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Background: Small ubiquitin-like modifier specific peptidase 2 (SENP2) suppresses the
progression and chemoresistance of several cancers, while few studies report its role in
hepatocellular carcinoma (HCC). This study aimed to evaluate the effect of SENP2 on
stemness, sorafenib sensitivity, and downstream pathway in HCC, with validation of its
molecular mechanisms by compensation experiment.

Methods: SENP2 was regulated by plasmid transfection; meanwhile, in a compensation
experiment, protein kinase B (AKT) was activated by SC79 treatment and b-catenin
(CTNNB1) was overexpressed by plasmid transfection. After modification, sorafenib
sensitivity was detected by cell counting kit-8 assay; stemness was evaluated by
CD133+ cell proportion and sphere formation assay.

Results: SENP2 was decreased in HCC cell lines (including Hep3B, Li7, and Huh7)
compared with normal human liver epithelial cell lines, which was further reduced in HCC
stem cells than in normal HCC cells. Subsequently, SENP2 overexpression inhibited
CD133+ cell proportion, decreased sphere formation ability, promoted sorafenib sensitivity,
suppressed AKT and glycogen synthase kinase-3b (GSK3b) phosphorylation, and
reduced CTNNB1 expression in Huh7 and Hep3B cells, while SENP2 knockdown
showed the reverse effects. The following compensation experiment revealed that
activating AKT or overexpressing CTNNB1 promoted CD133+ cell proportion and
sphere formation ability but suppressed sorafenib sensitivity in Huh7 and Hep3B cells.
Moreover, activating AKT or overexpressing CTNNB1 attenuated the effect of SENP2
overexpression on stemness and sorafenib sensitivity in Huh7 and Hep3B cells.
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Conclusion: SENP2 suppresses HCC stemness and increases sorafenib sensitivity
through inactivating the AKT/GSK3b/CTNNB1 signaling pathway.
Keywords: SENP2, hepatocellular carcinoma, stemness, sorafenib sensitivity, AKT/GSK3b/CTNNB1 pathway
INTRODUCTION

Hepatocellular carcinoma (HCC) is a malignancy causing high
morbidity and mortality worldwide (1, 2). Due to the prevalence
of hepatitis B virus infection, abuse of alcohol, and other factors,
HCC has become an immense threat to the public health system
in China (3–5). Although the management for HCC has been
greatly improved during the past few decades, the management
option for advanced HCC patients is still insufficient (6, 7).
Currently, treatment modalities of advanced HCC are limited,
which include programmed cell death protein 1 (PD-1) inhibitor
plus vascular endothelial growth factor inhibitor and several
tyrosine kinase inhibitors (TKIs) (such as sorafenib, lenvatinib,
and donafenib) (8, 9). Therefore, it is necessary and urgent to
explore potential novel targets for the treatment of HCC.

Small ubiquitin-like modifier (SUMO)-specific peptidase 2
(SENP2) particularly degrades the conjunction between SUMO
and proteins, thus participating in various cell functions (10).
Besides, SENP2 is also regarded as an anti-oncogene in several
cancers. For instance, it is proposed that SENP2 overexpression
restores the sensitivity to doxorubicin in doxorubicin-resistant
breast cancer cells and suppresses the nuclear factor-kB (NF-kB)
pathway (11). Meanwhile, in bladder cancer cells, a previous study
suggests that SENP2 overexpression inhibits the transforming
growth factor-b (TGF-b) pathway and the subsequent epithelial–
mesenchymal transition (EMT), thus suppressingcell invasion (12).
Moreover, an interesting study discloses that overexpression of
SENP2 suppresses the progression of gastric cancer through
stabilizing the N-Myc downstream-regulated gene 2 (13).
However, few studies have been performed to explore the effect of
SENP2 on the progression of HCC. Only two previous studies
propose that SENP2 reduces the proliferation ofHCC cells through
modulating b-catenin stability (14, 15), whereas whether SENP2
could affect stemness and sensitivity to targeted therapy in HCC
remains unclear.

In the present study, SENP2 modification was conducted in
HCC cell lines, followed by the detection of stemness, sorafenib
sensitivity, and the downstream pathway; besides, a
compensation experiment was subsequently performed to
validate its molecule mechanism, aiming to provide a potential
option for the treatment of HCC.
METHODS

Cells and Reagents
The cells and reagents used for this study are as follow THLE-3
(ATCC, USA), Hep3B (ATCC, USA), Li7 (RCB, Japan), Huh7
(RCB, Japan); BEGM Bullet Kit (Lonza, Switzerland); Eagle’s
Minimum Essential Medium (EMEM) (Hyclone, USA); RPMI-
2

1640medium(Hyclone,USA);Dulbecco’sModifiedEagleMedium
(DMEM) (Hyclone, USA); fetal bovine serum (FBS) (Hyclone,
USA); pcDNA-NCplasmid(Genepharma,China); pcDNA-SENP2
plasmid (Genepharma, China); pGPH1-NC plasmid
(Genepharma, China); pGPH1-SENP2 plasmid (Genepharma,
China); SC79 (MCE, China); pcDNA-CTNNB1 plasmid
(Genepharma, China); transfection reagent (Sangon, China);
Trizol (Beyotime, China); qPCR RT Kit (Toyobo, Japan); qPCR
Master Mix (Toyobo, Japan); RIPA buffer (Beyotime, China); BCA
kit (Beyotime, China); 4–20% precast gel (Willget, China);
nitrocellulose membrane (PALL, USA); BSA (Beyotime, China);
ECL kit (Beyotime, China); SENP2 antibody (1:2,000) (Invitrogen,
USA); protein kinase B (AKT) antibody (1:1,000) (Invitrogen,
USA); pAKT antibody (1:1,000) (Invitrogen, USA); glycogen
synthase kinase-3b (GSK3b) antibody (1:1,000) (CST, USA);
pGSK3b antibody (1:1,000) (CST, USA); b-catenin (CTNNB1)
antibody (1:1,000) (Invitrogen, USA); Sox2 antibody (1:1,000)
(CST; USA); Nanog antibody (1:1,000) (CST, USA); Oct4
(1:50,000) (Invitrogen, USA); pMEK1/2 antibody (1:1,000)
(Invitrogen, USA); MEK1/2 antibody (1:2,000) (Invitrogen,
USA); pERK1/2 antibody (1:1,000) (Invitrogen, USA); ERK1/2
antibody (1:2,000) (Invitrogen, USA); b-actin antibody (1:20,000);
Goat Anti-Mouse IgG (H+L) HRP antibody (1:100,000)
(Invitrogen, USA); cell counting kit-8 (Sangon, China);
Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
(DMEM/F12) (Gibco, USA); epidermal growth factor (EGF)
(PeproTech, USA); basic fibroblast growth factor (bFGF)
(PeproTech, USA); insulin (Sangon, China); Alexa Fluor 488-
linked CD133 antibody (1:50) (eBioscience, USA); and Matrigel
Basement Membrane Matrix (BD, USA).

SENP2 Expression in HCC Tissues and
Cells
A total of 10 paraffin sections of the HCC tumor and paired
adjacent noncancerous tissues were obtained after being
approved by the Ethics Committee of our institution. The
expression of SENP2 in tissues was determined by
immunohistochemistry (IHC) according to the methods
described in the previous study (16).

THLE-3 cells were cultured with BEGM Bullet Kit; Hep3B cells
were cultured with EMEM; Li7 and Huh7 cells were cultured with
RPMI-1640 and DMEM, respectively. All the culture medium was
supplemented with 10% FBS. The expression of SENP2 in cells was
evaluated by reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) and Western blot.

Cancer Stem Cell isolation and SENP2
Expression Evaluation
The Huh7 and Hep3B cells were collected and stained with Alexa
Fluor 488-linked CD133 antibody on ice for 30 min. Afterward,
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the CD133-positive (CD133+) cells were collected with a flow
cytometer (BD, USA) and defined as CSC. Meanwhile, the
normally cultured Huh7 and Hep3B cells were served as
normal control. The expression of SENP2 in CSC and normal
control was assessed by RT-qPCR and Western blot.

SENP2 Plasmid Transfection
The control and SENP2 overexpression (pcDNA-NC and
pcDNA-SENP2) plasmids, control, and SENP2 knockdown
(pGPH1-NC and pGPH1-SENP2) plasmids were transfected
into Huh7 and Hep3B cells with the application of transfection
reagent according to the manufacturer’s protocols. The cells were
categorized as pcDNA-NC, pcDNA-SENP2, pGPH1-NC, and
pGPH1-SENP2 groups, accordingly.

Compensation Experiment
The plasmids were transfected into Huh7 and Hep3B cells in the
presence of transfection reagent, and 4 mg/ml SC79 was added
and cultured with cells (17). Details of transfection and culture
condition were as follows: (a) Normal group, the cells were
cultured normally; (b) pcDNA-NC group, the cells were
transfected with pcDNA-NC plasmid; (c) pcDNA-SENP2
group, the cells were transfected with pcDNA-SENP2 plasmid;
(d) SC79 group, the cells were transfected with pcDNA-NC
plasmid and incubated with SC79; (e) pcDNA-SENP2 + SC79
group, the cells were transfected with pcDNA-SENP2 plasmid
and incubated with SC79; (f) pcDNA-CTNNB1 group, the cells
were transfected with pcDNA-CTNNB1 plasmid; (g) pcDNA-
SENP2 + pcDNA-CTNNB1 group, the cells were transfected
with pcDNA-SENP2 and pcDNA-CTNNB1 plasmids.
RT-qPCR
At 48 h after transfection, transfected cells were collected. Then,
the total RNA of cells (including CSC and non-transfected cells)
was extracted with Trizol. Next, 1 mg of total RNA was
transcribed into cDNA with the application of qPCR RT Kit.
After that, quantification was conducted by qPCR Master Mix,
and the thermal cycle was as follows: 95°C for 60 s, 1 cycle; 95°C
for 15 s, 61°C for 20 s, 40 cycles. Last, the result was calculated
with the 2−DDCt method with b-actin serving as the internal
reference. The primer sequences (5’-> 3’) were listed as follows:
SENP2 forward, TTGGAGCCTGGTGGTGATTG; SENP2
reverse, TGTTGAGGAATCTCGTGTGGTT; b-actin forward,
GGCACCACACCTTCTACAATGA, b-act in reverse ,
GGATAGCACAGCCTGGATAGC.

Western Blot
The cells were collected at 48 h after transfection. Thereafter,
cells (including CSC and non-transfected cells) were lysed by
RIPA buffer and the total protein was quantified by BCA kit.
Then 20 mg of protein was separated by 4%–20% precast gel and
transferred to nitrocellulose membrane. The membrane was then
blocked with 5% BSA for 1.5 h at 37°C. After blocking, the
membrane was incubated with diluted primary antibodies at 4°C
overnight, then incubated with secondary antibody at 37°C for
2 h. Last, the protein bands were developed with an ECL kit.
Frontiers in Oncology | www.frontiersin.org 3
Transwell Assay
The transwell assay was carried out at 48 h post transfection. The
transwell chamber (Corning, USA) was pre-coated with Matrigel
Basement Membrane Matrix at 37°C for 1 h. Then, 6 × 104 cells in
200ml of FBS-free EMEMorRPMI1640mediumwere added in the
transwell chamber. The lower chamber was filled with 500 ml of
EMEM or RPMI1640 medium containing 10% FBS. After
incubation for 24 h at 37°C, the non-invasive cells were wiped
out. Meanwhile, the invasive cells were fixed with 4%
paraformaldehyde and stained with 0.1% crystal violet. Last, the
images were captured by an inverted microscope (Nikon, Japan).

Scratch Wound Assay
At 48 h after transfection, scratch wound assay was conducted. A
wound was scratched after the cells reach 80% confluence. Then,
the cells were cultivated at 37°C for 24 h. The photos were taken
by an inverted microscope (Nikon, Japan) at 0 h and 24 h after
the wound was scratched. The wound area was analyzed by
Image‐Pro Plus 6.0 (Media Cybernetics, USA).

Sorafenib Sensitivity
At 48 h after transfection, the cells were harvested and seeded
into a 96-well plate. Then, sorafenib solutions with a
concentration of 0, 0.5, 1, 2, 4, and 8 mM were added and
incubated with cells for another 24 h or 72 h. Last, the cells were
incubated for 2 h in 100 ml of EMEM or RPMI1640 medium
mixing with 10 ml of cell counting kit-8 reagent. Subsequently,
the optical density (OD) value at 450 nm was evaluated by a
microplate reader (BioTek, USA). The relative cell viability was
calculated with an OD value of 0 mM setting as 100%. The IC50 of
cells was evaluated by prohibit regression analysis.

Flow Cytometry
The proportion of CD133+ cells was evaluated at 48 h after
transfection. In brief, the cells were collected and counted. Then
1 × 105 cells in 100 ml of buffer were stained with Alexa Fluor
488-linked CD133 antibody on ice for 30 min. Finally, the cells
were analyzed with a flow cytometer (BD, USA).

Sphere Formation Assay
The sphere formation was carried out at 48 h post-transfection.
The cells were harvested, counted, and re-suspended. Next, cells
with a number of 1,000 were seeded into an ultra-low attachment
24-well plate and cultured for 10 days in a sphere formation
medium. The sphere formation medium was DMEM/F12
containing 20 ng/ml EGF, 10 ng/ml bFGF, and 5 mg/ml
insulin. After culture, the number of spheres with a diameter
larger than 50 mm was counted with an inverted microscope
(Nikon, Japan), and the diameter of the sphere was evaluated.

Statistical Analysis
GraphPad Prism 7.02 (GraphPad Software Inc., USA) was
applied to analyze data and plot graphs. All data in this study
were expressed as mean ± standard deviation (SD). Unpaired
t-test, one-way ANOVA, Dunnett’s multiple comparison, and
Tukey’s multiple comparison were used to assess the difference
between two groups or among groups. The prohibit regression
December 2021 | Volume 11 | Article 773045
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analysis was performed by SPSS Software 23.0 (IBM, USA). The
statistical significance was defined as p < 0.05.
RESULTS

SENP2 Expression
SENP2 expression in HCC tumor tissues and adjacent tissues
was detected by IHC (Figure 1A), which revealed that SENP2
IHC score was reduced in tumor tissues compared with adjacent
Frontiers in Oncology | www.frontiersin.org 4
tissues (p < 0.05) (Figure 1B). Meanwhile, the level of SENP2
was also decreased in HCC cell lines (including Hep3B, Li7, and
Huh7) compared to the THLE-3 cell line (all p < 0.05)
(Figures 1C–E). Since SENP2 was dramatically decreased in
Hep3B and Huh7 cells, these two cells were selected for further
experiments. Moreover, the CSCs of Huh7 and Hep3B cells were
isolated for SENP2 expression detection, which revealed that the
level of SENP2 was downregulated in CSCs of Huh7 and Hep3B
cells compared with normal Huh7 and Hep3B cells, respectively
(all p < 0.05) (Figures 1F–H).
A B

C D E

F G H

FIGURE 1 | Detection of SENP2 expression. Representative images of SENP2 expression detection by IHC assay in HCC tumor and adjacent tissues (A). Comparison of
SENP2 IHC score between HCC tumor and adjacent tissues (B). Comparison of SENP2 mRNA expression among the THLE-3 cell line and HCC cell lines (C). Detection of
SENP2 protein expression by Western blot in the THLE-3 cell line and HCC cell lines (D). Comparison of SENP2 protein expression among the THLE-3 cell line and HCC
cell lines (E). Comparison of SENP2 mRNA expression between normal HCC cells and HCC CSCs (F). Detection of SENP2 protein expression by Western blot in normal
HCC cells and HCC CSCs (G). Comparison of SENP2 protein expression between normal HCC cells and CSCs of HCC CSCs (H). SENP2, Small ubiquitin-like modifier
specific peptidase 2; IHC, immunohistochemical; HCC, hepatocellular carcinoma; CSC, cancer stem cell; *p < 0.05; **p < 0.01; ***p < 0.001.
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SENP2 Regulated Stemness and
Sensitivity to Sorafenib in HCC Cell Lines
In order to explore the regulation of SENP2 on stemness,
sorafenib sensitivity, and the downstream targets, plasmid
transfection was conducted in Huh7 and Hep3B cells; the
efficiency of plasmid transfection was assessed by RT-qPCR
and Western blot (Supplementary Figures 1A–C). The
subsequent CCK-8 assay revealed that SENP2 overexpression
enhanced sensitivity to sorafenib, while SENP2 knockdown
reduced that in Huh7 cells and Hep3B cells (all p < 0.05)
(Figures 2A, B). Moreover, SENP2 overexpression reduced the
proportion of CD133+ cells and sphere formation ability, while
SENP2 knockdown showed the opposite effect in Huh7 and
Hep3B cells (all p < 0.05), whereas SENP2 overexpression or
knockdown showed little effect on sphere size (all p > 0.05)
(Figures 3A–E). Besides, SENP2 overexpression also reduced the
expression of stemness markers Sox2, Nanog, and Oct4, and
decreased cell migration and invasion, but SENP2 knockdown
presented the opposite effects in Huh7 and Hep3B cells (all p <
0.05) (Supplementary Figures 2A–F).
Frontiers in Oncology | www.frontiersin.org 5
SENP2 Inactivated AKT/GSK3b/CTNNB1
Signaling in HCC Cell Lines
The potential downstream signaling pathway of SENP2 was
evaluated by Western blot, which revealed that SENP2
overexpression decreased the phosphorylation of AKT and
GSK3b, as well as CTNNB1 expression in both Huh7 and
Hep3B cells; in contrast, SENP2 knockdown increased the
phosphorylation of AKT and GSK3b, as well as CTNNB1
expression in Huh7 and Hep3B cells (all p < 0.05)
(Figures 4A, B). Besides, SENP2 overexpression promoted the
phosphorylation of MEK and ERK, while SENP2 knockdown
reduced that (all p < 0.05) (Supplementary Figures 2A, B).

AKT/GSK3b/CTNNB1 Signaling Was
Necessary for the Regulation of SENP2 on
Stemness and Sorafenib Sensitivity in
HCC Cell Lines
In order to clarify whether SENP2 regulated stemness and
sensitivity to sorafenib through AKT/GSK3b/CTNNB1
signaling in HCC cell lines, compensation experiments were
A

B

FIGURE 2 | Sorafenib sensitivity after plasmid transfection. Relative cell viability under different doses of sorafenib treatment for 24 h and comparison of IC50 value of
sorafenib treatment for 24 h among groups in Huh7 and Hep3B cells after transfection (A). Relative cell viability under different doses of sorafenib treatment for 72 h
and comparison of IC50 of sorafenib treatment for 72 h among groups in Huh7 and Hep3B cells after transfection (B). SENP2, Small ubiquitin-like modifier specific
peptidase 2; NC, negative control; IC50, half maximal inhibitory concentration.
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A B

C D

E

FIGURE 3 | Stemness after plasmid transfection. Comparison of CD133+ cell proportion among groups in Huh7 and Hep3B cells after transfection (A).
Representative images of CD133+ cell proportion detection by flow cytometry assay (B). Comparison of sphere number among groups in Huh7 and Hep3B
cells after transfection (C). Representative images of sphere formation assay (D). Comparison of sphere size among groups in Huh7 and Hep3B cells after
transfection (E). SENP2, Small ubiquitin-like modifier specific peptidase 2; NC, negative control; CD133+, cluster of differentiation 133 positive; *p < 0.05;
**p < 0.01; NS, not significant.
A B

FIGURE 4 | AKT/GSK3b/CTNNB1 pathway after plasmid transfection. Detection of protein expressions by Western blot in Huh7 and Hep3B cells after transfection
(A). Comparison of pAKT/AKT, pGSK3b/GSK3b, and CTNNB1 expressions among groups in Huh7 and Hep3B cells after transfection (B). SENP2, Small ubiquitin-
like modifier specific peptidase 2; NC, negative control; AKT, protein kinase B; GSK3b, glycogen synthase kinase-3b; CTNNB1, b-catenin; *p < 0.05; **p < 0.01.
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conducted. Data revealed that SC79 (activator of AKT) treatment
or CTNNB1 overexpression did not affect SENP2 expression in
Huh7 and Hep3B cells (all p > 0.05) (Figures 5A–C). Meanwhile,
their regulation on the phosphorylation of AKT and GSK3b, as
well as CTNNB1 expression was explored by Western blot
(Figures 5B, C).

Further experiments disclosed that SC79 treatment or
CTNNB1 overexpression increased the proportion of CD133+

cells and sphere formation ability in Huh7 and Hep3B cells (all
p < 0.05) (Figures 6A–D). Meanwhile, SC79 treatment or
CTNNB1 overexpression compensated SENP2 overexpression-
induced decrease of CD133+ cell proportion and sphere
formation ability in Huh7 and Hep3B cells (all p < 0.05),
whereas sphere size was hardly affected by SC79 treatment or
CTNNB1 overexpression (all p > 0.05) (Figures 6A–E).

Moreover, the CCK-8 assay revealed that SC79 treatment or
CTNNB1 overexpression not only reduced sensitivity to
sorafenib, but also weakened SENP2 overexpression-induced
enhancement of sorafenib sensitivity in Huh7 and Hep3B cells
(all p < 0.05) (Figures 7A, B).
DISCUSSION

SUMOylation is a process of post-translational modification of a
protein by reversible conjunction of SUMO with selected
proteins, which is involved in various biological processes,
including cancer progression (18, 19). For instance, the
SUMOylation of flotillin-1 at lysine-51 and lysine-195 in
prostate cancer cells enhances the stabilization of Snail and
induces the upregulation of EMT-related genes, thus enhancing
the metastatic potential of prostate cancer (20). Another
Frontiers in Oncology | www.frontiersin.org 7
interesting study suggests that SUMOylation of AKT at lysine-
276 activates AKT, subsequently promoting cell proliferation and
migration in non-small cell lung cancer (21). Meanwhile, in
breast cancer cells, SUMOylation of monocarboxylate
transporter 4 at lysine-448 is critical for cell proliferation (22).
In HCC, it is also supposed that SUMOylation plays an essential
role in cancer progression. For example, the SUMOylation of
exportin-5 at lysine-125 promotes the proliferation, migration,
and invasion of HCC cell lines (23); Shp2, a key regulation of Ras/
extracellular signal-regulated kinase pathway, is SUMOylated at
lysine-590, thus facilitating xenografted tumor growth (24); and
suppressing of phosphoenolpyruvate carboxykinase
SUMOylation inhibits HCC xenografted tumor progression
(25). Therefore, it is reasonable to hypothesize that SENP2, as
an enzyme, inhibits SUMOylation and suppresses the
progression of several cancers, including HCC. However, few
studies investigate this issue. In the present study, it was revealed
that SENP2 was insufficiently expressed both in HCC tissues than
in adjacent non-cancerous tissues, and in HCC cell lines
compared with normal liver epithelial cells. Combining with
previous studies, it could be deduced that SENP2 was a tumor
suppressor in various cancers; however, studies should be further
conducted to verify this. Besides, since the staining of the whole
tissue sample might include other cells apart from HCC cells, it
might be necessary to conduct dual staining of HCC markers
(such as alpha-fetoprotein) combined with SENP2 to confirm the
level of SENP2 in HCC tissues. Moreover, the present study also
disclosed that SENP2 was lower in CSCs of HCC cells compared
to normal HCC cells. According to previous studies,
SUMOylation is a key regulator of HCC CSCs (26). Therefore,
as an inhibitor of SUMOylation, SENP2 was decreased in CSCs
of HCC cells.
December 2021 | Volume 11 | Article 773045
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FIGURE 5 | Protein and mRNA expressions in the compensation experiment. Comparison of SENP2 mRNA expression among groups in Huh7 and Hep3B cells in
the compensation experiment (A). Detection of protein expressions by Western blot in Huh7 and Hep3B cells in the compensation experiment (B). Comparison of
SENP2, pAKT/AKT, pGSK3b/GSK3b, and CTNNB1 expressions among groups in Huh7 and Hep3B cells in the compensation experiment (C). SENP2, Small
ubiquitin-like modifier specific peptidase 2; NC, negative control; AKT, protein kinase B; GSK3b, glycogen synthase kinase-3b; CTNNB1, b-catenin; *p < 0.05;
**p < 0.01; ***p < 0.001; NS, not significant.
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Cancer stemness refers to the stem-cell-like phenotype of
the cancer cells (27). It is widely accepted that stemness is
critical for cancer metastasis and recurrence and contributes to
drug resistance, thus directly resulting in a worse prognosis in
patients with cancer (28). In HCC, several factors have been
identified that are highly relevant to stemness, including p53
mutation, b-catenin mutation, and telomerase reverse
Frontiers in Oncology | www.frontiersin.org 8
transcriptase promoter mutation (28). Recently, it is also
proposed that SUMOylation plays a key role in HCC
stemness (29), which highlights the possibility of SENP2 as a
regulator for HCC stemness. Meanwhile, as mentioned earlier,
our study disclosed that SENP2 was decreased in CSCs of HCC
cells. Therefore, the effect of SENP2 on the stemness of HCC
cells was investigated. Following the plasmid transfection, the
A B

C

D

E

FIGURE 6 | Stemness in the compensation experiment. Comparison of CD133+ cell proportion (A) and sphere number (B) among groups in Huh7 and Hep3B
cells in the compensation experiment. Representative images of CD133+ cell proportion detection by flow cytometry assay (C) and sphere formation assay (D).
Comparison of sphere size among groups in Huh7 and Hep3B cells in the compensation experiment (E). SENP2, Small ubiquitin-like modifier specific peptidase 2;
NC, negative control; CTNNB1, b-catenin; CD133+, cluster of differentiation 133 positive; *p < 0.05; **p < 0.01; NS, not significant.
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flow cytometry, sphere formation, and scratch and invasion
assays, combined with detection of stemness markers by
Western blot revealed that the overexpression of SENP2
reduced, while the knockdown of SENP2 promoted the
stemness of HCC cell lines. Previous studies indicate that
SENP2 reduces the stability of b-catenin in HCC, which is a
key contributor to HCC stemness (14, 15). Subsequently, since
stemness is a vital contributor to drug resistance, the effect of
SENP2 on sensitivity to sorafenib was also investigated since
sorafenib is generally recommended for the treatment of
advanced HCC (8, 9). Data revealed that the overexpression
of SENP2 increased the sensitivity to sorafenib, while the
knockdown of SENP2 showed an opposite effect. These
findings highlighted the potential of SENP2 as a therapeutic
option for HCC. However, further experiments were needed to
verify the effect of SENP2 on sorafenib sensitivity in HCC-
bearing mice. Besides, identification of stemness using CD133
combined with CD44 or EpCAM could be conducted further.
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The AKT/GSK3b/CTNNB1 signaling pathway is critical for
the progression of several cancers, including HCC. AKT is a
serine threonine kinase activated by phosphoinositide 3-kinase
(30). Once phosphorylated, AKT translocates to various
sublocations of the cells and phosphorylates its downstream
targets, including GSK3b (30). Subsequently, pGSK3b activates
CTNNB1, which further promotes proliferation, migration,
invasion, and triggers drug resistance in HCC cells (31).
Besides, the AKT/GSK3b pathway is also highly involved in
the regulation of sorafenib sensitivity in HCC (32–34). More
importantly, it is proposed that SUMOylation participates in the
activation of AKT and CTNNB1 (21, 35). Therefore, it could be
deduced that SENP2 might regulate the stemness of HCC cells
through the AKT/GSK3b/CTNNB1 signaling pathway.
Although previous studies have revealed the regulation of
SENP2 on AKT and CTNNB1 (14, 36), whether it could exert
similar effects in HCC cell lines remained unclear. The present
study disclosed that the overexpression of SENP2 inhibited the
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FIGURE 7 | Sorafenib sensitivity in compensation experiment. Relative cell viability under different doses of sorafenib treatment for 24 h and comparison of IC50 value of
sorafenib treatment for 24 h among groups in Huh7 and Hep3B cells in the compensation experiment (A). Relative cell viability under different doses of sorafenib treatment
for 72 h and comparison of IC50 value of sorafenib treatment for 72 h among groups in Huh7 and Hep3B cells in the compensation experiment (B). SENP2, Small ubiquitin-
like modifier specific peptidase 2; NC, negative control; CTNNB1, b-catenin; IC50, half maximal inhibitory concentration.
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AKT/GSK3b/CTNNB1 signaling pathway, while the knockdown
of SENP2 presented a reverse effect. Furthermore, in the present
study, the compensation experiments disclosed that activating
AKT or overexpression of CTNNB1 promoted stemness,
reduced sorafenib sensitivity, and further attenuated the effect
of SENP2 overexpression on stemness and sorafenib sensitivity
in HCC cells, indicating that the AKT/GSK3b/CTNNB1
signaling pathway was essential for the regulation of SENP2 in
stemness and sensitivity to sorafenib in HCC cell lines.
Moreover, SUMOylation is also reported to regulate pathways
that associate with proliferation, migration, and invasion,
including the MEK/ERK pathway (37, 38). In the present
study, it was found that SENP2, an inhibitor of SUMOylation,
also suppressed the MEK/ERK pathway in HCC cell lines.
Besides, evaluating stemness markers, p-AKT, and b-catenin in
the HCC tissues might further verify our findings.

To be conclusive, SENP2 suppresses HCC stemness and
promotes its sensitivity to sorafenib through inactivating the
AKT/GSK3b/CTNNB1 signaling pathway, indicating that
SENP2 might be a potential treatment option for the
management of HCC.
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Supplementary Figure 1 | SENP2 expression after plasmid transfection.
Comparison of SENP2 mRNA expression among groups in Huh7 and Hep3B cells
after transfection (A); Detection of SENP2 protein expression by western blot in
Huh7 and Hep3B cells after transfection (B); Comparison of SENP2 protein
expression among groups in Huh7 and Hep3B cells after transfection (C). SENP2:
Small ubiquitin-like modifier specific peptidase 2; NC: negative control; **: p<0.01;
***: p<0.001.

Supplementary Figure 2 | Stemness markers, cell migration and invasion after
plasmid transfection. Representative images of stemness markers and MEK/ERK
pathway detection by western blot in Huh7 and Hep3B cells after transfection (A);
Comparison of Sox2, Nanog, Oct4, pMEK/MEK and pERK/ERK among groups in
Huh7 and Hep3B cells after transfection (B); Representative images of scratch
assay (C) and comparison of migration rate (D) among groups in Huh7 and Hep3B
cells after transfection; Representative images of invasion assay (E) and
comparison of invasive cell count (F) among groups in Huh7 and Hep3B cells after
transfection. SENP2: Small ubiquitin-like modifier specific peptidase 2; ERK:
extracellular signal-regulated kinases; MEK: mitogen-activated protein kinase/ERK
kinase; NC: negative control; *: p<0.05; **: p<0.01.
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