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Abstract
This study aims to explore the molecular regulation mechanism of ubiquitination-specific protease 7 (USP7) in facilitating 
the stemness properties of hepatocellular carcinoma (HCC). Gain-of-function and loss-of-function assays were conducted in 
SK-Hep1 and HepG2 cells transfected with USP7 overexpression/knockdown plasmids and USP7 inhibitor P22077. The pro-
liferation, migration, invasion, and self-renewal capacity of hepatocellular carcinoma cells were detected by CCK-8, colony 
formation, Transwell, scratch, and tumor sphere formation, respectively. MS was performed to identify the potential substrate 
of USP7 following P22077 treatment. Co-IP assay was used to verify the interaction between USP7 and basic transcription 
factor 3 (BTF3) in HCC cells. The overexpression of USP7 could promote the proliferation, migration, invasion, and colony 
formation capacity of SK-Hep1 and HepG2 cells. Additionally, ectopic UPS7 enhanced the epithelial-mesenchymal transition 
(EMT) and stem-like characteristics of the HCC cells. In contrast, USP7 depletion by knockdown of USP7 or administrating 
inhibitor P22077 significantly inhibited these malignant phenotypes of SK-Hep1 and HepG2 cells. Following MS analysis, 
BTF3 was identified as a potential substrate for USP7. USP7 could interact with BTF3 and upregulate its protein level, while 
USP7 depletion significantly upregulated the ubiquitination levels. Overexpression of BTF3 partially rescue the inhibitory 
effects of USP7 depletion on the malignant phenotypes and stemness properties of SK-Hep1 and HepG2 cells. USP7 can 
promote the stemness and malignant phenotype of HCC by stabilizing BTF3.
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Introduction

Hepatocellular carcinoma (HCC) is a common malignant 
tumor with a high fatality rate worldwide (Siegel et al. 
2023). Currently, surgical resection and chemotherapy are 
common treatments for liver cancer. However, only 5–15% 
of patients at early stages can be benefit from surgery 
(Anwanwan et al. 2020). By decades, increasing therapeutic 
methods have been applied in clinic, including immunother-
apy, transhepatic arterial chemotherapy and embolization 
(TACE), and targeted therapy. Due to the high heterogene-
ity, the efficacy of current therapeutic strategies is limited 
(Bruix et al. 2014). Therefore, it is of great importance to 
identifying novel targets and therapeutics for liver cancer.

Numerous studies have suggested cancer stem cells 
(CSCs) as the main culprits of recurrence and metastasis 
for liver cancer (Fang et al. 2022). With the potential of 
self-renewal and differentiation, CSCs play a decisive role 
in cancer recurrence and metastasis (Atashzar et al. 2020; 
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Liu et al. 2020). In addition, CSCs facilitate drug resist-
ance and metastasis characteristics, which may be the main 
reason leading to poor therapy efficacy and high recurrence 
rate of liver cancer (Najafi et al. 2019). Previous studies 
have shown that CSCs have abnormally expressed markers, 
including sex-determining regions Y-box 2 (SOX-2), SOX9, 
and octamer-bound transcription factor 4 (OCT-4) (Chen 
et al. 2016). Epithelial-mesenchymal transformation (EMT) 
is a hallmark of CSC, which is associated not only with 
cancer invasion and drug resistance, but also with stemness 
(Celia-Terrassa and Jolly 2020). Therefore, understanding 
the biological functions and molecular regulatory mecha-
nisms of liver cancer CSCs can provide a robust therapeutic 
strategy for the treatment of liver cancer.

Ubiquitination is a common post-translation modifica-
tion, including ubiquitination and deubiquitination. Deubiq-
uitination modification enzymes include ubiquitin-specific 
protease (USP), ubiquitin-C-terminal hydrolase (UCH), 
ovarian tumor protease (OTU), Machado-Joseph domain 
protease (MJDs), and JAMM/MPN domain-related metal 
isopeptidase (JAMM) (Mevissen and Komander 2017). 
Of them, the USP family is a major member of DUBs, and 
various studies have suggested that the USP family has been 
involved in multiple malignancies. Ubiquitin-specific pro-
tease 7 (USP7) is a deubiquitination enzyme (DUB), which 
has been reported to play a promoting role in the tumor pro-
gression (Fan et al. 2013; Zhao et al. 2015). For instance, 
USP7 promoted proliferation and invasion of head and neck 
squamous cell cancer cells by removing the K48-connected 
ubiquitination chain of Hippo signal effector TAZ (Li et al. 
2022). USP7 rendered resistance of pancreatic cancer cells 
to PARP inhibitors by deubiquitinating fructose-1, 6-diphos-
phatase 1 (Cheng et al. 2022). Our previous studies have 
found that FEN1-regulated USP7 could inactivate P53 path-
way by stabilizing MDM2, thereby promoting the develop-
ment of liver cancer (Bian et al. 2022). However, the role 
and regulatory mechanisms of USP7 in liver cancer have not 
been fully elucidated. In this study, we further investigated 
the role and underlying mechanisms of USP7 in maintaining 
the malignant phenotype and stemness of liver cancer cells, 
providing new targets for the treatment of liver cancer.

Materials and methods

Cell lines and cell culture

SK-Hep1 (catalog number, #ZQ0030) and HepG2 
(#ZQ0022) were purchased from Zhong Qiao Xin Zhou 
Biotechnology (Shanghai, China). Cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM; HyClone, 
CA, USA) medium supplemented with 10% fetal bovine 
serum (FBS; Gibco, CA, USA) and penicillin/streptomycin 

at 37 °C under the condition of 5% CO2. For cell transfec-
tion, cells were incubated in the 6-well plate at the density 
of 5 × 103 cells/well. Subsequently, BTF3 overexpression 
plasmids (pCDNA3.1-FLAG-USP7; TransheepBio-Tech, 
Shanghai, China) or knockdown SgRNAs were transfected 
into cell lines by using Lipofectamine 3000 reagent (Invit-
rogen, CA, USA) according to the manufacturer’s instruc-
tions. The sequence of knockdown group was listed as fol-
lows: Kd-USP7#1, F-ccgGGG​AAT​GTG​GCC​CTG​AGT​GA, 
R-aacTCA​CTC​AGG​GCC​ACA​TTC​CC, and Kd-USP7#2, 
F-ccgGGT​GTT​GTG​TCC​ATC​ACT​CA, R-aacTGA​GTG​ATG​
GAC​ACA​ACA​CC.

Quantitative real‑time PCR

Cells treated with RNA-easy Isolation Reagent extrac-
tion solution were collected. Total RNA of each group was 
extracted through TRIzol (Invitrogen, USA) according to the 
manufacturer’s instructions, then RNA concentration and 
quality were detected, and RNA was reverse-transcribed into 
cDNA using TaKaRa PrimeScript RT regent kit (TaKaRa, 
Japan). RT-qPCR was conducted by using The Fast SYBR 
Green Master Mix (Applied Biosystems Inc., MA, USA) 
according to the manufacturer’s instructions. The condition of 
PCR was set as follows: 30-s polymerase activation at 95 °C 
and 40 cycles at 95 °C for 5 s, followed by 60 °C for 30 s. 
The glyceraldehyde phosphate dehydrogenase (GAPDH) was 
used as a loading control and the relative expression level of 
target gene was calculated using the 2−ΔΔCt method.

CCK‑8 assay

The cell proliferation were detected by Cell Counting Kit-8 
assay (CCK-8; Dojindo Laboratories, Kumamoto, Japan) 
according to the manufacturer’s protocols. The resuspen-
sion HCC cells (1 × 103 cells/well) treatment were cultured 
in 96-well plates according to the experimental requirements 
(overexpression and P22077) at 37 °C for 24 h, 48 h, and 72 h; 
100 µL of CCK-8 reagent prepared by the substrate was added 
to each sample. Then the reaction was finished after 37 °C for 
2-h culture. Finally, the absorbance of each sample at OD450 
well were detected by a microplate reader (BioTeK, CA, 
USA). The assay was independently repeated for three times.

Colony formation assay

According to the experimental requirements, the treated 
cells were inoculated into a 6-well plate with 0.5 × 103 cells 
per well, and the plate was shaken to make the cells evenly 
distributed. After 14 days of culture at 37 °C, the cells were 
fixed with 4% paraformaldehyde solution for 45 min, and 
stained with crystal purple for 5 min. Finally, the staining 
solution was washed away and photographed for counting.
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Fig. 1   USP7 enhanced the malignant phenotype of HCC cells. 
A–E The malignant phenotypes of SK-Hep1 and HepG2 cells were 
detected by CCK-8, clone formation, scratch, and Transwell assays, 

respectively. F The protein levels of EMT-related markers were 
detected by Western blot, including N-cadherin, E-cadherin, and 
Vimentin. *P < 0.05, **P < 0.01
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Cell scratch assay

According to the experimental requirements, the treated 
cells were inoculated into a 6-well plates and cultured in 
a 37 °C constant temperature incubator. When the growth 
and fusion rate of the cell reached 100%, a straight line was 
drawn with a 10-µL pipette head perpendicular to the plate, 
and the crossed cells were washed and added to serum-free 
medium for culture. Cell mobility was calculated at 0 h, 
24 h, and 48 h. The relative distance (RD) of each group 
was calculated with the equation: RD = (D0 h − D24 h) ⁄ D0 h.

Transwell assay

Transwell assays were performed to test the effects of USP7 
inhibitor P22077/overexpression on migration. First, 4 × 104 
cells were pre-suspended in serum-free medium and plated 
in the Transwell inserts (Corning, CA, USA) for migration 
assay. Second, the complete culture medium was placed 
in the lower chamber. Following incubation for 24 h, after 
removing the upper layer of uninvaded cells, the cells were 
fixed by 4% paraformaldehyde and stained with crystal vio-
let. After carefully rinsed with pure water, the migration 
cells were observed under a microscope in at least 3 fields 
for each sample, photographed, and counted.

Sphere formation assay

Treated suspension cells (1 × 103 cells/well) were inoculated 
into a 24-well ultra-low adhesion plate and cultured in stem 
cell medium (supplemented with B27 supplement, 27 ng/mL 
EGF, and 20 ng/mL bFGF serum-free RPMI1640 medium). 
After 7–10 days of cultivation in a 5% CO2 incubator at 37 °C, 
the tumor was observed under a microscope and photographed. 
Moreover, the size of the tumor was measured using ImageJ 
software and the number of sphere globules was counted.

Western blot

The collected cells were treated with RIPA lysis solution, 
and total proteins were extracted from the cells according to 
the operating requirements instructions of the kit. During the 
experiment, the corresponding amount of target protein was 
added into the sample hole of SDS-PAGE gel. After SDS-
PAGE gel electrophoresis, the isolated protein was electri-
cally transferred to the cellulose nitrate membrane (PVDF 

membrane) by the rotating mold device. Then the protein-
loaded PVDF membrane was immersed in 5% skimmed 
milk powder and sealed for 2 h at room temperature. The 
appropriate concentration of primary antibody was added 
and incubated overnight at 4 °C. On the second day, the 
antibody was rinsed with TBS for three times and incubated 
with the secondary antibody for 2 h at room temperature. 
Finally, the bands were detected by enhanced chemilumi-
nescence (ECL) kit (Millipore, CA, USA), with GAPDH as 
the internal reference.

Co‑immunoprecipitation

The cells in a good growth state were added with appropriate 
amount of lysate. Then the cells were scraped off and contin-
ued cracking strictly on the ice for 20 min. The protein lysate 
was sucked out and added to the pre-cooled 1.5-mL EP tube. 
The appropriate proportion of Protein A + G magnetic beads 
was aspirated and added to the lysate, and then placed on the 
vertical rotary instrument for 3 h at 4 °C. Then, the rotated 
cracking solution was centrifuged at 1200 rpm for 5 min, 
and the supernatant was absorbed and added to a new EP 
tube. Meanwhile, 50 µL of the supernatant was taken as the 
input group control and temporarily stored at − 20 °C. As a 
result, the remaining supernatant was evenly divided into 
two parts, and appropriate proportions of target molecular 
antibodies and IgG antibodies were added, respectively. 
After overnight rotation at 4 °C, Protein A + G magnetic 
beads were added to the cracking solution again, and then 
rotated at 4 °C for 2.5 h. After being placed in the centrifuge 
at 1200 rpm again for 5 min, the supernatant was aspirated 
and washed twice with 1 mL of cracking solution. Finally, 
5 × loading buffer was added and the supernatant of input 
group was removed. The corresponding loading buffer was 
added, mixed well and boiled in water bath for 10 min, and 
then stored at − 80 °C for subsequent experiments.

Ubiquitination and immunofluorescence assay

For the ubiquitination assays, P22077 (S7133, Selleck 
Chem, USA, concentration, 10 µM, 20 μM) treated SK-
Hep1 cells for 24 h. Eight hours before collecting, 20 µM 
of MG132 was added for the suppression of proteasome-
dependent protein degradation. Then, cells were collected 
and lysed for IP and IB assays. The quantitative analysis was 
performed by ImageJ based on the relative protein expres-
sion normalized to GAPDH. For the immunofluorescence 
assay, cells were fixed and permeabilized by 4% formalde-
hyde and 0.25% Triton X-100, then blocked with 1% BSA 
for 1 h at room temperature. After 12 h of incubation with 
the primary antibodies diluted with 1% BSA, cells were 

Fig. 2   The USP7 inhibitor P22077 reduces the malignant phenotype 
of HCC cells. A–D The effects of USP7 knockdown and USP7 inhib-
itor P22077 on HCC cells were detected by CCK-8, colony forma-
tion, scratch, and Transwell experiments, respectively. E EMT-related 
markers were detected by Western blot in SK-Hep1 and HepG2 cell 
lines. *P < 0.05, **P < 0.01, and ***P < 0.001

◂
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washed and probed with secondary antibodies (ABclonal 
Technology) and DAPI (CST), following by fluorescence 
microscope.

Statistical analysis

In this study, all data were collated and analyzed using IBM 
SPSS19.0, GraphPad Prism 7.0 (CA, USA) and R software. 
All data were derived from at least three repeated experi-
ments. The comparative analysis between the two groups of 
data was conducted by Student’s test. Comparisons between 
multiple sets of data were analyzed using ANOVA. P value 
less than 0.05 was considered statistically significant.

Result

USP7 promotes the malignant phenotypes of HCC 
cells

In order to investigate the effect of USP7 on the malig-
nant phenotype of hepatocellular carcinoma cells, we 
transfected USP7 overexpression plasmid (OE-USP7) 
into SK-Hep1 and HepG2 cell lines to construct gain-of-
function assays. Subsequently, CCK-8, clone formation, 
scratch, and Transwell tests were used to detect the prolif-
eration, migration, and invasion ability of hepatoma cells. 
The results showed that the activities of HCC cells in OE-
USP7 group were significantly enhanced in contrast to the 
control group (Fig. 1A–E). Western blot results showed 
that overexpression of USP7 significantly increased the 
protein expressions of N-cadherin and Vimentin, with the 
downregulated levels of E-cadherin (Fig. 1F). These data 
indicated that USP7 promoted the malignant phenotypes 
and EMT process of HCC cells.

Low expression of USP7 reduces the aggressive 
behaviors of HCC cells

To further demonstrate the effects of USP7 on the malignant 
phenotype of hepatocellular carcinoma cells, SK-Hep1 and 
HepG2 cells were treated with USP7 inhibitor P22077 at gra-
dient concentrations of 0 μM, 10 μM, and 20 μM, as well as 

genetic depletion of USP7. As shown in Fig. 2A–D, pharma-
cological or genetic depletion of USP7 could inhibit the pro-
liferation, migration, and invasion capacity of SK-Hep1 and 
HepG2 cells. Consistent with the observation above, EMT 
process was also hindered by P22077 treatment or knock-
down of USP7 in SK-Hep1 and HepG2 cells, characterized 
by downregulation of N-cadherin/Vimentin and upregula-
tion of E-cadherin (Fig. 2E). These data also suggested that 
pharmacological or genetic depletion of USP7 could inhibit 
the EMT process and aggressive behaviors of HCC cells.

USP7 upregulates the stem‑like properties of HCC 
cells

Subsequently, the effects of abnormal USP7 expression on 
hepatocellular carcinoma cell stem cell properties were ana-
lyzed. The tumor sphere formation assay showed that the 
stem cell-like properties of HCC cells were significantly 
enhanced with USP7 overexpression. In contrast, with the 
administration of USP7 inhibitor P22077, the self-renewal 
capacity of SK-Hep1 and HepG2 cells was dramatically 
reduced (Fig. 3A and B). Western blot data showed that 
USP7 overexpression promoted the expression of OCT4, 
SOX2, and SOX9 proteins, while knockdown of USP7 or 
P22077 administration inhibited the expression of OCT4, 
SOX2, and SOX9 proteins (Fig. 3C and D).

BTF3 is a potential substrate for USP7

USP7 is a deubiquitination enzyme that commonly plays cru-
cial roles by stabilizing substrates. To further investigate the 
potential mechanisms, mass spectrometry was performed to 
identify the differentially expressed proteins with statistical 
significance (fold change > 1 and P < 0.05) following P22077 
administration. Of them, BTF3, as a stemness/EMT-related 
protein correlated with HCC phenotypes, was chosen for 
further validations (Fig. 4A). Co-immunoprecipitation (Co-
IP) assay verified the interaction between USP7 and BTF3 
in SK-Hep1 cells (Fig. 4B). Consistently, co-localization of 
the two proteins could be observed by immunofluorescence 
(Fig. 4C). P22077 treatment significantly enhanced the ubiq-
uitination level of BTF3 in HCC cells (Fig. 4D). In addition, 
overexpression of USP7 significantly upregulated the expres-
sion of BTF3 protein, while knockdown group and P22077 
inhibitor group significantly inhibited the level of BTF3 pro-
tein (Fig. 4E and F). However, quantitative real-time PCR 
(qRT-PCR) results showed that there was no significant dif-
ference of BTF3 mRNA levels in SK-Hep1 and HepG2 cells 
with USP7 overexpression/knockdown or P22077 treatment 
(Fig. 4G and H). Subsequently, the protease inhibitor MG132 
could rescue the BTF3 expression downregulated by USP7 
knockdown group or P22077 administration in SK-Hep1 and 
HepG2 cells, and this phenomenon was reversed (Fig. 4I). 

Fig. 3   USP7 upregulates stem-like properties of HCC cells. A and 
B Tumor sphere formation assay was conducted in SK-Hep1 and 
HepG2 cells with USP7 overexpression or P22077. C Western blot 
assay was performed to detect the expression of stemness-related 
markers in SK-Hep1 and HepG2 cells. D Western blot assay was 
performed to detect the expression of stemness-related markers fol-
lowing knockdown of USP7 or P22077 treatment in SK-Hep1 and 
HepG2 cells. *P < 0.05, **P < 0.01, and ***P < 0.001

◂
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The results above indicated that BTF3 might be a potential 
substrate of USP7 in HCC cells.

USP7 upregulates the malignant phenotype 
and stemness of HCC cells via BTF3

To further analyze the role of USP7-BTF3 axis in regulating 
malignant phenotypes of HCC cells, we conducted rescue 
assays in SK-Hep1 and HepG2 cell lines. Compared with 
the control group, P22077 significantly inhibited the pro-
liferation, migration, invasion, and EMT of SK-Hep1 and 
HepG2 cells, while BTF3 overexpression restored the aggres-
sive behaviors of HCC cells (Fig. 5A–C). In addition, BTF3 
significantly rescued the self-renewal ability of HCC cells, 
which was impaired by P22077 (Fig. 5D). Consistently, west-
ern blot assay showed that overexpression of BTF3 restored 
the expression of EMT markers and stemness-related mark-
ers (Fig. 5E and F). It suggests that USP7 facilitated HCC 
phenotypes by stabilizing BTF3 protein (Fig. 6).

Discussion

Liver cancer is one of the leading causes of death worldwide. 
Although great progress has been made in the treatment of 
liver cancer, the effective approaches remain limited due to 
the heterogeneity of liver cancer. As a result, relapse and 
metastasis are still the difficulties in the treatment of liver 
cancer. In recent years, the CSC has been recognized as play-
ing an important role in chemical resistance, recurrence, and 
metastasis of various cancers. Therefore, identifying novel 
signaling pathways that regulate cancer cell stemness may 
enhance the efficacy of cancer therapy. In this study, we found 
that USP7 could promote the proliferation, migration, inva-
sion, and EMT of liver cancer cells; increase the self-renewal 
ability of liver cancer cells; and promote the expression of 
stem markers like OCT4, SOX2, and SOX9. The observa-
tions above suggest that USP7 might play an important role 
in facilitating the stemness of liver cancer cells.

Some studies have shown that liver cancer originates 
from liver stem cells in adult liver tissue. Moreover, these 
cells in the liver with stem cell properties are often referred 
to as liver cancer stem cells. Current treatments for liver 
cancer include intravenous chemotherapy, arterial emboli-
zation, surgical resection, local radiotherapy, and radiofre-
quency ablation. Although the therapeutics shown positive 
efficiency for improving the prognosis of HCC patients, the 
overall outcome remains dismal due to the failure in elimi-
nating liver cancer stem cells (Walcher et al. 2020). CSCs 
are defined by several markers that may represent poten-
tially important therapeutic targets that may have impor-
tant functions for CSCs, making them more attractive as 
therapeutic targets. OCT4 is one of the stem cell factors 
necessary for embryogenesis and pluripotency. Also, OCT4 
is highly expressed in CSCs of various cancers. Although 
most CSC-related studies have reported that OCT4 expres-
sion is associated with chemotherapy resistance and clinical 
prognosis (Mohiuddin et al. 2020), increasing evidence sug-
gest that OCT4 and SOX2 are core factors in the network of 
pluripotent genes involved in the induction, maintenance, 
and loss of pluripotent genes (Li and Belmonte 2017). 
Overexpression of SOX9 increased the self-renewal ability 
of glioma cells and induces the formation of more tumors 
(Garros-Regulez et  al. 2016). The results of this study 
confirmed that USP7 significantly enhanced the expres-
sion of OCT4, SOX2, and SOX9, as well as promoted the 
self-renewal ability of HCC cells. In contrast, its inhibitor 
P22077 or knockdown of USP7 significantly inhibited these 
phenotypes. It is supposed that P22077 is a robust targeted 
therapy agent. As is known, P22077 could also inhibit the 
activity of USP47, which plays an essential role in liver 
regeneration. However, the association between USP47 
and HCC remain unclear. Additionally, another important 
property of CSCs is their high capacity of invasive and 
metastasis, which are implicated in the EMT processes. 
During EMT, epithelial cells transdifferentiate and lose 
their transverse connections with maintaining mesenchy-
mal phenotypes (Grunert et al. 2003). Therefore, these cells 
play an important role in the invasive and migrate processes 
of cancer cells (Dongre and Weinberg 2019). In this study, 
USP7 could play a promoting role in the process of EMT, 
characterized as upregulated protein levels of N-cadherin/
Vimentin, and downregulated E-cadherin expression. Stud-
ies have reported that EMT and CSCs are the main factors 
boosting cancer cell metastasis, and the proteins or signal-
ing pathways involved in regulating these two processes 
are the promising therapeutic targets for the treatment of 
metastasis (Babaei et al. 2021).

Protein ubiquitination regulates a variety of cellular 
biological processes, such as protein degradation, tran-
scriptional activation or inhibition, and immune sign-
aling transduction pathways, by affecting the stability, 

Fig. 4   Identifying BTF3 as a potential substrate of USP7. A Mass 
spectrometry analysis identified BTF3 as a potential substrate of 
USP7. B Co-IP assay was conducted to validate the interaction 
between BTF3 and USP7. C The ubiquitination level of BTF3 was 
evaluated in HCC cells treated by P22077. D The co-localization of 
USP7 and BTF3 was detected by immunofluorescence in SK-Hep1 
and HepG2 cells. E Western blot assay was performed to detect 
expression at protein level after overexpression USP7 in SK-Hep1 
and HepG2 cells. F Western blot assay was performed to detect USP7 
and BTF3 expression at protein level following knockdown of USP7 
or P22077 treatment. G and H qRT-PCR was performed to detect 
BTF3 expression at mRNA levels in SK-Hep1 and HepG2 cells. I 
Western blot assay was conducted to investigate the effects of MG132 
on BTF3 expression with P22077 treatment or USP7 knockdown. 
*P < 0.05, **P < 0.01, and ***P < 0.001; NS, no significance

◂
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localization, and function of substrate proteins (Naka-
mura 2018). Deubiquitinases (DUBs) are divided into 
five subfamilies. In addition, USP family is the most 
abundant DUBs in all subfamilies. An increasing number 
of studies have found that USP is involved in the occur-
rence and development of cancer. For example, USP2 
is characterized as an oncogene by stabilizing various 
oncoproteins (Zhao et al. 2018). USP10 and USP13 can 
guide the ubiquitination of S-phase kinase-associated 
protein 2 (SKP2) and participate in the regulation of 
cancer development (Chen et al. 2011; Liao et al. 2019). 
Besides, Ching et al. have found that USP7 can stabilize 
E1B55K protein expression by interacting with E1B55K 
at N-terminal domain (Ching et al. 2013). USP7 is a DUB 
that can remove ubiquitin from the substrate, protect the 
substrate from degradation, and then release free ubiqui-
tin for cycloubiquitination reactions (Cheng et al. 2019). 
Moreover, overexpression of USP7 accelerates HCC 
cell growth by forming a complex with thyroid hormone 
receptor interacting protein 12 (TRIP12) and stabilizing 
its induction of constitutive p14 (ARF) ubiquitination 

(Cai et al. 2015). Previous studies found that USP7 was 
highly expressed in HCC tissues, and that high levels 
of USP7 can enhance the growth of HCC cells in vitro 
and in vivo. In this study, we further investigated the key 
substrate for the enhanced stemness futures induced by 
USP7. Following the analysis of mass, BTF3 was identi-
fied as a candidate substrate of USP7. Overexpression of 
USP7 increased the protein level of BTF3 with no obvious 
alterations at the mRNA level. However, protease inhibi-
tor MG132 could partially restore the inhibitory effects of 
P22077 or USP7 knockdown on the protein level of BTF3, 
as well as the aggressive behaviors of HCC cells. Taken 
above, USP7 can stabilize the expression of BTF3 pro-
tein through deubiquitination, and contribute to malignant 
phenotype, EMT, and self-renewal of HCC.

Although the current evidence is promising, this study has 
certain limitations. The effects of USP7 on the growth and 
metastasis of liver cancer were observed in vitro, while future 
studies should clarify the underlying roles in multiple models. 
In addition, the exact regulatory axis for USP7-BTF3 still 
needs further relevant molecular assays to verify and eluci-
date. Furthermore, the stem cells and EMT of cancer cells 
involve multiple signals, such as TGF-β signaling, WNT sign-
aling, Notch signaling, and other signaling pathways. It may 
provide novel targets for chemotherapy and even immuno-
therapy (Barbato et al. 2019; Patra et al. 2023). Further studies 
should also focus on the effects of USP7 on the multiple path-
way networks that synergistically facilitate HCC progression.

Fig. 5   USP7 upregulates the malignant phenotype and stemness of 
HCC cells via BTF3. A–C CCK-8, Transwell, and scratch assays 
were performed to evaluated the phenotypes of HCCs. D The tumor 
sphere formation assay was conducted to test the self-renewal capac-
ity of HCC cells. E and F Expression levels of EMT-related proteins 
and stemness markers in SK-Hep1 and HepG2 cells were detected by 
western blot. *P < 0.05, **P < 0.01, and ***P < 0.001

◂

Fig. 6   The mechanism graph of 
this study. USP7 could stabilize 
BTF3 expression via deubiquit-
inating functions in HCC cells, 
thereby promoting EMT process 
and cancer stem cell properties
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In summary, this study suggests that USP7 advance 
malignant phenotypes of HCC cells by stabilizing BTF3 
protein level, providing potential targets for HCC therapy.
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