
10.​1186/​s13045-​020-​00990-3

	49.	 Singh N, Singh AB (2016) Deubiquitinases and cancer: a snap-
shot. Crit Rev Oncol Hematol. https://​doi.​org/​10.​1016/j.​critr​
evonc.​2016.​04.​018. 103:22 – 6

	50.	 Quinn HM et al (2021) YAP and beta-catenin cooperate to drive 
oncogenesis in basal breast cancer. Cancer Res 81:2116–2127. 
https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​20-​2801

	51.	 Parrish ML, Broaddus RR, Gladden AB (2022) Mechanisms of 
mutant beta-catenin in endometrial cancer progression. Front 
Oncol 12:1009345. https://​doi.​org/​10.​3389/​fonc.​2022.​10093​45

	52.	 Wang B, Li X, Liu L, Wang M (2020) Beta-catenin: oncogenic 
role and therapeutic target in cervical cancer. Biol Res 53:33. 
https://​doi.​org/​10.​1186/​s40659-​020-​00301-7

	53.	 Nagaraj AB et al (2015) Critical role of Wnt/beta-catenin signal-
ing in driving epithelial ovarian cancer platinum resistance. Onco-
target 6:23720–23734. https://​doi.​org/​10.​18632/​oncot​arget.​4690

	54.	 Modhukur V et al (2018) MethSurv: a web tool to perform mul-
tivariable survival analysis using DNA methylation data. Epig-
enomics 10:277–288. https://​doi.​org/​10.​2217/​epi-​2017-​0118

	55.	 He B et al (2020) miRNA-based biomarkers, therapies, and resist-
ance in cancer. Int J Biol Sci 16:2628–2647. https://​doi.​org/​10.​
7150/​ijbs.​47203

	56.	 Anuraga G et al (2021) Potential prognostic biomarkers of NIMA 
(never in mitosis, gene A)-related kinase (NEK) family members 
in breast cancer. J Pers Med. https://​doi.​org/​10.​3390/​jpm11​111089

	57.	 Gov E, Kori M, Arga KY (2017) Multiomics analysis of tumor 
microenvironment reveals Gata2 and miRNA-124-3p as potential 
novel biomarkers in ovarian cancer. OMICS 21:603–615. https://​
doi.​org/​10.​1089/​omi.​2017.​0115

	58.	 Yang X, Wang J, Li H, Sun Y, Tong X (2021) Downregulation of 
hsa_circ_0026123 suppresses ovarian cancer cell metastasis and 
proliferation through the miR–124–3p/EZH2 signaling pathway. 
Int J Mol Med 47:668–676. https://​doi.​org/​10.​3892/​ijmm.​2020.​
4804

	59.	 Xue Y et al (2022) Cav2.2-NFAT2-USP43 axis promotes inva-
dopodia formation and breast cancer metastasis through cortac-
tin stabilization. Cell Death Dis 13:812. https://​doi.​org/​10.​1038/​
s41419-​022-​05174-0

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.ejphar.2014.07.025
https://doi.org/10.1016/j.ejphar.2014.07.025
https://doi.org/10.1016/j.mcp.2020.101649
https://doi.org/10.1016/j.mcp.2020.101649
https://doi.org/10.7150/thno.41008
https://doi.org/10.7150/thno.41008
https://doi.org/10.1038/s41418-020-00615-9
https://doi.org/10.1515/hsz-2016-0307
https://doi.org/10.1515/hsz-2016-0307
https://doi.org/10.3390/ijms20020454
https://doi.org/10.3390/ijms20020454
https://doi.org/10.1038/nature15252
https://doi.org/10.1038/s41419-021-04047-2
https://doi.org/10.1038/s41419-021-04047-2
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.3390/cancers14082034
https://doi.org/10.3390/cancers14082034
https://doi.org/10.3390/cancers15071960
https://doi.org/10.1186/s13045-020-00990-3
https://doi.org/10.1186/s13045-020-00990-3
https://doi.org/10.1016/j.critrevonc.2016.04.018
https://doi.org/10.1016/j.critrevonc.2016.04.018
https://doi.org/10.1158/0008-5472.CAN-20-2801
https://doi.org/10.3389/fonc.2022.1009345
https://doi.org/10.1186/s40659-020-00301-7
https://doi.org/10.18632/oncotarget.4690
https://doi.org/10.2217/epi-2017-0118
https://doi.org/10.7150/ijbs.47203
https://doi.org/10.7150/ijbs.47203
https://doi.org/10.3390/jpm11111089
https://doi.org/10.1089/omi.2017.0115
https://doi.org/10.1089/omi.2017.0115
https://doi.org/10.3892/ijmm.2020.4804
https://doi.org/10.3892/ijmm.2020.4804
https://doi.org/10.1038/s41419-022-05174-0
https://doi.org/10.1038/s41419-022-05174-0

	USP43 impairs cisplatin sensitivity in epithelial ovarian cancer through HDAC2-dependent regulation of Wntβ-catenin signaling pathway
	Abstract
	Introduction
	Methods and materials
	Bioinformatic analyses
	Immunohistochemistry (IHC)
	Cell culture and infection
	Quantitative real-time PCR (qPCR)
	Western blot
	CCK-8 and BrdU assays
	Colony formation assay
	Flow cytometric analysis
	Cell migration and invasion assay
	Immunofluorescence (IF)
	Co-immunoprecipitation (Co-IP)
	Xenograft tumor models
	Statistical analysis

	Results
	USP43 is highly expressed in EOC tissues and predicts poor prognosis
	USP43 exerts a carcinogenic effect in EOC cells
	USP43 impaired cisplatin sensitivity of EOC cells invitro
	USP43 PPI network and enrichment analysis
	USP43 inhibited ubiquitin-mediated degradation of HDAC2 in EOC cells
	USP43 impaired cisplatin sensitivity of EOC cells by activating the Wntβ-catenin signaling pathway through HDAC2
	Knockdown of USP43 inhibited tumor growth and enhanced cisplatin sensitivity of EOCin vivo.

	Discussion
	References




