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Abstract

interventions for YAP1-driven HCC.

Yes-associated protein 1 (YAP1) plays a pivotal role in promoting the progression of hepatocellular carcinoma
(HCQ). Emerging evidence shows that inducing YAP1 degradation represents a promising strategy. Here,

we identified USP24 as a bona fide deubiquitinating enzyme for YAP1. USP24 directly interacts with and
deubiquitinates YAP1, thereby stabilizing YAP1 protein levels. Clinically, USP24 was significantly upregulated in HCC
tissues and correlated with poor patient prognosis. Depletion of USP24 significantly suppressed the proliferation
of HCC cells in vitro, which could be rescued by restoration of YAP1. Consistent with these findings, USP24
knockdown inhibited tumor growth in a xenograft mouse model. Overall, our study reveals that the USP24/YAP1
axis plays a critical role in the malignant progression of HCC, thus providing rationale for potential therapeutic

Keywords USP24, YAP1, HCC, Deubiquitinating enzyme, Proliferation

*Correspondence:

Huizhuang Shan

shanhuizhuang@gdph.org.cn

Yanfei Luo

luoyanfei@gdph.org.cn

YingliWu

wuyingli@shsmu.edu.cn

Xinhua Xiao

xinhxiao@163.com

'Department of Clinical Laboratory Medicine, Guangdong Provincial
People’s Hospital (Guangdong Academy of Medical Sciences), Southern
Medical University, Guangzhou, China

’Department of Hematology and Oncology, Guangzhou Women and
Children’s Medical Center, Guangzhou Medical University, Guangzhou,
China

3Institute for Translational Medicine on Cell Fate and Disease, Shanghai
Ninth People’s Hospital, Key Laboratory of Cell Differentiation

and Apoptosis of National Ministry of Education, Department of
Pathophysiology, Shanghai Jiao Tong University School of Medicine,
Shanghai, China

Introduction

Liver cancer, primarily in the form of hepatocellular car-
cinoma (HCC), is a leading cause of cancer-related death
worldwide, ranking third in global mortality statistics
[1]. In China, the impact is particularly significant, with
367,650 new cases and 316,540 deaths reported in 2022
[2]. The incidence rates in male are at least two to three
times those in female regardless of race and geography,
and this sex ratio is more pronounced in high-risk areas
[3].The increasing global burden of HCC is attributed
to the insidious onset and the limited efficacy of exist-
ing therapeutic strategies [4]. Sorafenib, a multi-target
tyrosine kinase inhibitor, marks a milestone as the first
approved systemic therapy for the treatment of unre-
sectable HCC [5, 6]. However, recent advancements
in immune checkpoint inhibitor-based combinations
have reshaped the therapeutic landscape. The combi-
nation of atezolizumab (anti-PD-L1) and bevacizumab
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(anti-VEGF), supported by the landmark IMbravel50
trial (HR=0.66 for overall survival), is now recognized
as the first-line standard per international guidelines [7].
Additionally, the STRIDE regimen (single tremelimumab
priming dose with durvalumab), validated in the phase
IIT HIMALAYA trial (median OS: 16.4 months), has been
approved as an alternative first-line option [8]. Tyrosine
kinase inhibitors such as sorafenib and lenvatinib are cur-
rently reserved for patients ineligible for immunotherapy
due to contraindications (e.g., active autoimmune disor-
ders). Despite this progress, most patients undergoing
therapy for HCC eventually develop resistance, leading
to disease recurrence and metastasis, which adversely
affects patient prognosis [9, 10]. Therefore, there is an
urgent to discover new molecular markers associated
with HCC and to develop effective treatment strategies.

The Hippo signaling pathway is a highly conserved
tumor suppressor signaling pathway, composed of vari-
ous protein kinases [11]. Yes-associated protein 1 (YAP1)
is a downstream effector negatively regulated by the
Hippo signaling pathway, primarily acting as a tran-
scriptional co-activator. It can regulate the transcrip-
tional activation of downstream proliferation-associated
target genes, such as CTGF, CYR61, and Birc5, thereby
controlling organ size, promoting cell proliferation, and
inhibiting apoptosis [12-16]. As the main effector of the
Hippo signaling pathway, YAP1 is mainly regulated by
the key Hippo kinases, large tumor suppressor kinase
1/2 (LATS1/2). When the Hippo signaling pathway is
activated, LATS1/2 are phosphorylated, which in turn
phosphorylates YAP1. Phosphorylated YAP1 is retained
in the cytoplasm, undergoes ubiquitination modification,
and is ultimately transported to the proteasome for deg-
radation [17]. It has been reported that aberrant activa-
tion of YAP1 is closely associated with the occurrence of
various human cancers, including HCC, non-small cell
lung cancer, breast cancer, colon cancer, and pancreatic
cancer [18-20]. Overexpression of YAP1 can directly
induce liver cancer formation in mice. Therefore, YAP1
is considered an important target for intervening in the
malignant progression of HCC, and inhibiting the activ-
ity of YAP1 can effectively suppress the growth of tumor
cells [21, 22]. However, YAP1 is difficult to be directly
targeted by drugs, mainly due to its large protein-protein
interaction interface and the lack of deep binding pocket.
Here, we focus on deubiquitinating enzymes (DUBs),
where catalytic inhibition has been proven to provide a
new strategy for solving the undruggability of their sub-
strates [23].

USP24 is one of the largest DUBs in the ubiquitin-spe-
cific protease (USP) family. By interacting with substrates
and its deubiquitinating activity, USP24 participates in
the regulation of vital cellular progress such as cell apop-
tosis, cell cycle control, and DNA damage repair [24].
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It is noteworthy that USP24 plays an important role in
several cancers, such as lung cancer, gastric carcinoma,
neuroblastoma, and multiple myeloma [25-28]. More
importantly, resent studies reported that miR-21-5p pro-
motes sorafenib resistance and the progression of HCC
by regulating the ubiquitination of SIRT7 through USP24
[29]. Another study clarified that USP24 facilitates the
oncogenesis of HCC by deubiquitinating and stabiliz-
ing TRAF2 [30]. Given the key role of USP24 in cancer
development, much attention has been paid to develop-
ing specific USP24 inhibitors for cancer therapy, such as
USP24-i-101 [31]. Therefore, more studies are needed to
deepen the understanding of new substrates and the reg-
ulation mechanism of USP24 in HCC, which contribute
to facilitate the development of effective therapies.

In this study, we identified USP24 as a novel DUB for
YAP1, which can bind to YAP1 and stabilizes it through
deubiquitination, thereby enhancing the expression of
YAP1 downstream target genes. Furthermore, we found
that the expression of USP24 is overexpressed and posi-
tively correlates with YAP1 in HCC cells and tumor tis-
sues, and high USP24 level predicts poor prognosis in
patients with HCC. We also proved a novel mechanism
for USP24’s involvement in HCC cell proliferation via its
regulation of YAP1. Thus, our study suggests that USP24
will be a promising therapeutic target for patients with
HCC, which with sustained activation of YAP1 protein.

Materials and methods

Cell culture and transfection

The human normal liver cell line HL-7702, human HCC
cell lines HepG2, Hep3B, LM3, and PLC/PRF/5, and
human embryo kidney (HEK293T) cells were purchased
from American Type Culture Collection (ATCC, Manas-
sas, VA, USA). Human HCC cell lines, Huh-7, Bel-7402,
and SMMC-7721 were obtained from the Cell Bank of
the Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China). MHCC97-H and MHCC97-
L were kindly provided from Dr. Yang Ma (Shanghai Jiao
Tong University School of Medicine, Shanghai, China).
PLC/PRF/5 cells were cultured in MEM (BasalMedia,
Shanghai, China) supplemented with 10% fetal bovine
serum (FBS; Gemini, Woodland, CA, USA), penicillin
(100 U/mL), and streptomycin (100 mg/mL). All other
abovementioned cell lines were incubated in Dulbecco’s
Modified Eagle Medium (DMEM; BasalMedia, Shang-
hai, China) supplemented with 10% FBS, penicillin (100
U/mL), and streptomycin (100 mg/mL) at 37 °C under
an atmosphere containing 5% CO,. For transfection,
HEK293T cells were transfected with plasmids using
polyethyleneimine (PEL Sigma-Aldrich, Louis, MO,
USA) under the instructions of manufacturers.
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Plasmids and reagents

The Myc-YAP1 and Myc-YAP1(S127A) were con-
structed by PCR and subsequent insertion of the cor-
responding fragment into pcDNA3.1 vector. The
pcDNA3.1-USP24¥T-3xFlag  (USP24 wild-type) or
pcDNA3.1-USP24¢19%84_3x Flag (USP24 catalytic mutant)
were purchased from Nanjing Jingmai Biotech Co., Ltd
(Nanjing, China). HA-Ubiquitin was purchased from
Tsingke Biotech Co., Ltd (Beijing, China). The USP24
shRNAs or the negative control were cloned into pGIPZ
vector for stable cells establishment. The ORF of YAP1
was cloned into lentiviral vector pLVX-IRES-neo along
with Flag-tag for overexpressing YAP1. The 8xGTIIC-
luciferase plasmids were obtained from Addgene
(Cambridge, MA, USA) and used according to the manu-
facturer’s instructions. WP1130 (Degrasyn; TargetMol
Chemicals Inc., Boston, MA, USA) and EOAI3402143
(TargetMol Chemicals Inc.) were maintained as 20 mM
stock concentrations. MG132 and cycloheximide (CHX)
were purchased from Selleck Chemicals, Inc. (Houston,
TX, USA). Dimethyl-sulfeoxide (DMSO; Sigma-Aldrich)
was used as a solvent and negative control.

RNA interference, lentivirus, and transfection

SiRNAs for transient transfection were designed and
synthesized to downregulate the candidate USPs
(CNV=2%). To produce lentivirus, the expression vec-
tor were transfected into HEK293T cells along with the
packaging plasmids (pMD2.G and psPAX2). After 48 h,
the viral supernatant was collected and filtered using
0.45 pum cellulose acetate filter (Millipore, Merck KGaA,
Darmstadt, Germany). The Huh-7 and Bel-7402 cells
were infected with supernatants containing virus par-
ticles in the presence of polybrene (8 pg/ml). After 48 h
post infection, stably transfected cells were selected in
medium containing 2 ug/mL puromycin (Sigma-Aldrich).
The targeting sequences of shUSP24 were shown to be
the following: shUSP24-1:5-TGACAGTGAATAAAGAT
CA-3’; shUSP24-2:5'-CCACTACTATTCCTTCATT-3'.

Dual-luciferase reporter gene assay

The 8xGTIIC-luciferase plasmids, which harbors 8
TEADbinding sites and mutated TEAD binding sites,
was utilized to indicate the transactivation YAP1. To
screen DUBs for their effect on YAP1/TEAD4-driven
luciferase activity, Bel-7402 cells were transfected with
8xGTIIC-luciferase plasmids, renilla luciferse, together
with siRNA pools targeting candidate USPs (CNV =2%).
After 48 h post-transfection, cells were lysed and assessed
using luciferase activity assay. Firefly luciferase activity
was normalized to the corresponding renilla luciferase
activity by using the dual-luciferase reporter gene assay
system (Promega, Madison, W1, USA).
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RNA extraction, reverse transcription and quantitative
real-time PCR (qRT-PCR)

Total RNA was extracted from Huh-7 and Bel-7402 cells
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA).
HiScript III RT SuperMix for qPCR (+gDNA wiper)
(Vazyme Biotech Co., Ltd, Nanjing, China) was used to
reverse transcribe total RNA according to the manu-
facturer’s instructions. The qRT-PCR assay was con-
ducted using ChamQ Universal SYBR qPCR Master Mix
(Vazyme Biotech Co., Ltd) in ABI 7900 Real-time PCR
System (Applied Biosystems, Inc. Foster City, CA, USA).
All relevant primers used in this study were synthesised
by Sangon Biotech (Shanghai, China) and detailed primer
sequences are shown in Table S1. Each test was run in
three times, and the relative target mRNA level was cal-
culated using 2722t method. B-actin was used as the
internal reference gene.

Western blotting and co-immunoprecipitation (Co-IP)
assays
Western blotting analysis was performed as previously
described [32]. Briefly, cells were harvested and lysed
by 1x SDS lysis buffer. Equal amount of protein samples
was loaded on 8% polyacrylamide gel (Vazyme Biotech
Co., Ltd) and then transferred to nitrocellulose mem-
brane (GVS Filter Technology, Bologna, Italy). The mem-
brane was then blotted with specific primary antibodies
against YAP1 (cat. no. 14074; 1:1000 dilution; Cell Sig-
naling Technology, Inc., Boston, MA, USA), USP24 (cat.
no. ab129064; 1:2000 dilution; Abcam, PLC., Cambridge,
UK), Flag (cat. no. AE005; 1:1000 dilution; ABclonal Bio-
tech Co., Ltd., Wuhan, China), Myc (cat. no. M047-3;
1:1000 dilution; MBL, Nagoya, Japan), HA (cat. no. 3724;
1:1000 dilution; Cell Signaling Technology) and p-Actin
(cat. 1no0.66009-1-1g; 1:10,000 dilution; ProteinTech
Group, Inc., Chicago, Illinois, USA). After overnight
incubation at 4°C, HRP-conjugated secondary antibod-
ies (cat. no.SA00001-1 or SA00001-2; 1:10,000 dilution;
ProteinTech) were applied and luminescence signals on
membrane was visualized by a ChemiDoc Imaging Sys-
tem (Bio-Rad, Hercules, CA, USA).
Co-immunoprecipitation assays (Co-IP) were per-
formed as previously described [33]. Briefly, cells were
harvested and lysed in RIPA lysis buffer (50mM Tris, pH
7.4; 150mM NaCl; 1% Nonidet P-40; 0.5% sodium deoxy-
cholate; 0.1% SDS) supplemented with protease inhibitor
cocktail (Beyotime Biotech Co., Ltd. Shanghai, China) on
a rotary shaker at 4 °C for 30 min. After centrifugation at
4°C, 12,000 rpm for 15 min, the supernatants were incu-
bated with indicated primary antibodies or IgG control
on a rotary shaker at 4 °C overnight. Next day, Protein
A/G Plus agarose beads (Beyotime) were added for addi-
tional 3 h. The beads were washed with the lysis buffer
three times. Finally, the bound proteins were dissolved
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in 2xSDS-PAGE loading buffer and analyzed by western
blotting.

Ubiquitination assay

In order to assess the ubiquitination of YAP1 protein,
HEK293T cells were transfected with indicated plasmids
for 48 h, then treated with MG132 (10 uM) for 4 h before
lysis. Cell lysates were subjected to immunoprecipitation
assays as described above.

Immunofluorescence staining

HCC cells were fixed with 4% paraformaldehyde for
15 min at room temperature (RT). Then, fixed HCC
cells were permeabilized with 0.5% Triton X-100 for
10 min at RT, and blocked with 5% bovine serum albu-
min (BSA; Sigma-Aldrich) in PBS for 1 h at RT. HCC
cells were incubated with the indicated USP24 (cat. no.
13126-1-AP; 1:100 dilution; Proteintech) and YAP1 (cat.
no. RT1664; 1:100 dilution; HUABIO, Hangzhou, China)
primary antibodies overnight at 4 °C, followed by incu-
bation with anti-rabbit iFluor™ 488 or anti-mouse iFluor™
647 conjugates secondary antibody (cat. no. HA1121 or
HA1127; 1:200 dilution; HUABIO) for 2 h at RT. Cell
nuclei were counterstained with DAPI (Invitrogen).
Confocal imaging was performed using a laser confocal
microscope (LSM 900; Carl Zeiss, Jena, Germany).

Cell proliferation assays

Cell proliferation was assessed by trypan blue exclusion
assay, colony formation assay and Cell Counting Kit-8
(CCK-8) assay. Bel-7402, Huh-7 and PLC/PREF/5 cells
infected with indicated lentivirus were seeded 2x 10°
cells/well in 6-well plates. At the indicated time points (0,
2, 4, and 6 days), cells were suspended with 0.05% tryp-
sin-EDTA and stained with trypan blue dye (0.4%). The
unstained (viable) and stained (dead) cells were counted
in an automated cell counter (Bio-Rad).

For the colony formation assay, lentivirus infected HCC
cells were seeded 2—4 x 10%/well in 6-well plates. Culture
medium was changed every 3 days. Two weeks later, the
cell clones were stained for 15 min with the solution con-
taining 0.5% crystal violet (Beyotime) and 25% methanol,
followed by rinsing with tap water three times to remove
excess dye. The numbers of colonies were counted under
microscope.

CCK-8 assay was conducted as previously described
[34]. Briefly, lentivirus infected HCC cells (5x 10® cells/
well) were seeded in 96-well plates for indicated time
points. To determine the cell viability of the cells, a 10
pL aliquot of CCK-8 solution (CK04; Dojindo Molecu-
lar Technologies, Inc., Kumamoto, Japan) was added in
each well for an additional 4 h incubation. Optical den-
sity (OD) at 450 nm was then detected using a Synergy
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H4 Hybrid Microplate Reader (BioTek Instruments, Inc.,
Winooski, VT, USA).

Bioinformatic analysis

We analyzed the Cancer Genomics Atlas (TCGA) data-
base by TIMER 2.0 (http://timer.cistrome.org/) to inve
stigate the USP24 transcript level in different tumor tis-
sues. Dataset of “Roessler Liver 2” from the Oncomine
database (http://www.oncomine.org/) or TCGA-LIHC
database from GEPIA platform were employed to analyze
the differential expression of USP24 between primary
HCC tumor tissues and non-tumor tissues. Kaplan-
Meier curves for the correlation of USP24 expression
with overall survival (OS) and diseases free interval
(DES) were obtained by an appropriate cutoff value using
GEPIA (http://gepia.cancer-pku.cn/). For correlation ana
lysis between USP24 and YAP1, data were performed by
GEPIA (http://gepia.cancer-pku.cn/). We also analyzed
RNA-seq expression data based on the tumor stages of
patients with HCC obtained from TCGA-LIHC database,
including 271 cases (Normal:40; Stage 1:116; Stage I1:56;
Stage III:55; Stage IV:4). Gene expression analysis was
conducted and visualized using the “ggplot2” package for
R, after data normalization.

Tissue microarray and immunohistochemistry (IHC)
analysis

Tissue microarray (cat. no. HLivH180Su30; Shanghai
Outdo Biotech. Co., Ltd, Shanghai, China) containing
90 pairs of HCC tissues and their matched normal tis-
sues were used to analyze the level of USP24 and YAPI.
Patients with tissue flaking were excluded from the analy-
sis (1 HCC tissue and 2 normal tissues for USP24; 5 HCC
tissues and 6 normal tissues for YAP1). This resulted in
177 samples retained for USP24 analysis and 169 samples
for YAP1 analysis. IHC staining was performed as previ-
ously described [35]. The following primary antibodies
were used: USP24 (cat. no. 13126-1-AP; 1:500 dilution;
Proteintech) and YAP1 (cat. no. 14074; 1:500 dilution;
Cell Signaling Technology). The IHC staining intensity
in the tissue microarray was scored as follows: no stain-
ing, 0; weak staining, 1; moderate staining, 2; and strong
staining, 3. Samples with a score of 0 or 1 were classified
as having low expression, while those with a score of 2 or
3 were classified as having high expression.

Animal experiments

Five-week-old female BALB/c nu/nu mice were pur-
chased from Ruige biological technology Co., Ltd
(Guangzhou, China) and housed under standard condi-
tions. Briefly, the BALB/c nude mice were weight-strat-
ified and randomly divided into two groups (n=6 per
group). 5x10° Bel-7402 cells (stably transfected with
shNC or shUSP24-2) were mixed with matrigel (Corning,
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Bedford, MA, USA) at a 1:1 ratio suspended in 100 pL
PBS, and then injected subcutaneously into the right
flanks of the mice. When the tumors became palpable,
their sizes were monitored every 2 days and the tumor
volumes were calculated using the standard formula:
V=a x b%/2, where a and b are the length and the width
of tumor, respectively. Tumors were measured by blinded
operators using calipers, with analysis done indepen-
dently before unblinding. At the end of the animal experi-
ment on day 20, the tumors were isolated, photographed,
and weighed. Then, the samples were fixed in 4% para-
formaldehyde and prior to being embedded in paraffin
for further study. All animal studies were approved by
the Animal Ethics Committee at Southern Medical Uni-
versity (Guangzhou, China). This study complied with all
relevant ethical regulations regarding animal research.

Statistical analysis

All graphs were generated using GraphPad Prism 8 soft-
ware (GraphPad Software Inc., La Jolla, CA, USA). Data
were obtained from at least three independent experi-
ments and presented as mean + standard deviation (SD).
Data were analyzed using either Student’s ¢-test (two-
group comparison) or one-way ANOVA (more than two
groups). P values less than 0.05 were considered statisti-
cally significant, and different levels were denoted as
P<0.05,", P<0.01,and *, P<0.001, respectively.

Results

Identification of USP24 as a regulator associated with the
Hippo-YAP1 pathway in HCC

To discover the DUBs highly correlated with the activ-
ity of the Hippo-YAP1 pathway in HCC, we performed
a DUB screen by analyzing gene copy number variants
(CNVs) and monitoring YAP1-dependent transcrip-
tional activity (Fig. S1A). We first analyzed the CNVs of
56 USPs in the TCGA database using cBioPortal, and
found that USP21 showed the highest number of CNVs
(Fig. 1A). Then, we downregulated the expression of the
candidate USPs (CNV=>2%) in the HCC cell line Bel-
7402. The 8xGTIIC luciferase assay results showed that
only USP24 but not USP21 inhibited the transcription
activity driven by the YAP1/TEAD4 complex (Fig. 1B),
indicating that USP24 plays a role in Hippo-YAP1 path-
way activity in HCC cells. To further confirm the regu-
latory effects of USP24 in the Hippo-YAP1 signaling
pathway, the Bel-7402, Huh-7 and PLC/PRE/5 cells were
treated with WP1130, a pan-DUB inhibitor, to inhibit the
USP24’s DUB activity. The results showed that WP1130
could markedly reduce the protein expression of YAP1
(Fig. 1C and Fig. S1B). We also treated HCC cells with
EOAI3402143, an alternative pan-DUB inhibitor tar-
geting USP9X, USP24, and USP5, and observed signifi-
cant YAP1 protein reduction (Fig. S1IC-E). To exclude
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potential confounding effects of USP9X and USP5, we
performed siRNA-mediated knockdown of these DUBs
in Bel-7402 cells. The results demonstrated no alteration
in YAP1 protein levels (Fig. S1F, G). These results collec-
tively suggest that EOAI3402143 likely regulates YAP1
abundance primarily through USP24 inhibition. After
the depletion of USP24 in Bel-7402, Huh-7 and PLC/
PREF/5 cells by shRNAs treatment, a downregulation in
the protein level of YAP1 was also observed (Fig. 1D and
Fig. S1H). Interestingly, qRT-PCR analysis results fur-
ther revealed that the downregulation of USP24 expres-
sion in HCC cells lowered the mRNA expression levels
of YAP1 targeted genes, including CTGF (~50%; P<0.05)
and CYR61 (~50%; P<0.05), without affecting the mRNA
level of YAPI1 (Fig. 1E), suggesting that USP24 might
regulate the expression of YAP1 at the post-translational
level.

Our results also showed that, after HEK293T cells
were transfected with increasing amounts of the Flag-
USP24 plasmid, the expression of YAP1 increased in a
dose-dependent manner (Fig. 1F). Moreover, a cyclo-
heximide (CHX) chase experiment indicated that the
co-expression of Flag-USP24 could significantly prolong
the half-life of exogenous Myc-tagged YAP1 compared
to the negative control (Fig. 1G). In addition, Bel-7402
cells stably expressing control sShRNA or USP24 shRNAs
were treated with CHX, and the following CHX chase
experiments showed that YAP1 protein was much more
unstable in USP24-deficient cells (Fig. 1H). Collectively,
these findings suggest that USP24 plays a role in Hippo-
YAP1 pathway activity in HCC cells and stabilizes YAP1
expression.

USP24 interacts with YAP1

To assess the molecular mechanism through which
USP24 regulates YAP1 expression, we first explored the
interaction between USP24 and YAPI1. Using a Co-IP
assay, we examined the interactions between exogenous
USP24 and exogenous YAP1 or between exogenous
USP24 and endogenous YAPI, the results showed that
USP24 and YAP1 were readily co-immunoprecipitated
with each other (Fig. 2A, B). To investigate whether
LATS1/2-mediated phosphorylation of YAP1 affects
its binding to USP24, we co-expressed YAP1 phos-
phorylation-site mutants (YAP1-S127A) with USP24 in
HEK293T cells and performed Co-IP assays. The results
demonstrated that the phospho-deficient YAP1-S127A
mutation enhanced USP24’s binding (Fig. S2), suggesting
phosphorylation negatively regulates this interaction. An
interaction between endogenous USP24 and YAP1 was
also validated in Bel-7402 and Huh-7 cells (Fig. 2C). To
further demonstrate their interaction, the co-localization
of USP24 and YAP1 in HCC cells was detected by immu-
nofluorescence. As shown in Fig. 2D and Fig. S3A, USP24
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and YAPI1 proteins were co-localized in the cytoplasm
of Bel-7402 and Huh-7 cells. Owing to the absence of
structural information on the interaction between USP24
and YAP1, we generated a complex structural model of
the interaction between USP24 and YAP1 by using the
AlphaFold3 server [36], which provided a structural
view to understand the interactions between USP24 and
YAP1. The model revealed that USP24’s catalytic domain
may interact with YAP1’s N-terminal region (Fig. S3B).
These data demonstrate that USP24 physically interacts
with YAP1 in the cytoplasm of HCC cells.

USP24 deubiquitinates YAP1

It is well known that USP24 restrains the degradation
of ubiquitinated proteins by removing ubiquitin chains
from its substrates, hence we hypothesized that USP24
might stabilize YAP1 protein through deubiquitination.
For this purpose, HEK293T cells were co-transfected
with plasmids encoding HA-ubiquitin and Myc-YAP1
with or without wild-type USP24 (USP24%T) or catalyti-
cally-inactive USP24 (USP24 €184 Ubiquitinated-YAP1
was immunoprecipitated and as illustrated in Fig. 3A, the
co-expression of YAP1 with the USP24¥?, instead of the
USP24C19%8A  decreased the protein levels of the ubiq-
uitinated-YAP1. Consistently, the inhibition of USP24
by WP1130 apparently blocked the ability of USP24 to
remove ubiquitin chains from YAP1 (Fig. 3B). Moreover,
the HEK293T cells stably expressing shRNAs specifically
against USP24 were co-transfected with plasmids encod-
ing HA-ubiquitin and Myc-YAP1. The protein levels of

ubiquitinated YAP1 increased after the knockdown of
USP24 (Fig. 3C). Taken together, these results indicate
that USP24 targets YAP1 for deubiquitination, support-
ing the hypothesize that YAP1 is a substrate for the deu-
biquitinating enzyme USP24.

USP24 is upregulated and associated with poor prognosis
in HCC patients

To assess the USP24 expression in HCC, we first used
the TCGA database to investigate the expression lev-
els of USP24 in various tumor tissues, it was found that
USP24 was highly expressed in LIHC tissues (Fig. 4A).
The data from Oncomine database also indicated the
upregulation of USP24 in liver cancer tissues compared
to normal ones (Fig. 4B). Additionally, GEPIA platform
results from TCGA-LIHC data showed significant upreg-
ulation of USP24 mRNA expression level in LIHC tissues
compared to normal tissues (Fig. 4C). We also observed
that the expression of USP24 was correlated with cer-
tain clinicopathological features in patients with HCC.
As shown in Fig. 4D, upregulated expression of USP24
was prominently associated with different tumor stages
of HCC. Survival curves demonstrated that a higher
transcriptional level of USP24 was significantly cor-
related with shorter OS (HR=1.7, P=0.0021) and DFS
(HR=1.9, P<0.001) in patients with HCC (Fig. 4E). The
Human Protein Atlas was also analyzed, revealing con-
sistent upregulation of USP24 in HCC tissues (Fig. 4F).
Altogether, these results demonstrate that USP24 levels
are significantly elevated in HCC and that its expression
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antibody

also plays an important role in predicting the clinical out-
comes of patients with HCC.

USP24 is upregulated in tumor samples and correlates with
the protein levels of YAP1

Next, we sought to confirm the clinical significance of
USP24 and its correlation with YAP1 in HCC. Spearman
correlation analyses using TCGA database showed that
an apparent positive correlation was detected between
the expression level of USP24 and YAP1 or those of YAP1
target genes (CTGF and CYR6I) in patients with HCC
(Fig. 5A and Fig. S4 A, B). Also, western blotting analy-
sis revealed that USP24 was highly expressed in HCC cell
lines compared with the normal liver cell line HL7702,
and USP24 protein level was highly associated with YAP1
protein level in HCC cell lines (Fig. 5B). Furthermore,
we evaluated USP24 and YAP1 expression in microar-
ray tissues from 90 HCC tissues and matched normal
tissues using IHC staining (Fig. 5C and Fig. S5A). Most
tumor specimens expressed high volume of USP24 and
YAP1 (Fig. 5D, E and Fig. S5B). The relationship between
USP24 expression and clinicopathological characteristics
was also investigated (Table S2). The results showed that
increased USP24 expression was significantly correlated
with Grade (P<0.001), and TNM (P=0.015) in HCC tis-
sues. Moreover, we utilized the Kaplan-Meier analysis
to assess the correlation between USP24 expression lev-
els and survival in the HCC tissue cohort. The results
showed that upregulation of USP24 was associated with

poor prognosis (Fig. S5C). Importantly, a statistically sig-
nificant positive correlation was found between USP24
and YAP1 levels (Fig. S5D, r=0.4756, P<0.001). Overall,
these observations indicate that the expression levels of
USP24 in HCC tissues are high and correlated with the
protein levels of YAP1.

USP24 regulates HCC cell proliferation in vitro and in vivo
To determine the biological role of USP24 in HCC,
USP24 was silenced by shRNAs in HCC cells, and sub-
jected to in vitro experiments. As depicted in Fig. 6A, B,
knockdown of USP24 significantly suppressed cell prolif-
eration by approximately 50% in Bel-7402 cells (P<0.01),
33% in Huh-7 cells (P<0.01) and 59% in PLC/PRF/5 cells
(P<0.001). Similarly, knockdown of USP24 inhibited
the colony formation by approximately 39% in Bel-7402
cells (P<0.05), 49% in Huh-7 cells (P<0.05) and 77% in
PLC/PRE/5 cells (P<0.001) (Fig. 6C, D). Importantly, re-
expression of YAP1 in USP24-depleted cells partially res-
cued USP24 depletion-induced inhibition, reducing cell
proliferation from ~45-10% inhibition in Bel-7402 cells
(P<0.01), from ~45-7% in Huh-7 cells (P<0.01), and
from ~53-10% in PLC/PRE/5 cells (P<0.001) (Fig. 6E),
while colony formation inhibition decreased from
~75-6% in Huh-7 cells (P<0.001) and from ~70-28% in
PLC/PREF/5 cells (P<0.001) (Fig. 6F, G).

To investigate whether USP24 knockdown suppressed
the tumorigenesis of HCC cells in vivo, we injected
Bel-7402 cells which were stably knockdown USP24
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were from the Human Protein Atlas database (1=12)."P<0.05, "P<0.01,and ™

(shUSP24-2) or the negative control (shNC) into the sub-
cutaneous of the nude mice. The results indicated that
USP24 knockdown significantly decreased tumor vol-
ume by 67% (P<0.001) and reduced tumor weight by 43%
(P<0.001) relative to the shNC control group (Fig. 6H, I).
HE staining validated that all tumors were solid tumors

"P<0.001

(Fig. 6]). IHC staining analysis showed that shUSP24-2
group has lower percentages of proliferative cells, higher
percentages of apoptotic cells, and lower level of YAP1
protein (Fig. 6]). These findings corroborate the notion
that the regulatory effects on YAP1 are critical for USP24,
which plays an oncogenic role in HCC cells.
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Discussion

HCC is the third leading cause of cancer deaths [37]. The
lack of intervention targets remains an elusive, yet critical
challenge in the discovery of therapeutic drugs for HCC.
Accumulating evidence suggests that controlling the sta-
bility of YAP1 represents as a new approach to regulate
the Hippo signaling pathway in HCC is attracting more

attention. In this study, we demonstrate that inducing
degradation of YAP1 by inhibiting USP24 is a promising
strategy to combat HCC.

YAP1 is a critical downstream effector of the Hippo
signaling pathway that play important oncogenic roles
in human cancers, particularly in HCC [38-40]. Impor-
tantly, the expression of YAP1 in liver cancer stem cells
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Fig.6 USP24 regulates HCC cell proliferation in vitro and in vivo.A Bel-7402, Huh-7, or PLC/PRF/5 cells were infected with control shRNA or USP24 shRNAs,
and cell proliferation was monitored by trypan blue exclusion assay. B Cell morphology (96 h) was captured under the microscope. Original magnification,
%200. C Bel-7402 or Huh-7 cells were transfected with the indicated plasmids and seeded into 6-well plates at a density of 2000 cells/well. After 14 days,
colony formation was detected by crystal violet staining. D PLC/PRF/5 cells were transfected with the indicated plasmids and seeded into 6-well plates at
a density of 4000 cells/well. After 14 days, colony formation was detected by crystal violet staining. E HCC cells were infected with either shCtrl +vector,
shUSP24-2 +vector, or shUSP24-2 +YAP1, and cell proliferation was monitored by CCK-8 assay. F, G Huh-7 (F) and PLC/PRF/5 (G) cells were infected with
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Scale bar, 20 pM. Data are presented as mean +SD, and P values were calculated using Student t test. "P<0.05, "P<0.01, and “"P<0.001

(LCSCs) is significantly increased, and the levels of
YAP1 and YAP1-TEAD are positively correlated with
the expression of stemness markers (such as NANOG,
OCT-3/4, CD133), and are associated with the severity

of liver cancer [41]. Suppressing the aberrant expression
of YAP1 is therefore essential to alleviate tumor progres-
sion. However, different from that of protein kinases,
YAP1 is technically challenging to be directly targeted.
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An alternative strategy is to inducing the degradation
of these transcription co-activators. Recently studies
revealed that translational modifications, such as ubiq-
uitination, is important in preventing YAP1 over-activa-
tion. Ubiquitination is a reversible process, and removal
of ubiquitin from proteins is mediated by DUBs. Several
researchers made effort to identify critical DUBs in sta-
bilizing YAP1 protein that promotes tumor progression.
For example, USP49 and OTUB1 were found to have the
ability to maintain the stability of YAP1 through their
interaction with YAP1, thus promoting gastric cancer cell
proliferation, and metastasis [42, 43]. USP47 has been
shown to be involved in the pathogenesis of colorec-
tal cancer through deubiquitination and stabilization of
YAP1 [44]. Moreover, Hong et al. identified USP10 as a
novel deubiquitinating mediator that stabilizes YAP/TAZ
in HCC and enhances downstream oncogenic response
[45]. In our study, our candidate USPs (CNV >2%) in the
HCC were not including USP10, and the screening iden-
tified that the downregulation of USP24 expression sig-
nificantly inhibited the transcriptional activity of YAP1/
TEADA4. The interaction between USP24 and YAP1 was
also confirmed to stabilize YAP1 expression through deu-
biquitination and activation of the downstream target
genes, such as CTGF and CYR61. These findings suggest
that USP24 is a novel YAP1-interacting DUB. However,
as this a small scale of screening (compared to the total
100 DUBs, only 22 of them were used in our test), we
don’t rule out other DUBs, such as USP10, may be also
involved in the regulation of YAP1 stability in HCC. We
also observed that phospho-deficient YAP1-S127A muta-
tion enhanced USP24’s binding, suggesting phosphoryla-
tion negatively regulates their interaction. The crosstalk
between these post-translational modifications in con-
trolling YAP1 stabilization requires further investigation.

USP24, as a ubiquitin-specific protease, plays differ-
ent roles in tumorigenesis and cancer progression, and
the pro-tumorigenic or anti-tumorigenic function of
USP24 was largely depended on its substrates in the spe-
cific cellular context of cancer models. Previous study
have shown that USP24 inhibits the progression of neu-
roblastoma by stabilizing CRMP2 [27]. In more types of
cancer, USP24 has been found to have oncogenic func-
tions. Our laboratory’s previous study reported that
USP24 plays an important role in the survival of T-cell
acute lymphoblastic leukemia (T-ALL) cells and target-
ing USP24-Mcl-1 axis may represent a novel strategy in
the treatment of T-ALL [46]. A recent publication found
that USP24 accelerates aerobic glycolysis and tumor pro-
gression in gastric carcinoma through stabilizing PLK1
to activate NOTCHI1 [28]. In this study, we explored the
biological functions of USP24 in HCC models. By analyz-
ing the database and combining the IHC staining analy-
sis results of tissue microarrays, it was found that USP24
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was highly expressed in HCC tissues. High expression
level of USP24 was closely related to the poor prognosis
in HCC patients. In addition, we also found that USP24
promoted cell proliferation and tumor growth of HCC in
vitro and in vivo. During our research process, another
study clarified that USP24 facilitates the oncogen-
esis of HCC by deubiquitinating and stabilizing TRAF2
[30]. However, Cao et al. suggested that USP24 plays an
important role in preventing HCC progression through
regulating autophagy-dependent ferroptosis by decreas-
ing Beclinl ubiquitination [47]. These seemingly con-
tradicting conclusions drawn from independent studies
may stem from: (1) different cellular contexts of the HCC
cells - the tumor-suppressive function was observed
in ferroptosis-sensitive HCC cell lines under oxidative
stress conditions, whereas the oncogenic role was dem-
onstrated in proliferating HCC cells; (2) distinct molec-
ular mechanisms-USP24 may exert opposing effects
through different substrates; (3) partial differences in
experimental design. Moreover, due to the introduction
of HCC patients’ specimens and comprehensive TCGA
database analyses in our study, we encouraged to con-
clude that USP24 indeed plays a crucial pro-tumorigenic
role in HCC patients. More importantly, to the best of
our knowledge, we proved for the first time that USP24
could regulate the stability of YAP1 in HCC cells. Unlike
the importance of TRAF2 in HCC [30], a growing body
of evidence suggests that approximately 60% of human
liver cancer was associated with increased YAP1 activ-
ity [48], thus the regulatory mechanism of USP24 related
to YAP1 protein will have a strong promoting effect on
HCC cells. Therefore, targeting USP24 rather than inhib-
iting its enzyme activity may be potentially beneficial for
combating “undruggable” of YAP1 in HCC.

Several limitations of this study should be noted.
Althrough our subcutaneous xenograft model demon-
stated USP24’s tumor-promoting effects, we acknowledge
that this system lacks the native hepatic microenviron-
ment present in orthotopic models. Recent studies dem-
onstrate that liver-specific factors including Kupffer cells,
hepatic stellate cells, and unique extracellular matrix
components can significantly influence HCC progres-
sion and drug responses [49]. Particularly for YAP1/
TAZ signaling which is known to be mechanosensitive,
the soft subcutaneous niche may underestimate micro-
environmental regulation [50]. Future studies employing
intrahepatic implantation or patient-derived orthotopic
xenografts (PDOX) will be essential to validate these
findings in more physiologically relevant contexts. In
addition, HCC is characterized by marked male predomi-
nance in incidence, yet most preclinical studies overlook
potential sex differences in YAP1 signaling. Our study
was conducted exclusively in female mice, and future
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investigations using male mice will be required to vali-
date the generalizability of our findings.

In summary, the current study shows that USP24 is
an important protein that facilitates HCC progression.
We identified that USP24 drives HCC progression by
stabilizing YAP1 through direct interaction and deu-
biquitination, leading to constitutive activation of YAP1
downstream targets. Our findings indicate that USP24
may act as a novel biomarker for predicting prognosis
and may present a therapeutic opportunity for HCC.
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