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Abstract

Background: The malignant progression of hepatocellular carcinoma (HCC) is closely linked to the epithelial-mesenchymal
transition (EMT) process and cancer stem cells (CSCs) characteristics. Ubiquitin-specific protease 7 (USP7) is found to be elevated
in various tumors, but its molecular mechanism for regulating EMT and CSCs in HCC has not been fully elucidated.

Objectives: To investigate whether USP7 affects the EMT process and CSCs characteristics in HCC cells via regulation of the AKT/
B-catenin pathway.

Methods: Twenty-four Balb/c nude mice were randomly assigned to the OE-USP7, OE-NC, sh-USP7, or sh-NC groups using a
random number table method (n=6 mice in each group), and 200 pL of Huh-7 cell suspension transfected with OE-USP7, OE-NC,
sh-USP7, or sh-NC was injected into mice to establish the HCC model, respectively. The OE-NC group and sh-NC group served as
controls for the OE-USP7 and sh-USP7 groups, respectively. Blinding procedures were implemented throughout the experiment:
the researchers responsible for nude mouse feeding and tumor growth monitoring (measuring tumor volume weekly) were
blinded to the grouping information. On the 28th day, mice were euthanized, and the proliferation marker Ki-67 in tumors was
assessed by immunohistochemistry. Immunofluorescence and Western blot detected USP7 expression in THLE-2, HCCLM3, and
Huh-7 cells. Cell proliferation, migration, invasion ability, and stemness were examined through cell counting kit-8 (CCK-8),
Transwell, and sphere formation assays. Flow cytometry was utilized to analyze CSCs markers. Western blot detected AKT/B-
catenin pathway proteins, EMT markers, and stemness factors levels.

Results: Compared with normal hepatocytes, USP7 level in HCC cells was remarkably higher (P < 0.05). Overexpression of USP7
increased cell viability, globulation, and CSCs characteristics, and facilitated migratory invasion and EMT process in HCC cells,
while knockdown of USP7 inhibited the above phenotypes (P < 0.05). Overexpression of USP7 activated the AKT/B-catenin
pathway, but knockdown of USP7 blocked this pathway. PI3K inhibitors attenuated the enhancing impact of overexpression of
USP7 on the EMT process and CSCs characterization in HCC cells (P < 0.05). Additionally, knockdown of USP7 reduced both the
size and weight of tumor tissues in vivo, decreased the Ki67 positivity rate, and inhibited the EMT process and CSCs
characteristics.

Conclusions: USP7 enhances the properties of CSCs and promotes cell proliferation and EMT process in HCC cells through
regulation of the AKT/B-catenin pathway.
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Background prevalent malignant tumor (1, 2). Hepatocellular
carcinoma (HCC) represents the predominant form of
Liver cancer is the third most common cause of  liver malignancy, constituting approximately 90% of

cancer-related mortality globally and the sixth most primary liver cancer cases (3). Hepatocellular carcinoma
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exhibits significant heterogeneity, with nonspecific
early symptoms, insidious onset, and rapid progression.
Most patients are diagnosed at an advanced stage, and
tumor recurrence and metastasis are primary causes of
poor prognosis, resulting in a five-year survival rate
below 20% (4, 5). Although current tumor treatments
have made great progress, HCC is highly invasive, prone
to metastasis and recurrence, and its five-year survival
rate is still very low, only 10% (6-8). With their capacity
for differentiation and self-renewal, cancer stem cells
(CSCs) also exhibit strong invasive and migratory
features (9). The CSCs-like properties of HCC and
epithelial-mesenchymal transition (EMT) are not only
major drivers of tumor heterogeneity, but also of drug
resistance and recurrence (10, 11). Therefore, exploring
the regulatory mechanisms of CSCs-like properties and
EMT against HCC and identifying new molecular targets
are crucial for the clinical diagnosis and drug
development of HCC.

Ubiquitination is an important protein post-
translational modification process that is vital for
regulating tumor metastasis as well as CSCs-like
properties (12-14). Ubiquitin-specific protease 7 (USP7) is
a member of the USP deubiquitinating enzyme family,
which removes ubiquitin from specific protein
substrates and recovers proteins from proteasomal
degradation (15). Ubiquitin-specific protease 7 is
involved in key physiological processes, such as cell
cycle regulation, DNA damage repair, and immune
response (16, 17). Research has now reported that
inhibitors targeting USP7 have potential for tumor
treatment (18, 19). Notably, USP7 shows a marked
increase in expression within HCC, especially among
patients suffering from advanced HCC, and its high-
expressing patients have lower 5-year survival rates than
low-expressing ones (20). In a previous study, we found
that USP7 interacts with basic transcription factor 3
(BTF3) and stabilizes BTF3, thereby enhancing the CSCs-
like characteristics of HCC cells (21). However, at present,
studies on USP7 in HCC are still insufficiently in-depth,
and its mechanism of action has not been completely
understood.

Various investigations have indicated that the AKT/B-
catenin pathway is abnormally activated in several
malignant tumors, including HCC, gastric cancer, and
oral cavity cancer (22-24). Yang et al. reported that
stimulation of the AKT/B-catenin pathway increased
chemoresistance and enhanced CSCs-like properties in
HCC cells, whereas intervention with pathway inhibitors
decreased the expression of CSCs marker proteins (CD24
and CD133) (25). In addition, promoting the stimulation
of the EGFR/AKT/B-catenin pathway also promotes the

EMT process in HCC cells (26). Previous studies have
demonstrated that targeting specific molecular
pathways, such as the apoptosis pathway (27),
constitutes a validated therapeutic strategy. Findings
from these investigations highlight the significant
involvement of the AKT/B-catenin pathway in the stem
cell-like traits and the EMT process of HCC cells.
Therefore, we investigated the role of USP7 in
influencing the EMT process and CSCs-like properties of
HCC cells by modulating the AKT/B-catenin signaling
pathway, which subsequently facilitates HCC malignant
progression.

2. Objectives

This work aims to elucidate the specific mechanism
of action of USP7 in regulating the malignant
progression of HCC, and to provide some experimental
basis for creating combined treatment approaches that
target USP7 and its downstream pathways.

3.Methods

3.1. Cell Culture

Human normal liver epithelial cells THLE-2 (CL-0833),
HCC cell lines HCCLM3 (CL-0278) and Huh-7 (CL-0120)
were from Pricella Biotechnology (Wuhan, Hubei,
China). THLE-2 cells were maintained in THLE-2-specific
medium (CM-0833, Pricella Biotechnology).
Hepatocellular carcinoma cells were grown in complete
medium containing 10% fetal bovine serum (FBS,
A5256701, Gibco, Grand Island, NY, USA), 1%
penicillin/streptomycin (15140122, Gibco), and 89%
DMEM (12491015, Gibco). The incubation temperature
was 37°C in an environment containing 5% CO,. Fluid

was changed 2-3 times per week and the passaging ratio
was 1:3.

Ubiquitin-specific protease 7 overexpression plasmid
(OE-USP7), USP7 short hairpin RNA (sh-USP7), and their
controls (OE-NC, sh-NC) were synthesized by Sangon
Biotech Co. Ltd. (Shanghai, China). Hepatocellular
carcinoma cells were digested by 0.25% trypsin (T2605,
Sigma-Aldrich, St. Louis, MO, USA), then inoculated in 24-

well plates (2 x 10%well). On the second day, the
transfection system was prepared according to the
guidelines provided for Lipofectamine 3000 (L3000001,
Invitrogen, Carlsbad, CA, USA). Fifty microliters of the
configured transfection system was mixed well with
HCC cells in a 24-well plate, and after 48 h of reaction,
the cells were lysed with RIPA lysis buffer (15596026,
Invitrogen). Proteins were fully extracted, and the
effectiveness of the transfection was assessed by
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measuring USP7 protein level in the cells, and
subsequent cellular experiments were performed.

For signaling pathway exploration, HCC cells were
exposed to the PI3K activator 740Y-P (30 uM, HY-P0175,
MedChemExpress, Monmouth Junction, NJ, USA) or the
P3BK inhibitor LY294002 (25 uM, HY-10108,
MedChemExpress) for 1 h, then transfected with OE-
USP7, recorded as OE-USP7+LY294002 group or OF-
USP7+740Y-P group (28, 29).

3.2. Immunofluorescence

Hepatocellular carcinoma cells were seeded into 6-
well plates (with built-in sterile coverslips), and when
the cells grew to a density of 50%-60%, the cell crawls
were treated with 4% paraformaldehyde (441244, Sigma-
Aldrich) for 20 min. After that, 0.3% Triton X-100
(T824275, Macklin Inc., Shanghai, China) was added to
the surface of cell crawls and incubated for 10 min to
increase the permeability of the cell membrane. It was
blocked with 5% bovine serum albumin (BSA, A801320,
Macklin Inc.) for 30 min. Subsequently, cells were
exposed to primary antibodies USP7 (PA5-34911, 1:200,
Invitrogen, Carlsbad, CA, USA), E-cadherin (PA5-32178,
1:200, Invitrogen), and Vimentin (PA5-27231, 1:500,
Invitrogen) at 4°C overnight. The following day, cells
were exposed to secondary antibody goat anti-rabbit IgG
(65-6111, 1:2000, Invitrogen) for 60 min in the dark at
37°C. After that, cells were incubated with DAPI solution
(C1005, Beyotime, Shanghai, China) for 10 min, and then
observed through a BX53 (LED) fluorescence microscope
(Olympus, Tokyo, Japan).

3.3. Cell Counting Kit-8 Assay

Huh-7 and HCCLM3 cells transfected with OE-USP7, sh-
USP7, or their control vectors in good growth status

were taken and seeded into 96-well plates (1.0x10%
cellsjwell, 100 pL). Once the cells had completely
adhered, 10% cell counting kit-8 (CCK-8) reagent (96992,
Sigma-Aldrich) was added at 24, 48, 72, and 96 h. After
mixing well, the cells were allowed to incubate for 2 h at
a temperature of 37°C, and OD450 values were measured
through a microplate reader (1410101, Thermo Fisher
Scientific, Waltham, MA, USA). In addition, cell
morphology was observed with a CX33 light microscope
(Olympus) to assess cell viability.

3.4. Transwell Assay

Matrigel (HY-K6002, MedChemExpress) was melted at
ambient temperature and mixed with culture medium.
One hundred microliters of diluted matrix gel was
aspirated and uniformly covered on the basement
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membrane of the Transwell (8 um, Corning, Tewksbury,
MA, USA). After the matrix gel solidified naturally for 30
min at 37°C, the chambers were transferred to 24-well
cell culture plates. Subsequently, complete medium
(500 pL) was dispensed into the lower chamber,
followed by the addition of 100 pL of HCCLM3 and Huh-7
cell suspensions to the upper chamber, then incubated
for 24 h at 37°C. After incubation, Transwell chambers
were carefully retrieved. Subsequently, the chambers
were rinsed twice with PBS, and gently wiped with a
sterile cotton swab to remove non-invaded cells
adhering to the upper surface of the matrix gel.
Subsequently, the chambers were immersed in 4%
paraformaldehyde for fixation for 15 min and rinsed
under running water for 2 min. The invaded cells were
exposed to 0.1% crystal violet (C805211, Macklin Inc.) for
15 min, then rinsed slowly with running water for 2 min
and dried naturally. A light microscope was used to
capture images of five randomly chosen fields of view
from each chamber, and the invaded cell count was
recorded using Image | 1.54h software (Wavne Resband,
National Institute of Mental Health, USA).

Transwell migration assay did not require the
addition of Matrigel matrix gel to the chambers, and all
other experimental procedures and analysis were
aligned with those of the invasion assay.

3.5. Flow Cytometry

HCCLM3 and Huh-7 cells were collected by
centrifugation in 5 mL centrifuge tubes. Cells were
resuspended by adding PBS buffer containing 1% FBS to
make a single-cell suspension (approximately

1.0x10%/mL). FITC-labeled CD44 antibody (11-0441-82,
Invitrogen) and PE-labeled CD133 antibody (12-1331-82,
Invitrogen) were added and mixed well, then incubated
at 4°C for 30 min under light protection (30). The
samples were then transferred to a BD FACSCaliburTM
flow cytometer (BD Biosciences, San Jose, CA, USA) for
fluorescence cell sorting analysis. Subsequently, the
proportion of positive cells was quantified using Flow]o
software (version 10.8, BD Biosciences).

3.6. Cancer Stem Cells Sphere Formation Assay

Tumor cell spheroid formation assay is the gold
standard for measuring tumor cell stemness. DMEM
medium was supplemented with insulin (4 pg/mlL,
P3376, Beyotime), 1 x B-27 (17504044, Gibco), human
recombinant epidermal growth factor protein (EGF, 20
ng/mL, HY-P72982, MedChemExpress), and human
recombinant fibroblast growth factor protein (FGF, 20
ng/mL, GF003, Sigma-Aldrich), and formulated into cell-
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forming medium (31). After Huh-7 cells were digested
and resuspended, they were rinsed twice with PBS and
inoculated in 24-well ultra-low adhesion culture plates

(1x10%|well). After 7-10 days of culture, most spheroplasts
were observed to grow to more than 100 pm for
counting, and the spheroplast formation efficiency was
calculated (32).

3.7. Subcutaneous Tumor Formation in Nude Mice

Male Balb/c nude mice (15 - 19 g, 6 weeks old) were
from Vitalriver (Beijing, China). The animals were
maintained at 22°C, and were free to eat and drink, and
the experiments were conducted after one week of
acclimatization. Animals were split into 4 groups (n = 6)
using a random number table method, and 200 pL of
Huh-7 cell suspension transfected with OE-USP7, OE-NC,
sh-USP7, or sh-NC was injected into the right axilla of

nude mice in each group (5.0x10° cells/mice),
respectively (33). On days 7, 14, 21, and 28 after the Huh-7
cell suspension was injected, the dimensions of
subcutaneous tumors were examined using vernier
calipers. On the 28th day, all nude mice underwent
execution via an intraperitoneal injection of sodium
pentobarbital (100 mg/kg). The tumors were entirely
excised wusing tissue shears, then weighed and
photographed for record. To minimize bias, a double-
blind approach was adopted. All the researchers
involved in animal breeding, model construction,
behavioral assessment, and pathological section
staining were unaware of the grouping situation.

3.8. Immunohistochemistry

Mouse tumor tissues were immersed in 4%
paraformaldehyde for 24 h to fix them, followed by a
dehydration procedure with graded ethanol,
embedding in paraffin, and sectioning into 4 pm-thick
slices for subsequent analysis. Subsequently, sections
were put into xylene (X821391, Macklin Inc.) for
deparaffinization, hydrated in gradient ethanol, and
then washed using distilled water. The antigens were
microwave repaired by placing sections in citric acid
solution (pH = 6, 0.1 mol/L). The tissue sections were
incubated in 3% H,0, solution for 30 min, and then
covered evenly with 5% BSA and blocked for 30 min.
Subsequently, Ki67 primary antibody (PA1-38032, 1:100,
Invitrogen) was introduced and allowed to incubate at
37°C for 90 min. Subsequently, sections were incubated
with horseradish peroxidase (HRP)-labeled goat anti-
rabbit IgG (31460, 1:500, Invitrogen) for 20 min at 25°C.
The color development reaction was carried out using
DAB (P0203, Beyotime), and the color development was

terminated with distilled water when the color
development reached the desired effect. Hematoxylin
(H9627, Sigma-Aldrich) was restained for 5 min, rinsed
in distilled water, and the samples were visualized using
a fluorescence microscope after blocking with Neutral
Balsam (C0173, Beyotime).

3.9. Western Blot

Tumor tissues were cut with tissue shears, ground
thoroughly, and mixed well with RIPA lysis buffer.
Hepatocellular carcinoma cells were rinsed two times
with PBS, and mixed well with RIPA lysis buffer. After
completion of lysis, protein contents in tissues and cells
were examined through the bicinchoninic acid (BCA)
protein assay kit (P0012, Beyotime). Next, proteins were
separated by SDS-PAGE electrophoresis, and the proteins
were transferred to PVDF membranes (Invitrogen), then
blocked with 5% BSA for 2 h. Subsequently, the
membranes underwent an overnight incubation with
primary antibodies SOX2 (PA1-094, 1:1000, Invitrogen),
USP7 (PA5-34911, 1:2000, Invitrogen), E-cadherin (PA5-
32178, 1:500, Invitrogen), Vimentin (ab16700, 1:1000,
Abcam, Cambridge, MA, USA), N-cadherin (PA5-19486,
11100, Invitrogen), Snail (PA5-23482, 1:100, Invitrogen),
CD44 (PA5-21419, 1:2000, Invitrogen), C-Myc (PA5-85185,
1:500, Invitrogen), CD133 (PA5-38014, 1:100, Invitrogen),
Octamer-binding transcription factor 4 (OCT4, PAI-
16943, 1:500, Invitrogen), Nanog (PA1-097, 11000,
Invitrogen), Krippellike factor 4 (KLF4, PA5-27441,
1:5000, Invitrogen), p-AKT (Ser473) (9271S, 1:1000, cell
signaling technology, Danvers, MA, USA), glycogen
synthase kinase-3f (GSK3p, ab32391, 1:5000, Abcam), AKT
(ab81283, 1:5,000, Abcam), B-catenin (MA5-34961, 1:500,
Invitrogen) or p-GSK3P (44-604G, 1:1000, Invitrogen) at
4°C. The following day, the membranes were rinsed 3
times, and incubated with the secondary antibody
(ab205718, 1:10000, Abcam) for 2 h. Developing solution
(HY-K2005, MedChemExpress) was prepared, dropped
evenly on the membrane, and then analyzed using the
5200 Multi gel imaging system (Tanon, Shanghai,
China). The internal reference GAPDH (ab128915,1:10000,
Abcam) was employed for normalization. Images were
processed using Image ] 1.54 h software to quantify the
gray values of each protein band, from which relative
levels were determined by normalizing to the GAPDH
signal.

3.10. Statistical analysis

All experimental data were derived from at least
three independent replicates and are presented as the
mean + standard deviation. Statistical analyses were
performed using SPSS 26.0 software (IBM SPSS Statistics
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26). The data were initially analyzed for normality using
the Shapiro-Wilk test and for homogeneity of variance
via Levene's test. In the two comparisons, parametric
data were analyzed using a two-tailed unpaired t-test
(with Bonferroni correction applied to P-values for
multiple comparisons), whereas nonparametric data
were assessed via Mann-Whitney U-test. A one-way
analysis of variance (ANOVA) was utilized to evaluate the
overall differences between multiple groups, and two-
by-two comparisons were performed using Tukey's HSD
post hoc test (with built-in multiple comparison
correction, controlling the overall type I error rate at a=
0.05). P < 0.05 represents a statistically significant
difference. Plotting was performed using Prism software
(Graphpad 9.0).

4.Results

4.1.  Ubiquitin-Specific ~ Protease 7  Expression in
Hepatocellular Carcinoma and Its Role in Cell Proliferation

Immunofluorescence staining indicated that the
fluorescent signal intensity of USP7 was markedly
greater in the HCC cells (HCCLM3 and Huh-7) than in
THLE-2 cells, suggesting that USP7 expression is
upregulated in HCC cells (Figure 1A). Western blot assay
revealed a notable increase in the intensity of USP7
protein bands in HCC cell lines compared to THLE-2
cells, with quantitative analysis also indicating elevated
USP7 protein expression levels in HCC (Figure 1B). Next,
we transfected OE-NC/OE-USP7 as well as sh-NC/sh-USP7
in Huh-7 and HCCLM3 cells, and detected USP7
expression in the transfected cells through
immunofluorescence. The intensity of intracellular USP7
fluorescence signal was markedly increased in HCC cells
transfected with OE-USP7, while the intensity of USP7
fluorescence signal in cells transfected with sh-USP7 was
notably decreased, suggesting that exogenous
intervention can effectively regulate USP7 level (Figure
1C). In addition, the USP7 protein level in the OE-USP7
group was notably elevated, whereas the protein level in
the sh-USP7 group was decreased, further confirming
the validity of the overexpression and knockdown
operation for subsequent functional experiments
(Figure 1D). Cell counting kit-8 assay revealed that the
absorbance values of HCC cells transfected with OE-USP7
showed a continuous increase during 24 - 96 h of
culture, suggesting that their proliferative ability was
significantly enhanced; on the contrary, the absorbance
values in the sh-USP7 group gradually decreased with
the extension of the culture time, which indicated that
the knockdown of USP7 could effectively inhibit the
proliferative activity of HCC cells (Figure 1E-F).

Hepat Mon. 2026; 26(1): 166157

Microscopic observation of cell morphology showed
that HCC cells in the OE-USP7 group showed more active
growth, with clear cell contours and enhanced wall-
adhesion ability. In contrast, cells in the sh-USP7 group
exhibited reduced cell volume, decreased apposition
density, and some cells showed signs of cytoplasmic
vacuolization, further corroborating the correlation
between USP7 expression level and HCC cell viability
(Figure 1G). These findings indicate that USP7 is up-
regulated in HCC cells, overexpression of USP7 promotes
cell proliferation, whereas knockdown of USP7 inhibits
cell proliferation.

4.2. Overexpression of Ubiquitin-Specific Protease 7 Promotes
Hepatocellular Carcinoma Cell Migration, Invasion, and
Epithelial-Mesenchymal Transition

We explored the impact of USP7 expression on the
malignant biological behaviors of HCC cells. Transwell
assay revealed that HCC cells transfected with OE-USP7
had markedly increased migrating and invading cell
numbers, while cells transfected with sh-USP7 had
notably decreased cell numbers (Figure 2A and B). A
significant attenuation of E-cadherin fluorescence and
enhancement of Vimentin signal were observed in HCC
cells transfected with OE-USP7. In contrast, cells
transfected with sh-USP7 exhibited enhanced E-cadherin
fluorescence signaling and diminished Vimentin
fluorescence intensity, suggesting that USP7 regulates
the EMT process in HCC cells (Figure 2C and D). Not only
that, overexpression of USP7 markedly reduced E-
cadherin protein level in HCC cells, while upregulating
N-cadherin, Vimentin, and Snail; whereas knockdown of
USP7 caused elevated E-cadherin level and significant
downregulation of Vimentin, N-cadherin, and Snail
(Figure 2E-I). Together, these results suggest that USP7
enhances the migration and invasion of HCC cells while
also promoting the EMT process of HCC cells.

4.3. Overexpression of Ubiquitin-Specific Protease 7 Promotes
Cancer Stem Cells -Like Properties in Hepatocellular
Carcinoma

It has been reported that there is upregulation of
characteristic stemness markers (e.g., CD44, CDi133,
CD24, CD90, EpCAM, etc.) in CSCs (34, 35). Flow
cytometry analysis revealed that Huh-7 cells exhibited a
notably greater proportion of cells co-expressing CD44
and CD133 compared to HCCLM3 cells, suggesting that
Huh-7 cells have stronger stem cell properties (Figure
3A). Based on this characterization difference, Huh-7
cells were selected as a model for subsequent functional
validation. The impact of USP7 on the sphere-forming
ability was tested by examining the efficiency of cell
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Figure 1. Ubiquitin-specific protease 7 (USP7) is elevated in hepatocellular carcinoma (HCC) and overexpression of USP7 promotes HCC cell proliferation. A, immunofluorescence
results confirmed that USP7 expression was higher in HCC cell lines (HCCLM3 and Huh-7) than in normal cells (THLE-2) (40x, 50 um). B, USP7 level in HCC cell lines was higher
than in THLE-2 cells as measured via Western blot. C,immunofluorescence assays confirmed that transfection of OE-USP7 in HCC cells resulted in an increased USP7 level, whereas
sh-USP7 caused a decreased USP7 level (40x, 50 pm). D, Western blot analysis indicated that transfection of OE-USP7 elevated USP7 level in HCC cells, while transfection of sh-USP7
resulted in decreased USP7 levels. E-F, cell counting kit-8 (CCK-8) assay showed that transfection of OE-USP7 resulted in increased proliferative capacity of HCC cells, while
transfection of sh-USP7 resulted in decreased proliferative capacity. G, cell microscopic images revealed that cell viability was elevated by transfection with OE-USP7 and

decreased by transfection with sh-USP7 (10x,200 um), (n=3, * P < 0.05, ***P < 0.001).

sphere formation of tumor cells in conditioned media.
The results showed that Huh-7 cells transfected with OE-
USP7 formed significantly more tumor spheres with
larger sphere diameters, while cells transfected with sh-
USP7 had significantly reduced sphere-forming ability
and formed spheres with smaller diameters (Figure 3B).
Overexpression of USP7 caused a marked upregulation
of CD44 and CD133 protein levels, whereas knockdown
of USP7 caused a notable decline in their protein levels
(Figure 3C-E). Additionally, overexpression of USP7
markedly elevated stemness factors C-Myc, SOX2, OCT4,
Nanog, and KLF4 levels in Huh-7 cells. But knockdown of
USP7 caused a notable downregulation of protein
expression of the aforementioned stemness factors

(Figure 3F-K). These findings revealed a positive
relationship between the levels of USP7 expression and
the characteristics associated with CSCs-like properties
of HCC cells, and overexpression of USP7 enhanced these
CSCs-like properties, whereas knockdown of USP7
inhibited their stemness.

4.4. Inhibition of Malignant Biological Processes in
Hepatocellular Carcinoma by Ubiquitin-Specific Protease 7
via the AKT/B-Catenin Pathway

To investigate how USP7 facilitates the aggressive
advancement of HCC, we assessed the associated
signaling pathways. Overexpression of USP7 notably

Hepat Mon. 2026; 26(1): 166157
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Figure 2. Overexpression of ubiquitin-Specific Protease 7 (USP7) enhances migration, invasion, and epithelial-mesenchymal transition (EMT) in hepatocellular carcinoma (HCC)
cells. A and B, Transwell assay confirmed that transfection of OE-USP7 boosted the number of migrating and invading cells, while transfection of sh-USP7 diminished these cell

counts (20x,100 pm). C and D, immunofluorescence demonstrated a decline in E-cadherin fluorescence intensity and a rise in Vimentin level in HCC cells after transfection with

OE-USP7, and transfection with sh-USP7 had the opposite effect to that of transfection with OE-USP7 (40x, 50 um). E-I, Western blot demonstrated that overexpression of USP7
declined E-cadherin level and increased Vimentin, N-cadherin, and Snail levels, whereas silencing USP7 had the opposite effect of overexpression of USP7 (n =3, *P < 0.05, **P <

0.01, ***P < 0.001).

upregulated B-catenin level and promoted AKT and
GSK3B phosphorylation in Huh-7 cells. In contrast,
silencing of USP7 caused a marked reduction in the
activation levels of the above pathway-related proteins
(Figure 4A-D). PI3K serves as an upstream regulator of
the AKT/B-catenin pathway (36). To verify whether USP7
exerts its effects via this pathway, we intervened using
the PI3K inhibitor LY294002 and activator 740Y-P.
LY294002 treatment markedly attenuated the elevated
levels of pB-catenin, p-AKT/AKT, and p-GSK3B/GSK3p
induced by overexpression of USP7, whereas 740Y-P
treatment further increased the expression levels of the
above proteins (Figure 4E-H). After overexpression of
USP7, the proliferative ability of Huh-7 cells was
significantly enhanced, and LY294002 markedly

Hepat Mon. 2026; 26(1): 166157

weakened the proliferative ability; whereas 740Y-P
further enhanced the proliferative ability (Figure 4I).
Huh-7 cells transfected with OE-USP7 showed a typical
proliferatively active phenotype with tight cell
apposition and full morphology; after LY294002
intervention, the cells appeared to be wrinkled and had
a decreased apposition capacity; whereas 740Y-P
treatment resulted in a fuller morphology and tight cell
apposition (Figure 4]). In addition, overexpression of
USP7 markedly boosted the migrating and invading
number in Huh-7 cells. LY294002 intervention reversed
this effect with a significant reduction in migrating and
invading cells; whereas 740Y-P treatment synergized
with USP7 to further increase migrating and invading
cell numbers (Figure 4K-L). Notably, LY294002


https://brieflands.com/journals/hepatmon/articles/166157

HuMetal.

Brieflands

A
[4.08 956| [529
1071 . 10% =
| | ‘g 35'
108 =
& | ]—'- - ?.ﬂa
2 0] B
8 1 g &
JLE3 TR ca
i i0r 100 100

HCCIM3 Huh-7

-

CD44 FITC o

o
o

& @
o o

[
=3

D E
g’ £
3 E L 2
SEn P £
LY £5
£ 2
tnlln
B = L
CIOENC OE-USP7 DOENC @ OFUSP?
OshNC O3 shUsP? SshNC O shUSP?
H I
1P 28
84 - .
3 2
gL, g2
R 232
5g°2 EE
&‘E 1 §§ 1 =] e
nno 2

o

O OENC B OEUSF7
Bsh-NC O shUSP7

OOENC = OEUSP?
Bsh-NC O sh-UsP?

B &
k& g 3
E 2 e
k=1
£
‘a l!l
)
HCCIM3 ~ Huh-7 5 o omne OEUSP?
3 sh-NC O shUSP7
C
D44 =« = -— 95kD
CD13 o = 120kD
GAPDH === w=m e == 35L])
O oS &
& & F
§ &
F
F G
e 25
2
7 2.0
e
S 5. 15
220
23
2 05
23
S0.0
0 OENC @ OE-USP?
O sh-NC O shUsSP?
] K
5 5 g 5
802 =
234 24
5 E, = 5 g, s
23 23
EE?2 S£?
- ¥
251 . 2 g1 e
&, =/ &, =

O OENC =@ OE-USP7
8 sh-NC O sh-use?

O OENC = OEUsP?
B shNC B sh-UsP?

Figure 3. Overexpression of ubiquitin-specific protease 7 (USP7) promotes cancer stem cells (CSCs)-like properties in hepatocellular carcinoma (HCC). A, flow cytometry assay
indicated that the proportion of CD44+CD133+ cells in Huh-7 cells was greater than that in HCCLM3 cells, so Huh-7 cells were selected for the follow-up study. B, Sphere formation
assay showed that transfection of OE-USP7 increased the spheroplast ability of Huh-7 cells, while transfection of sh-USP7 decreased the spheroplast ability. C-E, overexpression of
USP7 increased CD44 and CD133 levels in CSCs as measured by Western blot, and silencing of USP7 decreased CD44 and CD133 levels. F-K, overexpression of USP7 increased C-Myc,
SOX2, 0CT4, Nanog, and KLF4 protein levels as examined by Western blot, and silencing of USP7 decreased the expression levels of these tumor stemness factors (n =3, **P < 0.01,

***P <0.001).

intervention attenuated the effect of OE-USP7, leading to
an increase in E-cadherin levels while simultaneously
decreasing Vimentin, N-cadherin, and Snail levels;
whereas 740Y-P treatment enhanced the effect of
overexpressed USP7 (Figure 4M-Q). The above results
confirm that USP7 stimulates the AKT/B-catenin
pathway, subsequently triggering the EMT process,
whereas blocking or activating the AKT/B-catenin
pathway reverses or enhances this process accordingly.

4.5. Ubiquitin-Specific Protease 7 Promotes Cancer Stem
Cells-Like Properties in Hepatocellular Carcinoma Through

Modulating the AKT/B-Catenin Pathway

Next, we explored whether USP7 promotes CSCs-like
characteristics in HCC cells through modulating the
AKT/B-catenin pathway. The number and diameter of

tumor spheres formed by Huh-7 cells transfected with
OE-USP7 were increased. When LY294002 was added, the
OE-USP7-induced sphere-forming effect was weakened;
whereas, 740Y-P treatment enhanced the effect of OE-
USP7, resulting in further enhancement of the number
and diameter of tumor spheres (Figure 5A).
Overexpression of USP7 markedly up-regulated CD44
and CD133 protein levels in Huh-7 cells, which were
significantly reduced by LY294002 intervention; while
740Y-P treatment further enhanced the up-regulatory
effect of overexpression of USP7 on CD44 and CDi33
(Figure 5B-D). Additionally, overexpression of USP7
notably increased the stemness factors C-Myc, SOX2,
OCT4, Nanog, and KLF4 levels. The above-mentioned
stemness factors levels were markedly decreased after
LY294002 intervention, while 740Y-P treatment

Hepat Mon. 2026; 26(1): 166157
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Figure 4. Ubiquitin-specific protease 7 (USP7) can inhibit the malignant biological process of hepatocellular carcinoma (HCC) cells via regulating the AKT/B-catenin pathway. A-
D, overexpression of USP7 elevated p-AKT (Ser473)/AKT, B-catenin, and p-GSK3B/GSK3p levels in Huh-7 cells as examined by Western blot, and silencing of USP7 decreased these
AKT/B-catenin pathway-related protein levels. E-H, Western blot measured that the PI3K inhibitor LY294002 attenuated the impact of OE-USP7, resulting in reduced p-AKT
(Ser473)/AKT, B-catenin, and p-GSK3B/GSK3 levels, whereas the PI3K activator 740Y-P exerted the opposite effect. I, cell counting kit-8 (CCK-8) assay showed that transfection of
OE-USP7 resulted in increased proliferative capacity of Huh-7 cells, whereas LY294002 weakened the impact of OE-USP7, but 740Y-P further increased the cell proliferation
capacity. ], cell microscopic images showed increased cell viability after transfection with OE-USP7, and LY294002 intervention weakened the effect of OE-USP7, but 740Y-P further

increased cell viability (10x, 200 pm). K-L, Transwell assay indicated that overexpression of USP7 increased the migrating and invading cell numbers, and LY294002 intervention

declined these cell numbers, but 740Y-P treatment improved the effect of overexpression of USP7 (20x,100 pm). M-Q, Western blot measured that LY294002 weakened the effect
of OE-USP7, causing increased E-cadherin level and decreased Vimentin, N-cadherin, and Snail levels, whereas 740Y-P treatment had the opposite effect to LY294002 (n=3, *P <

0.01, ***P < 0.001vs OE-NC, # P < 0.05, ## P < 0.01, ### P < 0.001 vs OE-USP7).

synergized with OE-USP7 to further enhance the
expression levels of these stemness factors (Figure 5E-]).
The findings indicate that USP7's influence on the
stemness of HCC cells might be contingent upon the
activation of the AKT/B-catenin pathway.

4.6. Knockdown of Ubiquitin-Specific Protease 7 Inhibits AKT/
B-Catenin Pathway Activation and Suppresses Tumor
Growth and Cancer Stem Cells-Like Properties

By subcutaneous injection of Huh-7 cells, we
constructed an HCC tumor model in nude mice to

Hepat Mon. 2026; 26(1): 166157

explore the impact of USP7 on tumor growth and CSCs-
like properties in vivo. Injection of Huh-7 cells
transfected with sh-USP7 significantly reduced USP7
protein  levels, accompanied by a marked
downregulation of AKT/B-catenin pathway-related
proteins. In contrast, USP7 protein level was notably
elevated after transfection with OE-USP7, and the
activation levels of the above pathway molecules were
similarly elevated (Figure 6A-E). In vivo tumors in nude
mice in the sh-USP7 group were significantly reduced in
volume and weight, while the OE-USP7 group showed a
marked rise in tumor size and mass (Figure 6F-H). Next,
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Figure 5. Ubiquitin-specific protease 7 (USP7) promotes cancer stem cells (CSCs)-like properties in hepatocellular carcinoma (HCC) by modulating the AKT/B-catenin pathway. A,
Sphere formation assay showed that transfection of OE-USP7 improved the spheroplast ability of Huh-7 cells, but LY294002 treatment weakened the effect of OE-USP7, whereas
740Y-P improved the effect of OE-USP7. B-D, overexpression of USP7 raised CD44 and CD133 levels in CSCs as measured by Western blot, and LY294002 intervention resulted in
decreased levels of CD44 and CD133, whereas 740Y-P increased the effect of OE-USP7. E-J, overexpression of USP7 increased C-Myc, SOX2, OCT4, Nanog, and KLF4 levels as examined
by Western blot, and LY294002 intervention resulted in decreased levels of expression of tumor stemness factors, whereas 740Y-P treatment increased the effect of OE-USP7 (n =

3,**P < 0.001vs OE-NC, ## P < 0.01, ### P < 0.001vs OE-USP7).

the positivity of the proliferation marker Ki67 in tumor
tissues was detected by immunohistochemistry. Ki-67
positivity was notably decreased in the sh-USP7 group,
with brownish-yellow stained cells scattered; Ki-67-
positive cells were densely packed and staining intensity
was enhanced in the OE-USP7 group, suggesting that
knockdown of USP7 could inhibit tumor growth (Figure
6I). Additionally, knockdown of USP7 markedly up-
regulated E-cadherin level in tumor tissues, while
decreasing Vimentin, N-cadherin, and Snail levels,
suggesting that the EMT process was blocked. Cancer
stem cells markers CD133 and CD44 and stemness
transcription factors C-Myc, SOX2, OCT4, Nanog, and
KLF4 levels were likewise significantly downregulated
with USP7 knockdown. On the contrary, tumor tissues
overexpressing USP7 showed reduced E-cadherin
expression and elevated mesenchymal markers and
stemness factors (Figure 6]-M). These results suggest
that knockdown of USP7 inhibits malignant progression
of HCC in vivo through blocking the AKT/B-catenin
pathway to suppress the EMT process and inhibit CSCs
properties.

5. Discussion

10

Hepatocellular carcinoma ranks among the most
aggressive tumors with complex and heterogeneous
pathogenic causes, and despite the widespread use of
surgical and chemoradiotherapy treatments, the five-
year survival rate for HCC patients is still low, a situation
that highlights the urgency of developing novel
treatment strategies (7, 37). Therefore, the search for
molecular targets for the treatment of HCC could help
to prolong patient survival and increase the cure rate.
Ubiquitin-specific protease 7, a significant player in the
deubiquitinating enzyme family, is considered a key
cancer target (17). Our prior investigations revealed that
USP7 boosts the stemness of HCC cells and contributes
to HCC malignant progression (21). This research
investigated USP7 level in HCC cell lines and normal
hepatocytes and revealed that USP7 was abnormally
highly expressed in HCC, aligning with the findings of
Ying et al. (20). In cell function studies, overexpression
of USP7 promoted HCC cell proliferation, increased cell
viability, and facilitated migration and invasion. In
contrast, knockdown of USP7 markedly suppressed
these malignant biological behaviors. The in vivo
experiments also confirmed that knockdown of USP7
inhibited HCC tumor growth and CSCs characteristics,
implying that USP7 could serve as a significant target for

Hepat Mon. 2026; 26(1): 166157
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Figure 6. Knockdown of ubiquitin-specific protease 7 (USP7) hinders the AKT/B-catenin pathway and suppresses tumor growth and cancer stem cells (CSCs)-like properties. A-E,
Western blot examined that injection of Huh-7 cells transfected with sh-USP7 resulted in decreased levels of USP7 in tumor tissues, as well as decreased p-AKT (Ser473)/AKT, B-
catenin, and p-GSK3B/GSK3pB levels, whereas transfection of OE-USP7 resulted in increased USP7 and AKT/B-catenin pathway-associated protein levels. F-H, the size of
subcutaneous tumors in nude mice was examined weekly by vernier calipers. On the 28th day, the tumors were isolated, photographed for documentation, and weighed. I,

immunohistochemistry measured that silencing USP7 effectively reduced Ki-67 levels, while overexpression of USP7 increased Ki-67 levels (40x, 50 um). J-M, silencing USP7
caused an increased E-cadherin level and decreased Vimentin, N-cadherin, Snail, CD133, CD44, C-Myc, SOX2, OCT4, Nanog, and KLF4 levels in the tumor tissues as measured by
Western blot, whereas transfection of OE-USP7 had the opposite effect (n =6, ** P < 0.01, ***P < 0.001).

treating HCC. It is worth noting that the subcutaneous
xenograft model may not be able to effectively evaluate
the invasion and metastasis of tumors. However, this
study focuses on the regulatory effect of USP7 on the
growth of HCC tumors. In the future, the regulatory
effect of USP7 on the invasion and metastasis of HCC can
be further explored through in situ liver tumor models.

EMT refers to the biological process during which
epithelial cells lose their cellular polarity and
intercellular adhesion, while acquiring the migratory
and invasive characteristics of mesenchymal cells (38,
39). This process is crucial for embryonic development
and tissue repair but is aberrantly activated in tumors,
serving as a primary factor in the central driving
mechanisms of malignant metastasis and treatment
resistance (40). Epithelial-mesenchymal transitionis
primarily characterized by an increase in mesenchymal
markers (e.g., Vimentin and N-cadherin), a decline in the
epithelial marker E-cadherin, and activation of EMT
transcription factors like Snail, which drives the
epithelial-to-mesenchymal phenotypic transition (41). N-

Hepat Mon. 2026; 26(1): 166157

cadherin overexpression promotes tumor cell invasion
and migration, whereas deficient E-cadherin level
reduces the stability of epithelial cell-cell adhesion
junctions, thereby promoting tumor cell metastasis.
Our research revealed that increasing the levels of USP7
caused a reduction of E-cadherin level while
simultaneously elevating Vimentin, N-cadherin, and
Snail levels; whereas knockdown of USP7 led to the
opposite result, suggesting that USP7 is a positive
regulator of the EMT process. This mechanism is similar
to the recently reported mode of action of USP7 in non-
small cell lung cancer, where GNE-6776 (USP7 inhibitor)
triggers apoptosis in tumor cells through inhibiting the
EMT process and decreasing the mitochondrial
membrane potential (42). In addition, Bian et al. found
that Flap endonuclease 1 upregulated USP7, and the
former-mediated proliferation and EMT process in HCC
cells could be significantly reversed by the USP7
inhibitor P22077 (43). The findings indicate that USP7
may ultimately promote HCC progression by promoting
EMT, leading to increased cell invasion and metastasis.
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Cancer stem cells (CSCs) are a subset of
undifferentiated cells in tumor tissues with self-renewal
ability and the ability to generate heterogeneous
tumors, which are strongly linked to tumor
proliferation, metastasis, and recurrence (44, 45). In
other words, tumorigenesis, progression, and
metastasis are essentially the process of accumulating
heterogeneity of CSCs. It has been demonstrated that
CSCs exhibit upregulated levels of characteristic
markers, such as CD24, CD44, CD133, EpCAM, etc., and
that all of these stemness markers with upregulated
expression are associated with progressive HCC and
poorer patient prognosis (34, 35, 46). In addition, CD133
is also likely to be an important contributor to the
heterogeneity of HCC production (47). Cancer stem cells
transcription factors, including KLF4, SOX2, OCT4, c-
MYC, and Nanog, are critical regulatory genes that
maintain the multipotential properties and self-renewal
capacity of stem cells (48-50). Notably, the properties of
CSCs in tumor cells are closely related to the EMT
process (51). In this study, Huh-7 cells had a higher
proportion  of  CD44+CD133+  double-positively
expressing cells, suggesting stronger CSCs-like
properties. Not only that, overexpression of USP7
enhanced the cell-forming ability of Huh-7 cells and
upregulated the protein levels of CD44 and CD133, with
increased C-Myc, SOX2, OCT4, Nanog, and KLF4 protein
levels. Whereas knockdown of USP7 led to the opposite
result, this finding builds upon the earlier conclusion
that USP7 enhances HCC stemness, further clarifying
USP7's regulatory role in CSC core markers and
regulatory factors.

Glycogen synthase kinase3p is a type of
serine[threonine kinase isoform that plays an important
role in numerous biological functions, like apoptosis,
DNA repair, cell cycle, tumor growth, and tumor
immunity (52). Glycogen synthase kinase-3B could be
regulated by several signaling pathways, of which the
AKT/B-catenin pathway is one of the major ones (53, 54).
The classical activation pattern of this pathway is that
growth factors (e.g., HGF, IGF-1) bind to membrane
surface receptors, trigger the activation of the PI3K
catalytic subunit, recruit AKT to the cell membrane and
phosphorylate it for activation. Activated AKT
inactivates GSK3p by phosphorylating it, which causes -
catenin to accumulate in the cytoplasm and eventually
move into the nucleus, initiating the transcription of
EMT-related genes and genes that maintain CSCs-like
properties (55-57). Based on the importance of AKT/B-
catenin in the CSCs-like properties and EMT process of
tumor cells, we explored whether USP7 promotes HCC
progression by regulating this pathway. A report
indicated that USP7 promotes Wnt/B-catenin pathway

12

activation by enhancing the stability of the RNA
deconjugating enzyme DD3X protein, playing a critical
role in the partial EMT status, invasion, and metastasis
of colorectal cancer cells (58). Additionally, USP7
deubiquitinates and enhances the stability of B-catenin,
thereby promoting malignant progression in colorectal
cancer (59). In this study, overexpression of USP7
upregulated B-catenin level and promoted AKT and
GSK3B phosphorylation in Huh-7 cells. In contrast,
silencing of USP7 hindered the activation of the above
pathway-associated proteins, suggesting that USP7
regulates the AKT/B-catenin pathway. Importantly,
treatment with the PI3K inhibitor LY294002 attenuated
the CSCs-like properties and EMT process induced by
overexpression of USP7, whereas the activator 740Y-P
further promoted the effect of overexpression of USP7.
In addition, USP7 also modulates the AKT/B-catenin
pathway in mice, and knockdown of USP7 inhibits
tumor growth and CSCslike properties, whereas
overexpression of USP7 does the opposite. These results
confirm that USP7 may promote the CSCs-like
characteristics and EMT process of HCC cells by
modulating the AKT/B-catenin pathway, thereby
promoting malignant tumor progression.

This study has certain limitations that must be
objectively acknowledged. Although both in vitro and in
vivo experiments have confirmed the role of USP7, the
lack of validation of clinical specimens and the
correlation between the expression level of USP7 and the
clinicopathological features (e.g, tumor stage,
metastatic status, and prognosis) of patients with HCC
still need to be further clarified. In the future, the
interaction between USP7 and the key molecules of the
AKT/B-catenin pathway can be directly verified through
techniques such as CoIP and ubiquitination
experiments, in order to further clarify the complete
mechanism by which USP7 regulates the oncogenic
function of B-catenin. Furthermore, in different cancer
cells, USP7 may regulate the AKT signaling pathway
through distinct mechanisms. Future studies could
investigate the specific ways USP7 modulates the AKT
signaling pathway in various cancer cell types.

5.1. Conclusions

Ubiquitin-specific protease 7 enhances the aggressive
characteristics of tumors and promotes the CSCs
properties and EMT process in HCC cells by activating
the AKT/B-catenin pathway. Inhibition of USP7 inhibited
HCC progression by blocking this pathway, indicating
that USP7 may be a valuable target for treatment
strategies aimed at HCC metastasis and stemness. This
investigation revealed the mechanism of action of USP7
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in promoting the malignant progression of HCC and
expanded the tumor biological functions of USP7. In the
future, the interaction between the USP7-activated AKT/
B-catenin pathway and other pathways could be
explored to further clarify its mechanism of action.
Meanwhile, it is necessary to expand the sample size in
subsequent studies to enhance the reliability and
generalizability of the findings and to provide a more
solid theoretical basis for therapeutic research on HCC.
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