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High USP32 expression contributes to cancer
progression and is correlated with immune
infiltrates in hepatocellular carcinoma

Mengxi Xiu'", Wenfang Bao'", Jialin Wang', Jingde Chen', Yandong Li"" and Yanan Hai'"

Abstract

Background Ubiquitin-specific protease 32 (USP32) is a highly conserved gene that promotes cancer progression.
However, its role in hepatocellular carcinoma (HCC) is not well understood. The aim of this project is to explore the
clinical significance and functions of USP32 in HCC.

Methods The expression of USP32 in HCC was evaluated using data from TCGA, GEO, TISCH, tissue microarray, and
human HCC samples from our hospital. Survival analysis, PPl analysis and GSEA analysis were performed to evaluate
USP32-related clinical significance, key molecules and enrichment pathways. Using the ssGSEA algorithm and TIMER,
we investigated the relationships between USP32 and immune infiltrates in the TME. Univariate and multivariate Cox
regression analyses were then used to identify key USP32-related immunomodulators and constructed a USP32-
related immune prognostic model. Finally, CCK8, transwell and colony formation assays of HCC cells were performed
and an HCC nude mouse model was established to verify the oncogenic role of USP32.

Results USP32 is overexpressed in HCC and its expression is an independent predictive factor for outcomes of
HCC patients. USP32 is associated with pathways related to cell behaviors and cancer signaling, and its expression
is significantly correlated with the infiltration of immune cells in the TME. We also successfully constructed a USP32-
related immune prognostic model using 5 genes. Wet experiments confirmed that knockdown of USP32 could
repress the proliferation, colony formation and migration of HCC cells in vitro and inhibit tumor growth in vivo.

Conclusion USP32 is highly expressed in HCC and closely correlates with the TME of HCC. It is a potential target for
improving the efficacy of chemotherapy and developing new strategies for targeted therapy and immunotherapy in
HCC.
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Introduction

Hepatocellular carcinoma (HCC) is a common malig-
nancy, responsible for over 900,000 new cases and
800,000 deaths annually [1]. Despite the efforts in devel-
oping systemic chemotherapy strategies, the overall sur-
vival rate of HCC patients remains poor [1, 2]. In recent
decades, targeted and immunotherapies have emerged as
novel therapeutic methods to alleviate HCC progression
and improved the life quality of HCC patients. However,
the economic burden of HCC treatment is still high, and
patient outcomes remain undesirable [2]. Therefore, fur-
ther discovery of the underlying molecular mechanisms
of HCC is urgently needed to develop new therapeutic
strategies and improve patient outcomes.

Ubiquitylation is a posttranslational modification that
regulates cell signaling pathways, protein activities, DNA
damage responses and intracellular trafficking [3]. Like
other posttranslational modifications, cellular ubiqui-
tination can be reversed by deubiquitinating enzymes
(DUBs), which remove ubiquitin from substrates and
disassemble ubiquitin chains [3]. Ubiquitin-specific pro-
teases (USPs) are the largest and most diverse subgroup
of DUBs and target specific protein substrates to regulate
gene silencing, cell apoptosis, and immune responses [4].
Recent studies have implicated USPs in the pathogenesis
of several human diseases, such as inflammation-related
diseases and cancer [4, 5].

USP32 gene localizes on chromosome 17q23 and it is a
highly conserved gene. It shares over 90% sequence iden-
tity with USP6, the first DUB discovered as an oncogene
[6]. In 2010, Akhavantabasi et al. identified that USP32
is a membrane-bound DUB highly expressed in breast
cancer (BC), and knockdown of USP32 led to a decrease
in the proliferation and migration of BC cells [7]. In sub-
sequent studies, several studies supported that USP32
functions as a universal oncogene in cancer. In 2020, our
laboratory first reported that USP32 plays an oncogenic
role in gastric carcinoma (GC) through promoting tumor
growth, metastasis, and cisplatin resistance [8]. In 2021,
USP32 was found to be overexpressed in epithelial ovar-
ian cancer (EOC), particularly in metastatic peritoneal
tumors, and it positively regulates the proliferation and
epithelial-mesenchymal transition (EMT) capabilities of
cancer cells [9]. In 2022 and 2023, researchers confirmed
that USP32 act as an oncogene in glioblastoma, gastro-
intestinal stromal tumors (GISTs) and acute myeloid
leukemia through performing in vivo and in vitro
experiments [10—12]. Through a series of preliminary
pan-cancer analyses, we discovered that USP32 is signifi-
cantly overexpressed in several cancer types such as BC,
cholangiocarcinoma, esophageal carcinoma, head and
neck squamous cell carcinoma, HCC and GC (Fig. 1A).
However, among these cancer types, we noticed that
high USP32 expression was significantly associated with
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several poorer prognostic indicators (OS, PFI and DFI)
only in HCC (Figure S1). Therefore, we selected HCC as
the focus of our study on the function of USP32.

In this project, we comprehensively investigated the
expression, prognostic significance and functions of
USP32 by employing bioinformatics analysis and several
experimental assays. Notably, we also investigated the
association between USP32 and the tumor microenvi-
ronment (TME) of HCC. Based on the close relationships
between USP32 and immunomodulators, we further
developed a USP32-derived genomic model for HCC
prognosis.

Materials and methods

Microarray data collection

We obtained the expression of RNA sequencing in
TCGA-LIHC (containing 371 HCC samples and 50
normal liver tissues) and the relevant clinical data.
Gene expression data from ICGA LIRI-JP (containing
237 HCC samples) was used to verify the association
between USP32 and immune infiltrates in HCC samples.
In addition, the expression of USP32 in HCC and non-
tumor liver tissues was also acquired from GSE36376,
GSE102079, GSE164760, GSE14426 and GSE14520.

Tissue sample collection

36 pairs of HCC samples and adjacent normal tissues
were collected from diagnosed HCC patients during sur-
gical resection in Shanghai East Hospital. After resection,
these HCC tissues were immediately frozen in liquid
nitrogen and stored at —80 °C for RNA extraction.

Tissue microarray

A human HCC tissue microarray (Cat# HStmA180Su08)
that contains 75 patients’ tissues (74 are available for
analysis) was purchased from Outdo Biotech, Shang-
hai, China. Immunohistochemical (IHC) staining for
USP32 was performed using anti-USP32 antibody (1:100;
sc-376,491, Santa Cruz Biotechnology). Subsequently,
high- and low-USP32 expression groups were classified
by estimating the number of positive cells and staining
intensity of each tissue. The research and use of clinical
tissues were approved by the Medical Ethics Committees
of Shanghai East Hospital, Tongji University.

Cell culture

HCC cell lines PLC/PRF/5, HepG2, HCC-LM3 and
Hep3B were purchased from the Type Culture Collection
of the Chinese Academy of Sciences, Shanghai, China.
HCC-LM3 cells were taken from our laboratory stocks.
All cell lines were authenticated by short tandem repeat
(STR) profiling. Cells were cultured at 37 °C in DMEM
and RPMI-1640 with 10% FBS, containing 1% penicillin
and streptomycin, respectively.
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Fig. 1 USP32 expression is significantly increased in HCC tissues. (A) USP32 expression in different cancer types from TCGA datasets. (B-G) Human HCC
gene expression data from public TCGA-LIHC, GSE36376, GSE102079, GSE164760, GSE14426 and GSE14520 were analyzed to compare USP32 mRNA
levels between tumor and normal tissues. The Manne-Whitney-Wilcox test was used. *P < 0.05, ****P <0.0001. (H) USP32 mRNA expression in 36 pairs of
HCC samples and adjacent normal samples were estimated through gRT-PCR analysis, and -ACT value represented the relative expression of USP32. The
unpaired two-tailed Student’s t-test was utilized. **P <0.01. (I) The USP32 protein level in HCC was detected by IHC analysis on a TMA containing 75 HCC
tissues and paired adjacent normal tissues (74 are available for analysis). The chi-square test was utilized

Table 1 Primer sequence of USP32 and -actin

Forward Primer Reverse Primer
TATACAACAGTGAGAACTACC  CCTTTTCTGTGGGAACCTTGTG
CCTGGCACCCAGCACAATG  GGGCCGGACTCGTCATACT

USP32
B-actin

RNA isolation and quantitative real-time PCR (qRT-PCR)
The total RNA was separated from clinical samples or
HCC cells through using TRIZOL reagent, and then it
was reverse transcribed through utilizing TaKaRa Prime-
Scripttm RT Kit. The RT-qPCR reaction was carried out
SYBR green Supermix (Applied Biosystems, USA) in an
ABI 7500 PCR system (Applied Biosystems, USA). See
Table 1 for primers for real-time PCR. The mRNA levels
were normalized by B-actin.

Survival analysis

Cox proportional hazards regression model was used to
explore the pan-cancer relationships between the expres-
sion of USP32 and clinical prognostic indicators (OS, PFI
and DFI) [13]. The Kaplan—Meier plotter was utilized to
further investigate the clinical prognostic significance
(OS, PES and RFS) of USP32 in HCC patients [14]. We
also explored its prognostic significance differences in
different races.

Analysis of differentially expressed genes (DEGs) between
high- and low-USP32 expression groups in HCC patients
According to USP32 expression, we divided the TCGA-
LIHC data into low- and high- USP32 expression groups.
The R package LIMMA was utilized to analyze the DEGs
between the two groups [15]. Genes met the filter criteria



Xiu et al. BMC Cancer (2023) 23:1105

of P<0.05 and |logFC| >1 were identified as DEGs [16,
17].

Protein-protein Interaction (PPI) network construction and
analysis

STRING database was employed to construct the PPI
network of the DEGs between high- and low- USP32
expression groups, and Cytoscape was utilized to visual-
ize the PPI network [18, 19]. Subsequently, we screened
core modules from the PPI network through utilizing
plug-in MCODE in Cytoscape [20].

Functional enrichment analysis

We utilized Gene Set Enrichment Analysis (GSEA) anal-
ysis to examine the pathways and biological processes
related to USP32 in HCC. GSEA was mainly performed
with Kyoto Encyclopedia of Genes and Genomes (KEGG)
[21-23].

Estimation of tumor-microenvironment cell infiltration

The ssGSEA algorithm was utilized to explore the rela-
tive abundance of immune infiltrates in HCC samples
[24]. The correlation between USP32 expression and ssG-
SEA scores of immune infiltrates was examined using the
Spearman correlation coefficient.

Construction and validation of a USP32-related immune
prognostic model

Firstly, univariate Cox regression analyses was performed
to examine if USP32-associated candidate immune genes
were independent predictive markers for HCC patients’
survival. Subsequently, variables with a p-value<0.05
were included in the multivariate Cox model to screen
independent prognostic factors. After the identification
of the immune-related genes, the prognostic risk scores
of HCC tissues were investigated. Then, we performed
Kaplan-Meier survival analysis and two-sided log-rank
test through R package survival to analyze the association
between risk scores and HCC patients’ survival.

Construction of nomograms, calibration curves, and
receiver operating characteristic (ROC) curves

We used the R software packages rms and survival to
integrate survival time, survival status, and five USP32-
related immune genes to establish a nomogram using
cox methods to evaluate the prognostic significance of
these USP32-related immune genes in HCC patients.
Subsequently, ROC curves of 365-, 1095-, and 1825-day
survival were established by using R software package
PROC, and area under the curve was calculated to esti-
mate the discrimination. Finally, calibration curves were
drawn to assess the deviation of estimated probabilities
from ideal values.
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Single-cell RNA-sequencing (scRNA-seq) analysis

We used the TISCH database to explore the expres-
sion of USP32 at a single-cell level in three HCC single-
cell sequencing datasets GSE140228, GSE166635 and
GSE98638 [25].

Drug sensitivity analysis

We predicted drug responses of HCC patients to targeted
therapeutic drugs and chemotherapy drugs based on the
GDSC database [26]. pRRophetic, an R software package,
was used to predict the IC50 of HCC samples through
ridge regression and prediction accuracy [27].

Western blot (WB) analysis

The procedure was performed as described in our pre-
vious study [8]. Primary antibodies used are as follows:
anti-USP32 (WB: 1: 200. IHC: 1: 30, #sc-376,491, Santa
Cruz Biotechnology) and anti-p-actin (1:1000, #sc-
81,178, Santa Cruz Biotechnology). Immunoblots were
detected by Odyssey Infrared imaging system (Li-COR
Biosciences, USA) for the fluorescence method or by
Chemiscope 6000 (Clinx, Shanghai, China) for the che-

miluminescence method.

RNA interference

The small interference RNAs (modified by 2’-O-methyl)
against USP32 were chemically synthesized by GenePh-
arma, Shanghai, China. The sense sequences are:
siUSP32-1, 5- GACCUGUGGACUCUCAUAUTT-3’;
siUSP32-2, 5-GCGCAUUAAAGAGGAAGAUTT-3!
The sequences for a negative control: siNC, 5-UUCUC-
CGAACGUGUCACGUTT-3. Lentiviral particles for
knockdown of USP32 (shUSP32) were packaged from
GenePharma, Shanghai using above corresponding
sequences (siUSP32-1 and siNC) from our previous
study [8]. HCC-LM3 cells were infected with the indi-
cated lentivirus and stable cell lines were selected using
puromycin.

Cell proliferation, migration and colony formation assays

We used cell counting kit-8 (CCKS8), transwell and colony
formation assays to assess the proliferation, migration
and colony formation abilities of HCC cells, and the pro-
cedure was performed as described in our previous study

[8].

Animal model

Twelve male BALB/c nude mice aged 4 weeks were pur-
chased from SLAC Laboratory Animal Co., Ltd, Shang-
hai, China. HCC-LM3 cells were stably infected with
lentivirus knocking down USP32 or its control, and sub-
cutaneously injected into each mouse (6 mice per group).
Three weeks later, the mice were sacrificed by cervical
dislocation, and the tumors were collected and weighted.
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All animal experiments and handling procedures were
approved by the Institutional Animal Care and Use Com-
mittee of Shanghai East Hospital. ARRIVE guidelines
(http://arriveguidelines.org) were followed.

Statistical analysis

R software was used for most bioinformatics analyses,
and GraphPad Prism was used for graphing and statis-
tical analysis. The statistical significance was analyzed
using one-way ANOVA, Chi-square test, unpaired
two-tailed Student’s t-test or Manne-Whitney-Wilcox
test as appropriate. p<0.05 was regarded as statistically
significant.

Results

USP32 expression is upregulated in HCC

We firstly investigated the expression of USP32 in HCC
through analyzing public databases. According to TCGA-
LIHC, GSE36376, GSE102079, GSE164760, GSE14426
and GSE14520 datasets, the mRNA expression of USP32
was markedly higher in HCC samples than in non-can-
cer tissues (p-value<0.0001) (Fig. 1A-G). By qRT-PCR
analysis, we also discovered a marked upregulation of
USP32 in HCC samples compared with normal controls
(p-value<0.01) (Fig. 1H). Finally, USP32 protein expres-
sion in a TMA was analyzed by IHC staining. The results
illustrated that the protein expression level of USP32 was
markedly upregulated in tumor tissues compared with
normal samples (p-value<0.0001) (Fig. 1I). All these
analyses revealed that USP32 is significantly overex-
pressed in HCC in both mRNA and protein levels.

Distributions of USP32 expression in clinicopathologic
variables of HCC patients

A previous study has found that there are correlations
of USP32 expression with clinicopathologic features in
small cell lung cancer [28]. Thus, we next investigated
whether there are associations between USP32 and
clinicopathologic variables of HCC patients. As shown
in Fig. 2, elevated USP32 expression was significantly
related to the clinical stage (P<0.0001), tumor histo-
logical grade (P<0.01), T classification (P<0.0001), N
classification (P<0.001), and M classification (P<0.01)
(Fig. 2A-E). Especially, higher USP32 expression was
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markedly found in stage II/III compared to that in stage
I (Fig. 2A; P<0.05 and 0.01, respectively), and its expres-
sion was also significantly higher in T2/3/4 compared to
that in T1 (Fig. 2C; P<0.01, 0.05 and 0.05, respectively).
These analyses revealed that USP32 expression has close
associations with clinicopathologic variables of HCC
patients.

High USP32 expression was an Independent predictive
factor for poor outcomes in Asian HCC patients

We performed Kaplan—Meier plotter analysis aiming to
explore the association between the USP32 expression
level and HCC prognosis. The result illustrated that the
high expression levels of USP32 were significantly asso-
ciated with a shorter PFS (p=0.012) and RFS (p=0.013)
of HCC patients, but not significantly related to OS
(p=0.21) (Fig. 3). Moreover, in analyzing Asian HCC
patients, we found that high USP32 expression was sig-
nificantly associated with a shorter OS (p=0.011) and has
a trend associated with a shorter PFS (p=0.056) (Fig. 3B,
E and H). However, there were no significant associa-
tions between USP32 expression and OS, PFS and RFS in
White HCC patients (Fig. 3C, F and I). These results sug-
gest that USP32 may has different prognostic significance
in HCC patients of different races.

DEGs identification and PPl network analysis revealed
USP32-related molecular networks in HCC

To reveal the potential molecular networks of USP32
involvement in HCC, we firstly performed DEG analy-
sis of 186 low-USP32 expression and 185 high-USP32
expression HCC samples from TCGA database. As a
result, a total of 678 [527 (77.7%) upregulated and 151
(22.8%) downregulated] genes were identified as DEGs in
the high-USP32 expression HCC group compared to the
low-USP32 expression HCC group (Fig. 4A; Supplemen-
tary Table S1).

We then constructed DEGs’ PPI network that is con-
sisted of 199 nodes (genes) and 318 interactions (Fig. 4B).
Subsequently, we identified the most key module through
utilizing MCODE plug-in (MCODE score=8.667,
consisting of 10 nodes and 39 interactions) (Fig. 4C).
Moreover, four genes in this module with a degree>10
in the PPI network were thought to play key roles in

A B C

Fig. 2 Relationship between USP32 expression and the (A) stage, (B) grade, (C) staged T, (D) staged N, (E) staged M in TCGA-LIHC dataset. *P <0.05,

**P <0.01, ***P <0.001, ****P <0.0001. ns, No significance
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Fig. 3 Kaplan—-Meier analysis of the relationship between USP32 expression and (A-C) OS, (D-F) PFS and (G-I) RFS in HCC patients of different races. HR:

Hazard ratios

USP32-related molecular networks in HCC, and they are
all from Melanoma Antigen Gene (MAGE) family, includ-
ing MAGEA3 (degree=11), MAGEC1 (degree=11),
MAGEC?2 (degree=11) and MAGEA1 (degree=10). Cor-
relation analysis further revealed the significant positive
correlations between these four genes and the expression
of USP32 in HCC tissues (p<0.01), and these four genes’
expression was also significantly positively related to each
other (p<0.01) (Fig. 4D). In addition, the significantly

higher expression of these genes was confirmed in HCC
tissues compared with normal tissues (Fig. 4E). These
results indicate that USP32 may potentially regulate HCC
development though regulating MAGE family members
or being regulated by them.
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USP32-related signaling pathways and biological process
in HCC

GSEA analysis is a crucial method for identifying the
potential pathways and biological processes in which
a gene or molecule may participate [29]. Thus, we per-
formed the GSEA analysis of high- and low-USP32
expression groups. The following KEGG items were
markedly enriched in HCC patients with high USP32
expression: cell behaviors-related pathways (such as
ECM-receptor interaction, gap junction and focal adhe-
sion) and molecular signaling pathways (such as ErbB,
Calcium and TGF-f signaling pathways) (Fig. 5A and
B). Instead, metabolic, oxidative stress and immune-
related KEGG items were markedly enriched in HCC
patients with low USP32 expression, such as oxidative
phosphorylation, complement and coagulation cascades
and linoleic acid metabolism (Fig. 5C). Finally, GO-BP
functional enrichment analysis confirmed that biologi-
cal processes related to cell behaviors were significantly
enriched in HCC patients with high USP32 expression,
such as homophilic cell adhesion, cell cycle and DNA
replication, cell-cell adhesion, cell-cell junction assembly
and substrate dependent-cell migration (Fig. 5D). These

results revealed USP32-involved signaling pathways and
biological process in HCC.

USP32 may play a role in the TME of HCC
To explore the expression of USP32 in both malig-
nant cells and immune cells from the TME of HCC,
we analyzed three scRNA-seq databases GSE140228,
GSE166635 and GSE98638. As shown in Fig. 6, USP32
expression is not only discovered in malignant cells but
also in immune cells including T cells (CD4 T cells, CD8
T cells and Tregs), B cells, monocytes/macrophages, NK
cells and DC cells. The widespread expression of USP32
in different kinds of immune cells confirms that it may
have potential functions in the TME of HCC.
Subsequently, we revealed that low- and high-USP32
expression groups differ in the immune infiltrates of
HCC samples: central memory CD8 T cells, activated/
effector memory CD4 T cells, type 2 T helper cells,
regulatory T cells, memory B cells, activated and imma-
ture dendritic cells were significantly increased in the
high-USP32 expressed HCC samples (P<0.05), while
the activated CD8 T cells, activated B cells and myeloid-
derived suppressor cells significantly decreased (P <0.05)
(Fig. 7A). Subsequently, we confirmed and quantified
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Fig. 5 GSEA analysis of USP32 in HCC. (A) Cell behaviors-related KEGG items were markedly correlated with high USP32 expression. (B) Molecular sig-
naling KEGG pathways were markedly correlated with high USP32 expression. (C) Metabolic, oxidative stress and immune-related KEGG pathways were
markedly correlated with low USP32 expression. (D) Cell behaviors-related biological processes were markedly correlated with high USP32 expression

the correlations between USP32 expression and infiltra-
tion levels of immune cells in HCC samples (Fig. 7B).
As a result, the expression of USP32 was significantly
positively correlated with the infiltration levels of acti-
vated CD4 T cells (r=0.27), effector memory CD4 T cells
(r=0.25), type 2 T helper cells (r=0.25), central mem-
ory CD8 T cells (r=0.22), central memory CD4 T cells
(r=0.21), immature dendritic cells (r=0.21), memory B
cells (r=0.19), regulatory T cells (r=0.17), activated den-
dritic cells (r=0.15), natural killer cells (r=0.11), type 17
T helper cells (r=0.10), and it has significant negative
correlations with activated CD8 T cells (r=-0.35), mono-
cytes (r=-0.18), activated B cells (r=-0.13), CD56bright
natural killer cells (r=-0.11) and myeloid-derived sup-
pressor cells (r=-0.11) (Fig. 7C). Finally, we used another
HCC database ICGA LIRI-JP that contains 237 HCC
samples, to verify the relationship between USP32 and
immune infiltrates in HCC samples. As shown in Fig-
ure S2, significant correlations between USP32 expres-
sion and the infiltrations of activated CD4 T cells, type

2 T helper cells, regulatory T cells, activated CD8 T cells
and monocytes were verified, which partly confirms our
results.

Construction of a USP32-derived immune model for HCC
prognosis

Given the potential role of USP32 in HCC immune
response, we aimed to construct a USP32-related
immune model for predicting HCC patient survival
outcomes. Firstly, we identified 51 immunomodula-
tors (immunostimulators such as CD40 and CD8O0,
chemokines such as CCL7 and CXCL6, and receptors
such as CCR1 and CCR4) significantly associated with
the expression of USP32 in HCC samples. Secondly,
we performed the univariate Cox regression analysis
to estimate the potential prognostic value of USP32-
associated immunomodulators in HCC. As shown in
Fig. 8A and 133 immune-related genes (CCR10, CCR3,
CXCL1, CXCL8, HMGB1, ICAM]1, IL10RB, KDR, MICB,
RAETIE, TGFB1, TNFSF4 and ULBP1) were discovered
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Fig. 7 USP32 was associated with immune cell infiltration in HCC. (A) The levels of infiltrating immune cells between high- and low-USP32 expression
groups. (B) The correlation of USP32 expression with infiltrating immune cells in HCC tissues. (C) The expression of USP32 was significantly related to the
infiltration levels of immune infiltrates. *P < 0.05, **P < 0.01, ***P <0.001, ***P <0.0001. ns, No significance

to be markedly related to the outcomes of HCC patients
(Fig. 8A). Subsequently, multivariate Cox regression anal-
ysis identified and produced an optimal 5-gene (CCR3,
CXCL8, KDR, RAE1E and TNFSF4) prognostic signature
of HCC patients (Fig. 8B). Risk scores’ distribution, gene
expression profiles and HCC patients’ survival statuses
were shown in Fig. 8C. The subsequent survival analysis
indicated HCC patients with low-risk scores had mark-
edly longer survival than those with high-risk scores
(P<0.0001) (Fig. 8D).

By integrating above 5 USP32-related immunomodula-
tors, we then exploited a nomogram to examine the sur-
vival outcomes of HCC patients (Fig. 8E). ROC curves
verified the desirable efficacy of this USP32-derived risk
score in predicting HCC patients’ 365-, 1095-, and 1825-
day survival outcomes (Fig. 8F). In addition, the nomo-
gram’s good prediction performance was evaluated and
confirmed by calibration curves (Fig. 8G). These results
demonstrated that we successfully constructed a USP32-
related immune model for HCC prognosis.

Correlation between USP32 and HCC drug sensitivity

Increasing the sensitivity of tumor cells to different drugs
is a key problem in the treatment of HCC [30]. According
to the GDSC database, we next investigated the response
of HCC individuals to targeted therapy and chemother-
apy based on USP32 expression. As shown in Fig. 9, we
discovered that the high-USP32 expression group exhibit
markedly lower IC50 of sorafenib and sunitinib relative
to the low-USP32 group, suggesting that high expression
levels of USP32 presented higher sensitivity to sorafenib
and sunitinib (Fig. 9A and B). In addition, the low-USP32
group showed markedly lower IC50 of cisplatin, gefitinib,

paclitaxel and vinblastine, indicating that tumors with
low-USP32 expression were more likely to respond to
cisplatin, gefitinib, paclitaxel and vinblastine (Fig. 9C-F).
These results provide a reference for researchers to iden-
tify drugs that are potentially sensitive to and resistant to
high- or low-USP32 expressed HCC tumors.

USP32 contributes to the proliferation, colony formation
and migration of HCC cells in vitro and tumor growth in
vivo

In order to verify the oncogenic functions of USP32 in
HCC, the protein expression levels of USP32 were firstly
detected (Figure S3). Subsequently, two HCC cell lines
Huh7 and HCC-LM3 were selected to be transfected
with siRNA (2'-O-methyl modified) against USP32. WB
results confirmed that USP32 expression was effectively
silenced in HCC cells (Fig. 10A). Subsequently, the results
of CCKS, transwell and colony formation experiments
verified that knockdown of USP32 could significantly
impair the proliferation, colony formation and migration
of HCC cells (Fig. 10B-D). In addition to in vitro experi-
ments, we also established a xenograft HCC model in
nude mice to explore the role of USP32 in HCC progres-
sion in vivo. HCC-LM3 cells with stable downregulation
of USP32 and control cells were subcutaneously injected
into nude mice, and tumors were harvested three weeks
after injection. As shown in Fig. 10E, tumor weight
derived from the USP32-downregulation group was sig-
nificantly lower than those derived from control group,
verifying the oncogenic role of USP32 in the growth of
HCC tumors.
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Discussion

USPs play critical roles in cancer initial, progression
and metastasis. Our laboratory previously reported that
USP32 promotes tumorigenesis and chemoresistance in
GC [8]. In the current study, we discovered that USP32
is also overexpressed and promotes tumor progression
in HCC. Notably, we found that high USP32 expression
correlates with poor prognosis in Asian HCC patients
but not in White HCC patients. Interestingly, distinct

incidence rates and outcomes of HCC in White and
Asian patients suggest that their pathogenesis is differ-
ent [31-33]. Further research is required to determine
whether USP32 is a specific biomarker for Asian HCC
patients.

To explore potential molecular mechanisms by which
USP32 regulates HCC progression, we conducted sev-
eral analyses and identified key USP32-related molecular
modules, including MAGEA3, MAGEC1, MAGEC2 and
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MAGEAL. These genes belong to the cancer-testis anti-
gen (CTA) family and are linked to oncogenic activities
such as enhanced tumor growth and EMT in HCC [34,
35]. We observed a positive correlation between USP32
expression and the expression of these CTAs, indicating
a potential regulatory relationship between USP32 and
CTAs.

Aberrant immune responses are closely linked to the
development of cancer, and the expression of some
immune-related genes can activate or suppress anti-
tumor immunity, impacting the effectiveness of tumor
immunotherapy [36, 37]. Through single-cell sequenc-
ing analyses, we detected USP32 expression in various
immune infiltrates. Our subsequent analyses indicated
a positive correlation between USP32 expression and
T helper 2 cells and regulatory T cells, while it was
negatively associated with activated CD8 T/B cells and
CD56bright natural killer cells in HCC samples. It is
noteworthy that T helper 2 cells and regulatory T cells
have immunosuppressive functions, while CD8 T/B cells

and CD56bright natural killer cells exhibit potent antitu-
mor responses [38—42]. These suggest that USP32 may
contribute to tumor immune escape in HCC.
Overcoming drug resistance and enhancing tumor sen-
sitivity to drugs are crucial challenges in the treatment
of HCC [43]. Recent studies have discovered that USP32
contributes to drug resistance in cancer: In several kinds
of cancer cells, USP32 can confer cell resistance to a small
molecule inhibitor YM155 (Sepantronium bromide)
through promoting the degradation of SLC35F2, a solute-
carrier protein that is essential for the uptake of YM155
[44]. In GISTs, USP32 protects Ras-related protein Rab-
35 (Rab35) from proteasomal degradation, leading to
tumor resistance to Imatinib, a tyrosine kinase inhibitor
that is wildly used to combat GISTs [11]. In the pres-
ent study, we found that HCC tumors with high USP32
expression may be more resistant to cisplatin, gefitinib,
paclitaxel and vinblastine. Interestingly, a recent study
also discovered that USP32 induces cisplatin resistance in
GC cells [8]. Our results suggested that targeting USP32
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may help to enhance the sensitivity of HCC tumors to
specific drugs.

To further validate the oncogenic function of USP32,
we successfully knocked down USP32 in HCC cell lines
and performed functional experiments both in vivo
and in vitro. However, several limitations of this project

should be noted. Firstly, due to the fractions of immune
infiltrates in samples from HCC patients is evaluated
based on bioinformatics methods, it is critical to use
human HCC samples for verifying them. However, our
hospital currently lacked fresh HCC samples of sufficient
quality for further TME analyses such as flow cytometry
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and single-cell sequencing. Thus, future studies should
further confirm the correlations between USP32 and
immune infiltrates in fresh human HCC samples. Sec-
ondly, some studies have reported that different TP53
status may affect the proliferative abilities of HCC cells
[45, 46]. Due to the fact that Huh7 and HCC-LM3 cells
carry different TP53 mutants, further studies could use
HCC cell lines expressing wild-type p53 to eliminate the
potential effect of TP53 status on USP32 overexpression-
induced cell proliferation.

Conclusions

In conclusion, USP32 is highly expressed in HCC and is
involved in complex molecular and immunity mecha-
nisms that regulate HCC progression. Inhibition of
USP32 may potentially delay the development of HCC
and improve the efficacy of chemotherapy, targeted ther-
apy and immunotherapy.
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