Acta Pharmacologica Sinica

www.nature.com/aps

q

Check for
updates

ARTICLE
SNS-023 sensitizes hepatocellular carcinoma to sorafenib by

inducing degradation of cancer drivers SIX1 and RPS16

Yuan Liu'?, Wei-yao Kong'?, Cui-fu Yu?, Zhen-long Shao? Qiu-cheng Lei®, Yuan-fei Deng®, Geng-xi Cai°, Xue-fen Zhuang?,
Wen-shuang Sun?, Shi-gang Wu® Rong Wang', Xiang Chen’, Guo-xing Chen', Hong-biao Huang'? and Yu-ning Liao"?

Hepatocellular carcinoma (HCC) remains challenging due to the lack of efficient therapy. Promoting degradation of certain cancer
drivers has become an innovative therapy. The nuclear transcription factor sine oculis homeobox 1 (SIX1) is a key driver for the
progression of HCC. Here, we explored the molecular mechanisms of ubiquitination of SIX1 and whether targeting SIX1 degradation
might represent a potential strategy for HCC therapy. Through detecting the ubiquitination level of SIX1 in clinical HCC tissues and
analyzing TCGA and GEPIA databases, we found that ubiquitin specific peptidase 1 (USP1), a deubiquitinating enzyme, contributed
to the lower ubiquitination and high protein level of SIX1 in HCC tissues. In HepG2 and Hep3B cells, activation of EGFR-AKT
signaling pathway promoted the expression of USP1 and the stability of its substrates, including SIX1 and ribosomal protein S16
(RPS16). In contrast, suppression of EGFR with gefitinib or knockdown of USP1 restrained EGF-elevated levels of SIX1T and RPS16. We
further revealed that SNS-023 (formerly known as BMS-387032) induced degradation of SIX1 and RPS16, whereas this process was
reversed by reactivation of EGFR-AKT pathway or overexpression of USP1. Consequently, inactivation of the EGFR-AKT-USP1 axis
with SNS-032 led to cell cycle arrest, apoptosis, and suppression of cell proliferation and migration in HCC. Moreover, we showed
that sorafenib combined with SNS-032 or gefitinib synergistically inhibited the growth of Hep3B xenografts in vivo. Overall, we
identify that both SIX1 and RPS16 are crucial substrates for the EGFR-AKT-USP1 axis-driven growth of HCC, suggesting a potential

anti-HCC strategy from a novel perspective.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is the major type of primary liver
cancer with high heterogeneity and mortality worldwide [1]. Due
to its extremely heterogeneous characteristics, its early detection
and clinical classification are challenging to perform [2-5]. Thus,
most HCC patients present with an advanced stage at the time of
diagnosis and have a poor prognosis [3]. Target therapy is one of
the most common treatments for advanced HCC. Sorafenib
chemotherapy is the first-line therapy for patients with HCC in
an advanced stage. Yet, sorafenib has narrow effectiveness
considering that less than one-third of patients are sensitive to
the therapy. Moreover, HCC patients who initially respond to
sorafenib usually develop acquired drug resistance within
6 months [2, 3, 6-8]. Therefore, it has become a general goal to
continuously deepen the understanding of the accurate molecular
mechanism of HCC progression to develop more effective targets.
Sine oculis homeobox 1 (SIX1), a transcription factor to drive cell
proliferation, is originally described as a critical regulator of
organogenesis during embryonic development [9]. Recently,

increasing studies have reported that SIX1 is reactivated or highly
expressed in a variety of malignant tumors, including breast
cancer [10-12], HCC [13-15], and ovarian cancer [16]. In HCC, SIX1
regulates the Warburg effect, which further facilitates tumor cell
metabolism to match the rapid proliferation of HCC [15]. SIX1 is
degraded by the proteasome post the anaphase-promoting
complex (APC) mediated ubiquitination [17]. Our previous study
revealed that the 75kDa glucose-regulated protein (GRP75)
provides a molecular platform to recruit SIX1 and the ubiquitin-
specific peptidase 1 (USP1). USP1 is responsible for removing the
ubiquitin linkages on SIX1 and further stabilizes its protein level to
drive cyclin D1-dependent cell cycle progression and proliferation
of prostate cancer [18]. Herein, we addressed whether the
abnormal ubiquitination of SIX1 could be observed in HCC tissues
and the way it may regulate the progression of HCC.

The ubiquitin-proteasome system (UPS) can recognize and
eliminate the substrates labeled with ubiquitin chains through
26 s proteasome. Deubiquitinating enzymes (DUBs) are critical
components of the UPS that reverse the ubiquitination reaction to
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achieve precise quality control of the substrates [19]. Abnormal
activation of certain oncoproteins results from the overexpression
of DUBs that is frequently observed in various tumors [20-22]. For
example, USP1 is significantly increased in HCC and leads to the
degradation suppression of ribosomal protein S16 (RPS16), thus
further facilitating the growth and metastasis of HCC cells [23]. Yet,
it remains unclear whether USP1 may also regulate additional
oncoproteins in HCC.

SNS-032 is a potent inhibitor of CDK1/2/7/9; its anti-cancer
activity has been found in chronic lymphocytic leukemia [24, 25]
and uveal melanoma [26]. Moreover, we previously uncovered
that SNS-032 is a suppressor of the USP1-SIX1 axis in prostate
cancer [27]. USP1 downregulates the ubiquitination level of SIX1 in
HCC tissues. In addition, USP1 simultaneously regulates the
stability of both SIX1 and RPS16 to drive HCC progression, which
is enhanced by the EGFR-AKT signaling pathway. Inhibition of the
EGFR-AKT-USP1 axis with SNS-032 notably induces the degrada-
tion of both SIX1 and RPS16, and further suppresses the growth of
HCC in cultured cells and xenograft models. In this study, we
further investigated the role of the EGFR-AKT-USP1-SIX1/RPS16
axis in driving HCC development, but also proposed a potential
anticancer strategy by triggering the degradation of SIX1 and
RPS16 with an existing kinase inhibitor.

MATERIALS AND METHODS

HCC samples

Fresh tumor and adjacent normal tissues were collected from
patients with HCC. These samples were obtained from the
discarded material utilized for routine laboratory tests at the
Department of Hepatopancreatic Surgery, First People’s Hospital
of Foshan (Foshan, China). This study was performed with the
approval of the Medical Ethics Committee of Guangzhou Medical
University and the First People’s Hospital of Foshan. The fresh
tissues were minced in protease inhibitor cocktails-supplemented
tissue RIPA buffer, and prepared into tissue suspension in
Precellys® Evolution (Bead Mill Homogenizer, Bertin, France).
Tissues were then sonicated and centrifuged at 4 °C and 13,000 r/
min for 15 min. The supernatant protein samples were collected
for subsequent Co-IP and Western blotting assays. The whole
process of protein extraction is operated at 4°C. The basic
information of patients with HCC is listed in Table S1.

Cell culture and reagents

HepG2, Hep3B, HCC LM3, and HEK293T cell lines were all
purchased from ATCC (American Type Culture Collection) and
validated by the short tandem repeat. The culture method was
introduced, as reported previously [23]. Cell culture conditions are
listed in Table S2. Information on reagents, including antibodies
and chemicals are listed in Table S3 and Table S4.

Western blotting and co-immunoprecipitation (Co-IP)

As classical methods for detecting the expression levels of certain
proteins and protein interactions, Western blotting and Co-IP are
clearly described in our previous publications [18, 28]. Western blot
assay was performed in accordance with the practice guide [29].
Briefly, protein samples with a standardized total protein concen-
tration were transferred to a PVDF membrane after separation by
electrophoresis with 12% SDS-PAGE gel. After the PVDF membrane
was sealed with 5% skim milk for 1h, it was allowed to react
appropriately with the corresponding primary and secondary
antibodies (see Table S3) respectively. Finally, the X-ray film was
used to capture the fluorescence generated by a chemical reaction
between the ECL reagent and secondary antibodies.

Co-IP assay was performed according to the instructions of
Dynabeads™ Co-immunoprecipitation Kit (#14321D) (Carlsbad, CA,
USA). A rotary shaker was used to incubate the dynabeads with
antibodies (see Table S3) overnight to ensure that the antibodies
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were fully absorbed in the dynabeads. Next, excessive free
antibodies were removed from the dynabeads, followed by
incubation with cell lysates for 1 h. After removing the excessive
free lysates, the interacting proteins were separated by a 70 °C
water bath and high-speed centrifugation.

Transfection of plasmids and siRNAs

The transfection methods have been introduced in our previous
reports [30, 31]. The wild type of human USP1 plasmids, the
truncated mutant types of USP1 (1-200aa, 201-785aa, 1-400aa, 401-
785aa) plasmids (CMV-MCS-Flag-SV40-neomycin), and the human
SIX1 plasmids (CMV-MCS-HA-SV40-neomycin) were purchased from
GeneChem (Shanghai, China). Transfection was performed as
follows: 500 uL RPMI opti-MEM (Gibco, Invitrogen, Paisley, UK),
lipofectamine 3000 (Invitrogen) (4pL of P3000 and 4pL of
lipofectamine 3000) and 2 pg plasmids were gently mixed a 6 cm
dish, and then the mixture was allowed to stand for 15 min. Next,
the mixture was added to the cells pre-seeded and cultured for 24 h
to ensure the final concentration of plasmids was 0.75 ug/mL.
Finally, we replaced the medium for the cells after 6-12h and
continued to culture for 48 h.

The si-RNAs used in the study included si-USP1, si-SIX1 and si-
RPS16 purchased from RiboBio (Guangzhou, China). We prepared
the transfection mixture with 500 uL RPMI opti-MEM, 6 pL
lipofectamine RNAiMax (Invitrogen), and 10 pL siRNAs allowing it
to stand and react for 15 min. Next, the mixture was added to the
cells pre-seeded and cultured for 24 h. The cell medium was
replaced after 6-12 h, and the cells were cultured for an additional
48 h. The final concentration of si-RNAs was 50 nM. The sequences
of si-RNAs are listed in Table S5.

Immunofluorescence assay

As previously described [32], HCC cells were fixed with 4%
paraformaldehyde, permeabilized with 0.5% Triton-X, and blocked
with 5% bovine serum albumin (BSA). Then, the cells were
incubated with primary antibodies and fluorescent secondary
antibodies (see Table S3), respectively. The nucleus was visualized
by DAPI (Abcam, #ab104139) staining. Cold PBS solution was used
to wash 2 to 3 times in the interval of each operation step. The
immunofluorescence images were captured using a confocal
microscope (Leica TCS SP8).

Cell proliferation assays

Cell proliferation assays include the determination of cell viability,
analysis of colony formation ability and EdU staining assay. For cell
viability, cells were seeded in a 96-well plate (2000 cells/well) for
24 h, after which they were treated with the corresponding
chemicals indicated in the figures. Next, 20 uL MTS reagent was
added to each well for 3h in the dark. Finally, the absorbance
value at 490 nm with a microplate reader (Sunrise, Tecan) was
adopted to calculate percent cell viability.

For colony formation assay, the treated cells were digested with
trypsin, terminated with a medium containing FBS, centrifuged at
1000 r/min for 5 min, and then resuspended in the medium. The
number of cells was calculated with a counting chamber. Next, the
resuspended cells were randomly seeded in a 6-well plate and the
culture was continued for 2 weeks. Finally, the cells were fixed
with 4% paraformaldehyde, washed with PBS, and stained with
crystal violet solution.

EdU staining assay was used to detect the DNA replication status
of cells, which is also used to determine cell proliferation ability. The
increment of positive cells is considered to have a strong
proliferation ability. The experiment was carried out in accordance
with the instructions of EdU reagents (RiboBio, Guangzhou, China).

Cell migration assay

HCC cells seeded in 6-well plates overnight were exposed to SNS-
032 with or without EGF 24 h. Next, the cells were collected and
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resuspended in 5% serum-containing medium and then reseeded
in the upper chamber of the trans-well at the concentration of
1% 10° cells/well; 10% serum-containing medium was added to
the lower chamber of the trans-well. HCC cells migrated down-
ward through the media for 2 days. Cells in the upper chamber
that did not pass through the media were gently wiped off with a
sterile cotton swab. HCC cells on the lower surface of the media
were then fixed with 4 % paraformaldehyde for 15 min, washed
with PBS solution and stained with 1% crystal violet solution for
5 min. All experiments were performed at least in triplicate.

Flow cytometry analysis

Cell cycle distribution and apoptosis were generally analyzed by
flow cytometry as reported previously [33, 34]. A Cell Cycle
Detection Kit (KeyGEN BioTECH, Nanjing, China) was used for the
determination of cell cycle. An Annexin V-FITC/PI Double Stain
Apoptosis Detection Kit (KeyGEN BioTECH, Nanjing, China) was
used to detect apoptosis as the product instructions.

Animal models

BALB/c nude mice (5-6 weeks old, 18-20 g) were purchased from
Vital River Laboratory Animal Technology Co., Ltd (Beijing, China).
All the animals were housed in an environment with a
temperature of 22+ 1°C, relative humidity of 50% + 1%, and a
light/dark cycle of 12/12 h. All animal studies (including the mice
euthanasia procedure) were done in compliance with the
regulations and guidelines of Guangzhou Medical University
institutional animal care and conducted according to the AAALAC
and the IACUC guidelines.

After one week of animal acclimatization, the in vivo experi-
ment was performed. Hep3B cells (3 x 105100 uL PBS/mouse)
were subcutaneously inoculated on the dorsal side of nude mice.
When the transplanted tumor grew to an average of 50 mm?, the
mice were randomly divided into 3 groups (8 mice/group): mice
treated with SNS-032 (15mg-kg™"-d™", i.p.), mice treated with
ML323 (40mg-kg™-d', i.p.), and mice treated with the vehicle;
the treatment was performed every two days. Moreover,
additional mice were divided into 6 more groups (8 mice/group):
mice treated with sorafenib (20 mgkg~"'-d™", p.o.), mice treated
with SNS-032 (15mgkg "-d™", i.p.), mice treated with sorafenib
+5NS-032, mice treated with gefitinib (30 mg-kg™"-d™", p.o.), mice
treated with gefitinib-+sorafenib, and mice treated with vehicle;
the treatment was performed every other day. After 21 days, the
mice were also sacrificed by vertebrate dislocation post CO,
inhalation. Finally, the body weight of mice, tumor volume, and
tumor weight were recorded. Tumor volume was calculated as
length x width? x 0.5.

Statistical analysis

Data in this study are shown as mean+S.D. from three
independent experiments. The unpaired Student’s t-test or one-
way ANOVA was used appropriately. GraphPad Prism 9.0 and SPSS
16.0 software were used for producing charts and statistical
analysis. A P value <0.05 was considered statistically significant
(*P<0.05, ¥P<0.01, **P < 0.001, *#*P < 0.0001).

RESULTS

The ubiquitination level of SIX1 is decreased and associated with
the overexpression of USP1 in HCC tissues

To investigate the abnormal ubiquitination of SIX1 in HCC, we
randomly detected the ubiquitination level of SIX1 in HCC tissues
and adjacent tissues derived from 6 patients using Co-IP and
Western blotting. The results showed that the ubiquitination level
of SIX1 was decreased, while the protein level of SIX1 was
increased in HCC tissues. Meanwhile, SIX1 interacted with APC (a
previously identified E3 ligase of SIX1) and USP1 (a DUB of SIX1
identified in prostate cancer) in HCC tissues (Fig. 1a).
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Next, the immunoblotting assay was performed to detect the
expression of SIX1, USP1, and APC in HCC tissues and adjacent
tissues derived from 16 patients. The expression of SIX1 and USP1,
but not APC, was increased in HCC tissues (Fig. 1b, c). Additionally,
the expression of USP1, but not APC, was positively correlated
with the protein level of SIX1 in HCC tissues and adjacent tissues
(Fig. 1d). Moreover, after analyzing the public TCGA and GEPIA
database, it was found that the mRNA level of SIX1 and USP1, but
not APC, was increased in HCC tissues (Figs. e and S1a, b). In
addition, higher expression of SIX1 and USP1 (see previously
published data [23]) predicted a poorer survival rate of HCC
patients, while the expression of APC failed to predict survival
probability in HCC (Fig. 1f).

Through analysis of the UALCAN database, a higher level of SIX1
and RPS16 (a downstream substrate of USP1 in HCC) was
associated with a higher-grade HCC (Fig. S1¢, d). These findings
collectively demonstrate that downregulation of SIX1 ubiquitina-
tion, which is associated with USP1, contributes to the high
protein level of SIX1 and the development of HCC.

USP1 interacts with SIX1 and RPS16 through its C-terminal

To determine whether SIX1 is a definite substrate of USP1 in HCC,
the protein interaction between endogenous USP1 and SIX1 in
HCC cell lines was analyzed by Co-IP and immunoblotting assays
(Fig. 2a). Briefly, the interaction was observed in both nucleus and
cytoplasm (Fig. 2b).

To further determine the binding region of USP1 and SIX1, 4
USP1 truncated mutants labeled with the FLAG-tag at their
C-terminals (including FLAG-USP1-MT1, FLAG-USP1-MT2, FLAG-
USP1-MT3, and FLAG-USP1-MT4) were constructed, and then co-
transfected with the HA-SIX1 plasmids into HEK293T cells. Co-IP
analysis showed that SIX1 interacts with FLAG-USP1-MT2 and
FLAG-USP1-MT4, but not FLAG-USP1-MT1 or FLAG-USP1-MT3,
which suggests that SIX1 binds to the C-terminal of USP1 (Fig. 2c,
d). These results are consistent with our previous findings, which
suggest that USP1 binds to RPS16 through its C-terminal [23].

Co-IP and immunoblotting assays were then used to determine
the role of USP1 in SIX1 ubiquitination in HCC cells. The knockdown
of USP1 aggravated K48-ubiquitination and pan-ubiquitination of
SIX1 in HepG2 cells (Fig. 2e), suggesting that USP1 as a DUB
mediates the deubiquitination and stabilization of SIX1 in HCC.

Next, we examined whether RPS16 and SIX1 may competitively
bind to USP1 and whether USP1 is sufficient to support the
protein stability of both SIX1 and RPS16. To address this question,
we performed a Co-IP experiment to determine the protein
interaction of USP1-SIX1 in HCC cells treated with si-RPS16, and
the protein interaction of USP1-RPS16 in HCC cells treated with si-
SIX1. The results showed that knockdown of RPS16 did not alter
the interaction of USP1-SIX1 and the expression of SIX1;
conversely, knockdown of SIX1 did not affect the interaction of
USP1-RPS16 and the expression of RPS16 (Fig. 2f), indicating that
cellular USP1 is sufficient to simultaneously maintain the protein
stability of SIX1 and RPS16 in HCC.

EGFR signaling pathway promotes the expression of USP1 and its
substrates

The EGFR signaling pathway is critical for developing HCC and is
an important target for cancer therapy [35, 36]. Therefore, we
examined whether its pathway may control the USP1-SIX1/RPS16
axis. Immunoblotting and immunofluorescence assays showed
that the activation of EGFR triggered by EGF notably increases the
expression of USP1, SIX1, and RPS16 (Fig. 3a-c). Additionally,
inactivation of the signaling pathway with gefitinib (an EGFR
inhibitor) or MK-2206 (an AKT inhibitor) inhibits the EGF-induced
upregulation of USP1, SIX1, and RPS16 (Fig. 3d). Also, the
knockdown of USP1 suppresses the upregulation of SIX1, and
RPS16 induced by the activation of EGFR signaling pathway
(Fig. 3e). Moreover, Co-IP and immunoblotting assays showed that
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Fig. 1 Lower ubiquitination level of SIX1 is associated with USP1 in clinical HCC tissues. a Co-IP and Western blotting assays were

collectively performed to detect ubiquitination levels of SIX1 in HCC tissues and adjacent normal tissues of 6 HCC patients (number #1, #3, #5, #9,
#12 and #15). Quantitative data on the ubiquitination levels are shown on the right. Mean + SD (n = 6). b Western blotting performed to detect
differences in the expression levels of SIX1, USP1, and APC in tumor tissues and adjacent normal tissues of 16 HCC patients. ¢ Quantitative data of
(b) are shown. Mean £ SD (n = 16). d Correlation analysis of SIX1 with USP1 or APC protein levels based on (c) using Pearson r assay. The data of
tumor tissues and adjacent normal tissues are included in the statistics (n = 32). e Comparison of SIX1, USP1 and APC at mRNA expressions in
tumor tissues and normal tissues of HCC patients from the TCGA database. f Kaplan-Meier curves from patients with HCC expressing low and
high SIX1/APC from the tissue microarray from the TCGA database. *P < 0.05, *P < 0.01, P < 0.001, **#P < 0.0001.

EGF increases the bindings of USP1-SIX1/RPS16 and decreases the
pan-/K48 linked- ubiquitination levels of SIX1 and RPS16, whereas

SNS-032 induces degradation of SIX1 and RPS16 by the inhibition
of the EGFR-AKT-USP1 axis

this process is blocked by the treatment of gefitinib (Fig. 3f),
suggesting that the activation of EGFR suppresses the ubiquitina-
tion and degradation of SIX1 and RPS16. Together, these findings
indicate that the EGFR signaling pathway promotes the USP1-
SIX1/RPS16 axis to drive the development of HCC.

SPRINGER NATURE

We previously identified SNS-032 as a new inhibitor of USP1 in
prostate cancer cells. In this study, we further investigated
whether SNS-032 may alter the expression and stability of SIX1
and RPS16 in HCC cells and discovered that SNS-032 down-
regulates the protein levels of USP1, SIX1 and RPS16 in a
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Fig. 2 USP1 contributes to the stabilization of both SIX1 and RPS16 in HCC cells. a Co-IP and Western blotting assays were performed to
determine the interaction of USP1-SIX1. b An immunofluorescence assay was performed using FLAG and SIX1 antibodies in HepG2 and Hep3B
cells transfected with FLAG-USP1 plasmids. Scale bars, 25 pm. ¢ Schematic diagram of FLAG-labeled human USP1 full-length and truncated
mutant plasmids. d FLAG-labeled human USP1 full-length and truncated mutant plasmids were co-transfected with the HA-SIX1 plasmids into
HEK293T cells for 48 h. Co-IP and Western blotting assays were performed to detect the interaction between FLAG and HA. e Co-IP and Western
blotting assays were performed to detect ubiquitination levels of SIX1 in HepG2 cells transfected with USP1 si-RNA-1, —2 or control si-RNA for
48 h, and exposed to MG132 (10 pM) for 6 h before harvest. f Co-IP and Western blotting assays were performed using USP1 antibodies to detect
the interaction of USP1-SIX1 and USP1-RPS16 in HepG2 cells transfected with SIX1 si-RNAs, RPS16 si-RNAs, or control si-RNAs for 48 h.

concentration- and time-dependent manner (Fig. 4a). Next, we
speculated that SNS-032 might destroy protein stability of the
substrates of USP1. Cycloheximide (CHX)-tracking assay was
performed to determine the speed of SIX1 and RPS16 degradation
in HCC cells treated with SNS-032. SNS-032 accelerated the
degradation rate of both SIX1 and RPS16 (Fig. 4b, c). Additionally,
the SNS-032-induced reduction of SIX1 and RPS16 was signifi-
cantly reversed by the proteasome inhibitor bortezomib (BTZ)

Acta Pharmacologica Sinica (2023) 44:853 - 864

(Fig. S2a, b). Furthermore, Co-IP analysis showed that SNS-032
triggers the accumulation of ubiquitination of SIX1 and RPS16 in
HCC cells (Fig. 4d). Overexpression of FLAG-USP1 reverses the
SNS-032-induced downregulation of SIX1 and RPS16 (Fig. 4e).
Moreover, SNS-032 inhibits EGFR signaling pathway-mediated
upregulation of SIX1 and RPS16 (Fig. 4f). Together, these results
indicate that SNS-032 promotes the ubiquitin-mediated degrada-
tion of SIX1 and RPS16 by depressing the EGFR-AKT-USP1 axis.
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Fig. 3 EGFR-AKT signaling pathway mediates the stabilization of SIX1 and RPS16 via upregulating USP1. a Western blotting of p-EGFR,
EGFR, p-AKT, AKT, USP1, SIX1, and RPS16 in HepG2 and Hep3B cells exposed to EGF for 24 h. b Western blotting of p-EGFR, EGFR, p-AKT, AKT,
USP1, SIX1, and RPS16 in HepG2 cells exposed to EGF for 6, 12, and 24 h. ¢ An immunofluorescence assay was performed using USP1, SIX1 and
RPS16 antibodies in HepG2 cells exposed to EGF for 24 h. Scale bars, 10 pm. Quantitative data are shown below. Mean + SD (n = 3). d Western
blotting of p-EGFR, EGFR, p-AKT, AKT, USP1, SIX1 and RPS16 in HepG2 and Hep3B cells treated with gefitinib or MK-2206 or DMSO for 9 h, and
then exposed to EGF for 24 h. e Western blotting of USP1, SIX1 and RPS16 in HepG2 cells transfected with USP1 si-RNAs or control si-RNAs for
24 h, and then exposed to EGF for 12 h. f Co-IP and Western blotting assays were performed to detect the ubiquitination levels of SIX1 and
RPS16 in HepG2 cells treated with gefitinib or DMSO for 9 h and then exposed to EGF for 12 h. Cells were exposed to MG132 (10 uM) for 6 h

before harvest. #P < 0.01, ##P < 0.001.

Activation of EGFR reverses the SNS-032-mediated growth
inhibition of HCC cells

To estimate the anti-cancer property of SNS-032 in HCC, the effect
of SNS-032 on cell viability, colony formation, and proliferation
ability in HCC cells was analyzed. SNS-032 notably restrained the

cell viability, colony formation, and cell proliferation in HCC cells

SPRINGER NATURE

(Fig. 5a—c). Next, we examined whether cell cycle arrest might be
involved in the SNS-032-induced growth inhibition. To verify this
hypothesis, flow cytometry and Western blotting were used to
detect cell cycle distribution and cell cycle-related molecules,
respectively. SNS-032 increased the distribution at Go/G; phase
(Fig. S3a). The immunoblotting analysis further showed that SNS-
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Fig. 4 SNS-032 promotes ubiquitination and degradation of SIX1 and RPS16 in an EGFR-USP1-dependent manner. a Western blotting of
USP1, SIX1 and RPS16 in HepG2 and Hep3B cells exposed to SNS-032 for 24 h or 6, 12, 24 h. b Western blotting of SIX1 level in HepG2 cells
treated with SNS-032 (1 uM) or DMSO for 3 h, and then exposed to cycloheximide (CHX) for 0 to 9 h. Quantitative data are shown on the right.
Mean £+ SD (n = 3). ¢ Western blotting of RPS16 level in HepG2 cells treated with SNS-032 (1 uM) or DMSO for 12 h, and then exposed to
cycloheximide (CHX) for 0 to 36 h. Quantitative data are shown on the right. Mean = SD (n = 3). d Co-IP and Western blotting assays were
performed to detect the ubiquitination levels of SIX1 and RPS16 in HepG2 cells treated with SNS-032. Cells were exposed to MG132 (10 uM) for
6 h before harvest. To detect SIX1 ubiquitination, cells were treated with SNS-032 for 6 h. To detect RPS16 ubiquitination, cells were treated
with SNS-032 for 18 h. e Western blotting of FLAG, USP1, SIX1 and RPS16 in HepG2 cells transfected with FLAG-USP1 plasmids or Mock
(control plasmids) for 24 h, and then exposed to SNS-032 for 24 h. f Western blotting of p-EGFR, EGFR, p-AKT, AKT, USP1, SIX1 and RPS16 in
HepG2 and Hep3B cells exposed to SNS-032 with or without EGF for 24 h. *P < 0.01, #*P < 0.001, #*#P < 0.0001.

032 increased the protein level of cell cycle inhibitor p21, and
decreased the protein level of cell cycle promoter Cyclin D1
(Fig. S3b, c). Together, our data indicate that SNS-032 impedes the
proliferation of HCC cells partially via cell cycle arrest.

During experiments, we observed that SNS-032 could trigger
cell death in HCC under an optical microscope. To quantitatively
determine the SNS-032-induced cell death, we used flow
cytometry to count apoptotic cells. Apoptosis was significantly
induced by SNS-032 (Fig. S4a, b). We further detected the
apoptosis-related proteins through immunoblotting, and found
that SNS-032 causes PARP cleavage, Caspase 3 activation, and the
decrease of mitochondria-associated apoptosis inhibitors, includ-
ing Bcl-xl and Bcl-2 (Fig. S4c), which indicates that SNS-032 can
trigger apoptosis in HCC cells. To further explore whether the SNS-
032-triggered apoptosis may depend on caspase activation and
whether the alteration of USP1, SIX1, and RPS16 may result from

Acta Pharmacologica Sinica (2023) 44:853 - 864

apoptosis, the caspase inhibitor Z-VAD-FMK was used to inactivate
the caspase cascade in HCC cells treated with SNS-032. SNS-032-
induced apoptosis and apoptotic indicators, but not the expres-
sion of USP1, SIX1, or RPS16, were reversed by Z-VAD-FMK
(Fig. S4d, e). Our data suggest that SNS-032 induces a canonical
caspase-dependent apoptosis; however, the apoptosis does not
affect SNS-032-mediated reduction of USP1, SIX1, and RPS16 in
HCC cells.

We next wondered whether activation of the EGFR signaling
pathway might reverse the SNS-032-induced inhibition of HCC
cells. Our cell viability, transwell migration, and Western blotting
assays showed that EGF might rescue the SNS-032-mediated
growth inhibition, migration suppression, and apoptosis induction
of HCC cells (Fig. 5d-f). These findings demonstrate that SNS-032
induces inhibition of HCC cells by suppressing EGFR signaling
pathways.
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SNS-032 suppresses the proliferation of HCC in vivo

To determine the in vivo anti-cancer activity of SNS-032 in HCC, we
further established the xenograft models by inoculating Hep3B cells
subcutaneously onto the nude mice. Mice carrying transplanted
tumors were randomly divided into three groups, and treated with
SNS-032, ML323 (a previously reported inhibitor of USP1), or vehicle
every other day. SNS-032 and ML323 significantly suppressed the
growth of Hep3B xenografts, yet, the anti-cancer effect of SNS-032
was more obvious than that of ML323 (Fig. 6a—c). Besides, there was
no difference in body weight among the three groups (P> 0.05,
Fig. 6d). H&E staining assay showed no obvious impairment in the

SPRINGER NATURE

liver and kidney tissues (Fig. S5), indicating that the USP1 inhibitors
induce low toxicity. Moreover, immunohistochemical analysis of the
transplanted tumor tissues showed that the expression levels of
USP1, SIX1, RPS16, and Ki67 were downregulated, while the
expression level of cleaved caspase3 was upregulated in the
treatment group (Fig. 6e, f), which is highly consistent with our
in vitro experiments.

SNS-032 enhances the sensitivity of HCC cells to targeted therapy

USP1-mediated stabilization of oncoproteins has a critical role in
promoting the progression of HCC. Targeting USP1 with SNS-032
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alone suppresses HCC in cultured cells and xenografts. Next, we
wondered whether SNS-032 could sensitize HCC cells to the
clinically used anti-cancer drugs, thereby providing a combination
strategy for HCC therapy. Sorafenib is the first-line targeted drug
for the clinical HCC treatment. However, the effectiveness of
sorafenib in improving the survival rate is limited. Therefore, we
were prompted to determine the combined effect of SNS-032 or
gefitinib and sorafenib in HCC. Cell viability assay showed that the
combination of SNS-032 or gefitinib and sorafenib more obviously
suppressed the growth of HepG2 and Hep3B cells, compared to
either SNS-032, gefitinib or sorafenib alone treatment group
(Fig. S6a, b). The colony formation assay was consistent with the
viability results (Fig. 7a), indicating that combination treatment
with SNS-032 and sorafenib exerts a synergistic effect in
suppressing the proliferation of HCC cells. Next, we investigated
whether the anticancer effect of sorafenib could be enhanced by
the inactivation of EGFR with SNS-032 or gefitinib in vivo. Our
animal experiments showed that sorafenib plus SNS-032 or

Acta Pharmacologica Sinica (2023) 44:853 - 864

gefitinib synergistically inhibited the growth of Hep3B xenografts
(Fig. 7b—d). Meanwhile, these treatments led to common toxic side
effects as the body weight of mice was not significantly reduced
(Fig. 7e). Our findings demonstrate that the inactivation of the
EGFR signaling pathway increases the sensitivity of HCC to
sorafenib treatment.

DISCUSSION

First-line systemic treatment options for unresectable HCC have
increased in the last two decades, and several drugs, such as
batezolizumab plus bevacizumab, sorafenib, and lenvatinib, are
currently recommended for selected patients. Yet, the clinical
benefits of these drugs are still modest for HCC patients. Meanwhile,
acquired drug resistance of these drugs or toxic side effects can
hardly be avoided during the treatment [2, 7, 8]. Therefore, a deeper
our understanding of the HCC occurrence and development is
urgently needed to establish better anti-cancer strategies.

SPRINGER NATURE

861



EGFR-AKT-USP1 axis-driven growth of HCC

Y Liu et al.
862
a SNS(0.25uM) +
CTR  SNS(0.25uM) Sora(2.5uM) Sora(5uM) Sora(2.5uM) _Sora(5uM) HepG2 Hepsb

V

120 i #HitH

¥

/A
%)
Colony formation (%)

A OO ®

o O o
Ty —
=T
+o 1

N
o

0
s Sorafenib(uM) 0
N SNS-032(0.25pM) -

1000
+g;§ 032
—~ 800 Bl
= BOG0080 0 =
~ 600 - SNS-032|+ Sorafenib
SNS-032 . P & @ 0 9 & @ 8 ~ Gefitinib
w
Geftnic @ © S VSO0 S 5 400
)
;)] R e Geewae = 200 ]§§
[
£|SNs-032f 8 ® ¢ ° 8 » = -
g 0 - -
[e}
a . e 988 o 0 3 6 9 12 15 18 21 24
Gafttinip ’ § e Days after treatment
d 0.8 f
C)
= 067 © it
[+)) e
S L i
PEN.-
5 %
E 02 = v -
0 £
2 o 201
5 © 5 O
& Sorafenib+
30 = < Csxa ) \ \
S 28 2 -
< S - - g JSD(
LFETEET ) h
24 R -Ie
3z R . S RPS16 ¢ \
o 22 » ®e
faa) ® ~—>» (rRPst6
20 ® @ RPS16 @®
r oy o2 x o 2 ® @ 7
5 9 £ 6 9 £ ®
2 2 g 8 HCC development
w o 2] o

Sorafenib+

Fig. 7 SNS-032 or gefitinib enhances the sensitivity of HCC cells to sorafenib. a Colony formation assays were performed in HepG2 and
Hep3B cells exposed to SNS-032 with or without sorafenib for 24 h, followed by re-seeded and cultured in the 6-well plates for 2 weeks.
Quantitative data are shown on the right. Mean + SD (n = 3). b BALB/c nude mice with Hep3B xenograft were randomly divided into 6 groups:
mice were treated with vehicle, sorafenib (20 mg-kg™'-d™") (p.0.), SNS-032 (15 mg-kg~"-d ") (i.p.), gefitinib (30 mg-kg~"-d~") (p.0.), sorafenib +
SNS-032, or sorafenib + gefitinib every other day respectively, for a total 21 days. Xenografts grown in nude mice are shown. ¢ Tumor size,
(d) tumor weight, and (e) body weight of nude mice. Mean £ SD (n=8).f A h‘ypothetical model by which SNS-032 targets the EGFR/USP1 axis-
mediated stabilization of SIX1 and RPS16 to suppress HCC. *##P < 0.001, ##%P < 0.0001.

DUBs are essential players in cancer development that control deubiquitination of SIX1 in HCC and how USP1 simultaneously
deubiquitination and stabilize oncoproteins. We previously regulates two substrates. In this study, co-IP analysis on clinical
reported that the USP1-RPS16 axis promotes the growth and HCC samples showed that the ubiquitination level of SIX1 was
migration of HCC cells by inducing the expression of Twist1 and decreased in HCC tissues; this largely depends on USP1-mediated
Snail [23]. It has been gradually accepted that multiple substrates deubiquitination, but not APC-mediated ubiquitination. Mechani-
of DUB drive the development of cancer. In another study, we cally, we showed that USP1 regulates the protein ubiquitination
found that SIX1 is a new substrate of USP1 in prostate cancer [18]. and stability of both SIX1 and RPS16. The C-terminal of USP1 is
However, it is unclear whether USP1 still regulates the required for the binding of SIX1 and RPS16. Further investigations
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showed that cellular USP1 is sufficient to maintain the protein
stability of SIX1 and RPS16, which may be due to their different
half-life. These data renew our understanding of how USP1 drives
the progression of HCC. It will be of interest to further clarify how
the USP1-SIX1/RPS16 axis is mastered during certain conditions.

This study also highlights the role of the EGFR-AKT-USP1-SIX1/
RPS16 axis in driving the progression of HCC. Activation of the
EGFR signaling pathway inhibits the degradation of SIX1 and
RPS16 via upregulating USP1. We further identified a small
molecular compound that can effectively suppress this signaling
pathway to inhibit the development of HCC. Indeed, we have
previously found that SNS-032, a well-characterized CDKs inhi-
bitor, can potently suppress the USP1-SIX1 axis in prostate cancer
cells [27]. Herein, we explored whether SNS-032 could inhibit the
EGFR-mediated activation of the USP1-SIX1/RPS16 axis and exert
anti-cancer activity in HCC. Recent studies have been mainly
focused on investigating the anti-cancer effects of SNS-032 in
hematologic malignancies, including leukemia [24, 37, 38] and
melanoma [26, 39]. Mechanically, SNS-032 may suppress RNA
synthesis during gene transcription by inactivating RNA polymer-
ase Il and CDK7/9 [24]. In this study, we revealed that SNS-032
decreases the expression of SIX1 and RPS16 via suppressing the
EGFR-AKT-USP1 axis-mediated stabilization of these oncoproteins
based on the following key evidence: (1) our cycloheximide-
chasing experiments confirmed that SNS-032 notably shortens the
half-life of SIX1 and RPS16; (2) the SNS-032-induced down-
regulation of SIX1 and RPS16 can be reversed by the proteasome
inhibitor and overexpression of USP1; (3) SNS-032 notably induces
polyubiquitination of SIX1 and RPS16; (4) EGF-induced stabiliza-
tion or upregulation of SIX1 and RPS16 can be reversed by
gefitinib, MK2206, SNS-032, and siUSP1. Thus, these findings may
broaden our perspective on the roles of SNS-032 and the EGFR
signaling pathway in HCC. Subsequent studies should determine
whether the EGFR-AKT-USP1-SIX1/RPS16 axis confers cancer
development in other models.

Next, we investigated the anticancer effects of SNS-032 in HCC.
Our in vitro proliferation assays showed that SNS-32 suppressed
cell viability, DNA replication, and colony formation in HCC cells.
Activation of EGFR reverses SNS-032-induced growth inhibition,
migration suppression, and apoptosis induction. Furthermore,
SNS-032 showed a superior inhibitory effect on HCC xenografts
growth, compared to the USP1 inhibitor ML323. Furthermore, this
study provided a novel combination strategy to treat HCC as we
found that inactivation of the EGFR signaling pathway with SNS-
032/gefitinib and sorafenib synergistically suppressed the prolif-
eration of HCC, which is consistent with a previous study
suggesting that EGFR activation contributes to the resistance of
HCC cells to sorafenib [40]. Thus, it may be critical for HCC patients
to inhibit the EGFR-AKT-USP1-SIX1/RPS16 axis during the sorafe-
nib treatment.

CONCLUSION

Our findings confirm that the EGFR-AKT-USP1 axis can simulta-
neously mediate the stability of two critical substrates (SIX1 and
RPS16) to boost the progression of HCC. We also identified that
SNS-032 could be used as a potent USP1 inhibitor to induce the
degradation of SIX1 and RPS16 with a favorable anti-cancer
activity, which may further provide a novel perspective in
developing anti-cancer strategies for HCC therapy (Fig. 7f).
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