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Abstract: Ubiquitin specific peptidase-2 (USP2) plays important roles in a myriad of cellular activities through deu-
biquitinating target proteins and its implications in various diseases, especially cancers, are starting to emerge. 
Our current understanding on USP2 expression in subjects with hepatocellular carcinoma (HCC) and its roles in 
the pathogenesis of HCC is limited. In this study, we found that USP2 protein and mRNA levels were significantly 
dysregulated in HCC tumor (HCC-T) when compared to adjacent non-tumor (HCC-NT) or normal liver tissues from 
both human and mouse HCC model. Among the USP2 isoforms, USP2b was the predominant isoform in the normal 
liver and markedly down-regulated in HCC-T tissues in both human and mice. Data from overexpression, chemical 
inhibition and knockout studies consistently demonstrated that USP2b promoted cell proliferation, colony formation 
and wound healing in HepG2 and Huh 7 cells. On the other hand, USP2b exhibited proapoptotic and pronecrtotic 
activities through enhancing bile acid-induced apoptosis and necrosis in both HepG2 and Huh 7 cells. Unbiased 
proteomic analysis of USP2-knockout (KO) and parental HepG2 cells resulted in identification of USP2-regulated 
downstream target proteins involved in cell proliferation, apoptosis, and tumorigenesis, including serine/threonine 
kinase 4 (STK4), epidermal growth factor receptor (EGFR), dipeptidyl peptidase 4 (DPP4) and fatty acid binding 
protein 1 (FABP1). In conclusion, USP2b expression was dysregulated in subjects with HCC and contributed to the 
pathogenesis of HCC by promoting cell proliferation and exerting proapoptotic and pronecrotic activities. The find-
ings provide the molecular basis for developing therapies for HCC through modulating USP2b expression or activi-
ties.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth 
most common cancer worldwide and the third 
leading cause of cancer-related deaths [1]. HCC 
accounts for more than 90% of primary liver 
cancers with incidence rates highest in Asia 
and Africa and is increasing at a worrisome rate 
in western countries including United States [1, 
2]. At present, there are limited options in treat-
ing HCC patients [3]. There is urgent need to 
develop effective therapies for HCC. However, 
challenges remain mainly due to the complexity 
of HCC pathogenesis and lack of fully under-
standing the underlying molecular mechanis- 
ms. 

The ubiquitin-proteasome system is the major 
pathway for selective protein degradation in 
eukaryotic cells [4, 5]. Ubiquitination can be 
reversed by deubiquitinating enzymes (DUBs) 
[6, 7]. As a member of DUBs, ubiquitin specific 
peptidase 2 (USP2) removes ubiquitin from 
ubiquitinated target proteins, thus preventing 
proteasomal degradation of the target proteins 
[8-11]. USP2 has been reported to play critical 
roles in many physiological and pathological 
activities including tumorigenesis, circadian 
clock, metabolism, inflammation, and ion chan-
nel regulation [12]. Three isoforms of USP2 
have been reported including USP2a (USP2-
69), USP2b (USP2-45) and USP2c (USP2-41) 
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[13-15] with USP2a being most studied among 
the isoforms. Currently, it remains unclear or 
controversial which isoforms are expressed in 
the liver [14, 16, 17]. Furthermore, our under-
standing of USP2 and its isoforms in the patho-
genesis of HCC, especially USP2b, is limited 
[18, 19].

In this study, we found that both USP2 protein 
and mRNA levels were significantly decreased 
in HCC tumor (HCC-T) compared with adjacent 
non-tumor (HCC-NT) or normal liver tissues 
from both human and mice. Among the USP2 
isoforms, USP2b was the predominant isoform 
in the liver and markedly down-regulated in 
HCC-T. USP2b exhibited tumorigenic activities 
through promoting cell proliferation, colony  
formation and wound healing. On the other 
hand, USP2b significantly enhanced bile acid-
induced apoptosis and necrosis. Proteomic 
profiling of parental HepG2 and USP2 knockout 
(USP2-KO) cells resulted in identification of 
USP2-regulated downstream target proteins 
involving in cell proliferation, apoptosis, and 
tumorigenesis. The findings revealed the novel 
activities of USP2b and its contribution to the 
pathogenesis of HCC.

Materials and methods

Cells and cell culture

Human hepatoma cell line HepG2 (cat#: 
HB-8065) and Huh 7 (cat#: PTA-4583) cells 
were obtained from American Type Culture 
Collection (ATCC). USP2 knockout (USP2-KO) 
cells were generated using parental HepG2 
cells and pLentiCRISPR v2 USP2 sgRNA (5’- 
GGTCCCGCATGTAGAGCCTC-3’) construct (Gen- 
Script). USP2 protein was knocked out with an 
insertion in both cell clones. The sgRNA was 
targeted to the core region of USP2 so all the 
isoforms of USP2 were knocked out. Two inde-
pendent USP2-KO cell lines (3A and 3E) with 
similar cell morphology and growth characteris-
tics were selected for the study. 

Human liver samples

Human liver tissue microarray slides including 
a total of 76 normal, 38 HCC-NT and 115 HCC-T 
samples with 10 pairs of HCC-NT and HCC-T 
samples were purchased from US Biomax (Cat# 
BC03119b-SC2, LV241a-D024, LVN241-T202 

and LVN801-H139). Twelve normal human liver 
and 21 HCC-T with 8 paired HCC-NT tissues 
were obtained through the Cooperative Human 
Tissue Network. The study was approved by the 
Institutional Review Board (IRB) at the University 
of Rhode Island (URI).

Mouse HCC model and liver tissue samples: 
Farnesoid X receptor (FXR) is a master regula-
tor of bile acid homeostasis and FXR knockout 
mice (FXR-KO) spontaneously develop HCC as 
they age (13 to 15 months) [20, 21]. FXR-KO 
(stock no: 007214) and C57BL/6J wt (stock no: 
000664) were obtained from the Jackson 
Laboratory (Bar Harbor, Maine). Mice were fed 
a regular chow diet. A total of 26 FXR-KO and 
16 C57BL/6J wt mice at the ages of 14-18 
months were used for the study. All 26 FXR-KO 
mice had liver tumor formation. Paired HCC-T 
and HCC-NT tissue sections were collected. 
Liver samples were snap frozen in liquid nitro-
gen when the mice were euthanized. The study 
was approved by the Institutional Animal Care 
and Use Committee (IACUC) of URI. 

Expression plasmid construct of USP2b

The expression construct for human USP2b 
were custom-made and expressed in the 
pcDNA3.1(+) vector. Codons were optimized to 
enhance the expression in human cell lines. 
The expression of USP2b construct was con-
firmed by transfection into HepG2 and Huh 7 
cells, followed by western blot detection.

Cell proliferation assays

HepG2, Huh 7 and USP2-KO cells were trans-
fected with USP2b or pcDNA vector with or 
without treatment of USP2 specific inhibitor 
ML364 (MedChem Express) [22]. Cell viability 
was detected by the MTS assays (Promega). 
Cell proliferation assays were also carried out 
by viable cell counting.

Colony formation assays

HepG2 and Huh 7 cells were transfected with 
USP2b or pcDNA vector, followed by growth for 
7 days. Colonies were quantified using ImageJ 
cell counter plug in.

Wound-healing assays

HepG2 and Huh 7 cells were seeded in 6-well 
plates in serum starved media and transfected 
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with USP2b or pcDNA vector. Cells were count-
ed and seeded in triplicate into CytoSelect 
24-Well Wound Healing Assay plates (Cell 
Biolabs Inc). Photographs were taken at time 0 
when wound was created, as well as 24 or 48 h 
post wound formation. Average percent wound 
closure was calculated using ImageJ based 
upon 3 random fields per well.

Apoptosis and necrosis assays

HepG2 and Huh 7 cells were transfected with 
USP2b or pcDNA vector, followed by treatment 
with various concentrations of chenodeoxycho-
lic acid (CDCA) (100, 200, 300, 400 and 500 
μM) or vehicle for various time points (0, 2, 4, 8, 
12, 24 and 48 h). Apoptotic and necrotic activi-
ties were detected with the RealTime-Glo 
Annexin V Apoptosis and Necrosis Assay 
(Promega).

Quantitative real-time PCR

Total RNA isolation from human or mouse liver 
tissues, cDNA synthesis and TaqMan real-time 
PCR assays were performed as previously 
described [23]. TaqMan probes including hu- 
man total USP2 (Hs00275859_m1), USP2b 
(Hs01592505_m1), mouse Usp2b (Mm01168- 
648) were purchased from Thermo Fisher 
Scientific.

Immunohistochemistry (IHC)

Liver tissue slides were blocked with 10% nor-
mal donkey serum (Abcam) followed by incuba-
tion with goat anti-mouse USP2 IgG (AF5804, R 
& D Systems) or pre-immunized serum (Bio- 
matik). The slides were then incubated with 
goat IgG VisUCyte HRP Polymer (VC004, R & D 
systems). ImageJ was used to quantify USP2 
staining. The specificity of the goat anti-USP2 
antibodies were confirmed by Western blot with 
human liver tissues (data not shown).

Western blot

Lysates from HepG2 wt and USP2-KO cells or 
human liver tissues were used for Western blot 
as previously described [23]. Antibodies against 
human FABP1 (sc-271591), STK4 (sc-515051), 
EGFR (sc-373746), GAPDH (sc-365062) and 
goat-anti-mouse IgG-HRP (sc-2005) were pur-
chased from Santa Cruz Biotechnology. Anti- 
body against human DPP4 (AF1180-SP) was 
obtained from R&D Systems. Rabbit anti-goat 

IgG (H+L) HRP (81-1620) was from Thermo 
Fisher Scientific.

Proteome analysis

The parental HepG2 wt and two independent 
USP2 knockout cells, USP2-KO (3A) and USP2-
KO (3E) were used with three replicates for 
each type of cells. The cell pellets were subject-
ed for protein extraction followed by trypsin 
digestion. Equal amounts (1 µg/µL) of desalted 
tryptic peptides were analyzed by LC-MS/MS 
analysis. The proteomic platform was followed 
as described previously [24]. Peptide spectrum 
matching of MS/MS spectra of each file was 
searched against UniProt protein database 
using the Sequest algorithm within Proteome 
Discoverer v 2.3 software (Thermo Fisher 
Scientific, San Jose, CA). The relative label-free 
quantitative and comparative among the sam-
ples were performed using the Minora algo-
rithm and the adjoining bioinformatics tools of 
the Proteome Discoverer 2.3 software. Every 
protein/peptide identified with 1% false discov-
ery rate (FDR) confidence level for the sequence 
assignments was included in the analysis. 
Kyoto encyclopedia of genes and genomes 
(KEGG) pathways and ShinyGo gene ontology 
enrichment analysis were performed. All pro-
teins/peptides are normalized and the ratio, 
p-value and the abundance of each protein in 
group and/or sample were determined. 

Statistical analysis

Student t-test was applied to pair-wise compari-
son for normally distributed data. One-way 
ANOVA was applied to analyze data with multi-
ple groups, followed by Tukey post-hoc test for 
multiple comparisons. A p-value of 0.05 or 
lower was considered statistically significant.

Results

USP2 expression was dysregulated in patients 
with HCC

USP2 plays important roles in a myriad of cel-
lular activities and its implications in various 
diseases are starting to be recognized recently. 
To determine whether USP2 expression was 
altered in HCC, the expression levels of USP2 
protein and mRNA in normal, HCC-NT and 
HCC-T liver tissues were evaluated by IHC and 
real-time PCR. As shown in Figure 1A and 1B, 
USP2 protein levels were significantly reduced 
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in HCC-T (n=115) compared to normal liver 
(n=76) (P<0.001) or HCC-NT (n=38) (P< 
0.0001). USP2 protein levels were decreased 
in HCC-NT compared to normal liver samples 
but the difference did not reach a statistical 
significance (P=0.15). Further analysis of the 
10 paired HCC-T and HCC-NT samples showed 
that HCC-T tissues had significantly reduced 
USP2 protein expression compared to the cor-
responding HCC-NT tissues as groups (Figure 
1C and 1D) (P<0.01). Among the 10 paired 
HCC-T and HCC-NT samples, USP2 protein 
expressions were reduced in HCC-T tissues in 9 
pairs of HCC-T and HCC-NT samples (Figure 
1E). 

Consistent with the USP2 protein levels, USP2 
mRNA levels were significantly reduced in 
HCC-T tissues (n=21) when compared to nor-
mal (n=12) (P<0.01) and HCC-NT tissues (n=8) 
(P<0.01) (Figure 2A). Compared HCC-NT and 
normal liver tissues, USP2 expression was 
reduced in HCC-T without reaching a statistical 
significance. Detailed analysis of the 8 paired 
HCC-T and HCC-NT tissues revealed that USP2 
mRNA expression levels were significantly 
reduced in the HCC-T tissues as groups (P< 
0.05) (Figure 2B) as well as individual pairs 
(Figure 2C). 

USP2 expression was dysregulated in mice 
with HCC

FXR-knockout (FXR-KO) mice spontaneously 
develop HCC as they age [20, 21] and the hepa-
tocarcinogenesis in FXR-KO mice mimics hu- 
man HCC progression [25]. To determine 
whether Usp2 is dysregulated in HCC mouse 
model, the expression levels of Usp2 in HCC-T 
and HCC-NT tissues of FXR-KO mice and nor-
mal liver tissues from age-matched C57BL/6J 
wt mice were evaluated. Consistent with the 
findings from HCC patients, Usp2 mRNA expres-
sion levels were markedly decreased in HCC-T 
when compared to HCC-NT and normal liver tis-
sues (Figure 3A). It was also noted that Usp2 
expression levels were significantly reduced in 
HCC-NT when compared to normal liver tissues 
(Figure 3A). Thus, Usp2 expression in HCC-NT 
represented the intermediate status between 
normal and HCC-T tissues. Detailed analysis of 
the individual pairs of HCC-T and HCC-NT 
revealed that Usp2 expression levels were 
reduced in 87% of the pairs (Figure 3B). 

USP2b is the predominant isoform of USP2 in 
the liver

Three functional isoforms of USP2 have been 
reported, including USP2a (USP2-69), USP2b 

Figure 1. USP2 protein expression levels were reduced in HCC-T tissues from HCC patients. (A) Representative total 
USP2 protein staining with goat anti-human USP2 IgG in the tissues of human normal liver (n=76), HCC-NT (n=38) 
and HCC-T (n=115) by IHC. As negative controls, human normal liver tissues (n=6) were also stained with goat pre-
immune serum. (B) Quantification of the USP2 protein levels were performed with ImageJ. (C) Representative USP2 
protein staining in four paired HCC-T and HCC-NT tissues (n=10) by IHC. (D) USP2 protein levels in ten paired HCC-NT 
and HCC-T tissues as groups as well as (E) individual pairs. **P<0.01 and ***P<0.001 in students’ t-test for pair-
wise comparison or one-way ANOVA, followed by Tukey post-hoc test for multiple comparisons.

Figure 2. USP2 mRNA expression levels were decreased in HCC-T tissues from HCC patients. (A) The expression 
levels of USP2 mRNA in human normal liver (n=12), HCC-NT (n=8) and HCC-T (n=21) detected by real-time PCR. (B) 
The expression levels of USP2 mRNA in paired HCC-NT and HCC-T tissues as groups as well as (C) individual pairs 
(n=8). *P<0.05 and **P<0.01 in students’ t-test for pair-wise comparison or one-way ANOVA, followed by Tukey 
post-hoc test for multiple comparisons.
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(USP2-45) and USP2c (USP2-41) [13-15]. It 
remains unclear which USP2 isoforms are 
expressed in the liver [14, 16, 17]. In this study, 
isoform-specific probes were used to establish 
USP2 isoform-specific expression profiles in 
both human and mouse normal liver tissues. As 
shown in Figure 4A and 4B, both isoforms 
USP2a and USP2b were readily detected while 
USP2c was under detection by real-time PCR in 
both human (n=12) and mouse liver (n=16). Of 
the two detectable isoforms, USP2b mRNA lev-
els were approximately 3.5-fold more abundant 
than USP2a in both human and mouse liver 
(P<0.01 or P<0.001). Therefore, USP2b is the 

(Figure 5B and 5C). Further analysis with eight 
individual pairs of HCC-T and HCC-NT tissues 
revealed that USP2b was markedly downregu-
lated in HCC-T tissues as groups as well as indi-
vidual pairs when compared to HCC-NT tissues 
(Figure 5D and 5E). The expression profiles of 
USP2b thus resembled that of the total USP2 
expression (Figures 1 and 2) in the HCC sub-
jects, consistent with the finding that USP2b is 
the predominant isoform of USP2 in the liver 
(Figure 4). 

Consistent with the results from HCC patients, 
Usp2b mRNA expression in HCC mouse model 

Figure 3. Dysregulation of Usp2 mRNA expression in HCC-T tissues from HCC mice. A. The expression levels of Usp2 
mRNA in mouse normal liver (n=16), HCC-NT (n=15) and HCC-T (n=15) samples. B. The expression levels of USP2 
mRNA in paired HCC-T and HCC-NT tissues. **P<0.01 and ***P<0.001 in students’ t-test for pair-wise comparison 
or one-way ANOVA, followed by Tukey post-hoc test for multiple comparisons.

Figure 4. USP2b is the predominant USP2 isoform in the liver. (A) The 
relative mRNA expression levels of USP2a, USP2b and USP2c in normal 
liver tissues from human (n=12) and (B) mice (n=16). **P<0.01 and 
***P<0.001 in one-way ANOVA, followed by Tukey post-hoc test for mul-
tiple comparisons.

predominant isoform in the liver 
and our subsequent studies 
were focused on USP2b. 

USP2b was significantly down-
regulated in HCC-T tissues from 
both human and mice

As shown in Figure 5A, the 
expression levels of USP2b 
mRNA were significantly redu- 
ced in HCC-T (n=18) compared 
to HCC-NT (n=8) and normal tis-
sues (n=12) in human (P< 
0.001). Consistent with the 
mRNA levels, USP2b protein 
levels were significantly de- 
creased in HCC-T tissues (n=8) 
when compared to the normal 
(n=8) and HCC-NT tissues (n=8) 
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was markedly decreased in HCC-T tissues 
(n=26) when compared to normal (n=16) and 
HCC-NT tissues (n=26) (Figure 6A). In addition, 
the expression levels of Usp2b in HCC-NT tis-
sues were significantly reduced when com-
pared to that in the normal liver tissues. Of the 
26 pairs of HCC-T and HCC-NT samples, 22 
samples had decreased Usp2b expression 

within the tumor section, with 19 samples 
showing a greater than 20% reduction and 13 
samples having greater than a 50% reduction 
(Figure 6B). Consistent with the results of 
Usp2b mRNA expression, Usp2b protein levels 
were significantly decreased in HCC-T and HCC-
NT when compared to the normal tissues 
(Figure 6C and 6D). The protein levels were 

Figure 5. USP2b mRNA expression levels were markedly reduced in HCC-T tissues from HCC patients. (A) The ex-
pression levels of USP2 mRNA in human normal liver (n=12), HCC-NT (n=8) and HCC-T (n=21) detected by real-time 
PCR. (B) USP2b protein detected by Western blot in normal liver (n=8), HCC-NT (n=8) and HCC-T tissues (n=8). (C) 
Quantification of the USP2b protein levels in (B) by ImageJ. (D) The expression levels of USP2 mRNA in paired HCC-
NT and HCC-T tissues as groups as well as (E) individual pairs (n=8). ***P<0.001 in students’ t-test for pair-wise 
comparison or one-way ANOVA, followed by Tukey post-hoc test for multiple comparisons.
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slightly reduced in HCC-T when compared to 
HCC-NT tissues without reaching a statistical 
significance. 

USP2b promoted cell proliferation

To determine if USP2b is involved in regulating 
cell proliferation, a series of cell proliferation 

assays were carried out. Over-expression of 
USP2b in HepG2 and Huh 7 cells significantly 
increased cell growth 24 and 48 h post-trans-
fection (Figure 7A and 7B) (P<0.05, P<0.01  
or P<0.001). Consistently, inhibition of USP2 
with a selective USP2 inhibitor ML364 dose-
dependently reduced HepG2 (Figure 7C) and 
Huh 7 (Figure 7D) cell proliferation. At a dose 

Figure 6. Usp2b mRNA expression levels were significantly deceased in HCC-T tissues from HCC mice. (A) The ex-
pression levels of Usp2b mRNA in mouse normal liver (n=16), HCC-NT (n=26) and HCC-T (n=26) samples. (B) The 
expression levels of Usp2b mRNA in paired HCC-T and HCC-NT tissues (n=26). (C) Representative Western blots of 
Usp2b protein in normal liver (n=18), HCC-NT (n=18) and HCC-T tissues (n=17). (D) Quantification of Usp2b protein 
in (C) by ImageJ. *P<0.05, **P<0.01 and ***P<0.001 in one-way ANOVA, followed by Tukey post-hoc test for mul-
tiple comparisons.
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as low as 0.5 μM, the growth of HepG2 cells 
was significantly inhibited by ML364 (P<0.01). 
On the other hand, 20 μM ML364 was required 
for significantly inhibiting Huh 7 cell growth. The 
inhibitory effects of HepG2 and Huh 7 cell 
growth by ML364 were further confirmed in the 
cells transfected with USP2b or pcDNA vector. 
In the presence of ML364, USP2b-promoted 
cell proliferation was largely or totally dimin-
ished in HepG2 (Figure 7E) and Huh 7 cells 
(Figure 7F). 

USP2b increased colony formation and pro-
moted wound healing

Consistent with USP2b’s ability to promote cell 
proliferation, over-expression of USP2b in 
HepG2 and Huh 7 cells significantly increased 
colony formation (P<0.01) (Figure 8A and 8B). 
In HepG2 cells, colony formation increased 
from 28.7 in cells transfected with pcDNA to 
77.8 in cells transfected with USP2b (Figure 
8A). In Huh 7 cells, colony formation increased 

Figure 7. USP2b promoted cell proliferation. (A) HepG2 and (B) Huh 7 cells were transfected with USP2b or pcDNA 
vector, followed by monitoring cell growth for a period of 48 h by the MTS assays. (C) HepG2 and (D) Huh 7 cells 
were treated with increasing concentrations of USP2-specific inhibitor ML364 for 48 h, followed by monitoring cell 
proliferation by MTS assays. (E) HepG2 and (F) Huh 7 cells were transfected with USP2b or pcDNA vector in the 
presence or absence of USP2 inhibitor ML364 for 48 h, followed by monitoring cell proliferation by MTS assays. 
*P<0.05, **P<0.01, ***P<0.001 in students’ t-test for pair-wise comparison or one-way ANOVA, followed by Tukey 
post-hoc test for multiple comparisons.
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from 44.3 in pcDNA-transfected cells to 56.9 in 
USP2b-transfected cells (Figure 8B). 

Over-expression of USP2b also enhanced 
wound healing in both HepG2 and Huh 7 cells 
(Figure 8C and 8D). In HepG2 cells, a 21.3% 
and 29.3% wound closure were measured in 
pcDNA and USP2b transfected cells between 
initial wound infliction and 48 h post (P<0.05) 
(Figure 8C). In Huh 7 cells, a 6.4% and 12.6% 
wound closure were detected in pcDNA and 
USP2b-transfected cells 24 h post-wound for-
mation (P<0.05) (Figure 8D). 

USP2b promoted bile acid-induced apoptosis 
and necrosis

HCC development is often preceded by various 
liver injuries with concurrent elevation of hepat-

ic bile acids. Elevated bile acids induce cell 
death and are directly linked to the develop-
ment and progression of HCC [26-29]. Bile 
acids-induced cell death can be categorized 
into two types, apoptosis [30, 31] and necrosis 
[32, 33]. Indeed, treatment of HepG2 and Huh 
7 cells with 400 μM CDCA resulted in apoptotic 
and necrotic cell death (Figure 9). The peak of 
apoptotic activities was detected 2 to 4 hours 
post treatment in HepG2 cells and 4 to 8 hours 
post-treatment in Huh 7 cells (Figure 9A and 
9B). On the other hand, the peak of necrotic 
activities was detected 12 to 48 hours post-
treatment in both HepG2 and Huh 7 cells 
(Figure 9C and 9D). 

To evaluate the effects of USP2b on bile acid-
induced apoptosis and necrosis, USP2b was 

Figure 8. USP2b promoted colony formation and wound-healing. (A) HepG2 and (B) Huh 7 cells were transfected 
with USP2b or pcDNA vector and then were seeded at a low density in 6-well plates and allowed to grow for 2 weeks 
for colony formation. The colonies were stained and counted. (C) HepG2 and (D) Huh 7 cells were transfected with 
USP2b or pcDNA vector. After the cells grew monolayers, a wound gap between the cells was generated by either 
scratching the cell monolayers or removing the insert in the wells. Images were taken at time of initial wound and 24 
or 48 hours post wound formation. The average wound closure percentages were calculated based on the measure-
ments from 3 random fields. *P<0.05 and **P<0.01 in students’ t-test for pair-wise comparison.
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transfected into HepG2 and Huh 7 cells, fol-
lowed by treatment of the transfected cells with 
increasing concentrations of CDCA. Apoptotic 
activities were quantified 4 hours post-treat-
ment while necrotic activities were measured 
24 hours post-treatment. As shown in Figure 
10A and 10B, over-expression of USP2b in 
HepG2 and Huh 7 cells markedly promoted 
apoptosis when compared with cells transfect-
ed with pcDNA vector (P<0.01 or P<0.001). On 
the other hand, over-expression of USP2b sig-
nificantly promoted necrosis in HepG2 cells 
while had slightly reduced necrotic activities in 
Huh 7 cells without reaching a statistical signifi-
cance (Figure 10C and 10D). 

Identification of potential USP2b regulated tar-
get proteins

As a deubiquitinating enzyme, USP2 regulates 
the target proteins through modulating protein 
stability [9-11, 13]. To identify the potential 
downstream target proteins of USP2 that medi-
ate the effects on cell proliferation and cell 

death, we generated USP2 knockout (USP2-
KO) cells from parental HepG2 cells, followed 
by proteomic profiling of USP2-KO and parental 
HepG2 cells. USP2-KO cells were generated 
using CRISPR and two independent cell clones 
USP2-KO (3A) and USP2-KO (3E) were charac-
terized. Consistent with the findings that USP2b 
promotes cell proliferation (Figure 7A), the cell 
proliferation rates of the two independent 
USP2-KO cell lines, USP2-KO (3A) and USP2-KO 
(3E), were significantly reduced compared to 
the parental HepG2 cells (Figure 11A and 11B). 
The two USP2-KO cell clones exhibited almost 
identical cell growth characteristics over the 
period of 96 hours. As expected, over-expres-
sion of USP2b in both USP2-KO cells increased 
cell growth (Figure 11C and 11D). 

Proteomic profiling was carried out using the 
parental HepG2, USP2-KO (3A) and USP2-KO 
(3E) cells. As shown in Figure 12A, among the 
4861 proteins subjected for quantitative analy-
sis, a total of 210 and 149 proteins were signifi-
cantly increased and decreased in abundance 

Figure 9. Bile acid CDCA induced apoptosis and necrosis in HepG2 and Huh 7 cells. (A) HepG2 and (B) Huh 7 cells 
were treated with 400 μM CDCA, followed by detection of apoptotic activities at varying time points up to 48 h. (C) 
HepG2 and (D) Huh 7 cells were treated with 400 μM CDCA, followed by detection of necrotic activities at various 
time points up to 48 h.
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in USP2-KO (3A) cells compared to the parental 
HepG2 cells (1.5 fold up or down at q<0.05), 
respectively. Comparably, a total of 178 and 
146 proteins were significantly increased and 
decreased in abundance in USP2-KO (3E) cells 
when compared to the parental HepG2 cells 
(1.5 fold up or down at q<0.05), respectively 
(Figure 12B). Among the altered proteins, 190 
proteins (more than 50%) overlapped between 
the two cell clones (Figure 12C). Gene enrich-
ment and pathway analysis of these 190 pro-
teins revealed many cellular functional path-
ways, including lipid metabolism, protein modi-
fications, cell metabolism and regulation, pro-
grammed cell death/apoptosis and regulation, 
cell activation, proliferation and differentiation 
(Figure 12D). 

Analysis of the up-regulated proteins revealed 
that 126 proteins overlapped between the two 
cell clones (Figure 12E). The signaling path-
ways or cellular processes enriched included 

metabolism and regulation, protein modifica-
tions, immune and inflammation responses, 
cell activation and proliferation (Figure 12F). 
Analysis of down-regulated proteins showed 
that 64 proteins were overlapped between the 
two cell clones (Figure 12G). The shared pro-
teins were enriched in programmed cell death/
apoptosis and regulation, responses to wound 
healing and regulation, liver development and 
regeneration, cell growth and lipid metabolism 
(Figure 12H). 

Among the up-regulated proteins, we identified 
eight proteins involved in cell proliferation/
growth, cell death/apoptosis and the pathogen-
esis of cancer (Figure 12I and Table 1), includ-
ing rho-associated coiled-coil-containing pro-
tein kinase 1 (ROCK1), protein kinase N1 
(PKN1), transcription factor 3 (TCF3), integrin 
subunit beta 3 (ITGB3), AlkB homolog 5 RNA 
demethylase (ALKBH5), pelota mRNA surveil-
lance and ribosome rescue factor (PELO), ste-

Figure 10. USP2b promoted bile acid-induced apoptosis and necrosis. (A) HepG2 and (B) Huh 7 cells were trans-
fected with USP2b or pcDNA vector and the transfected cells were treated with increasing concentrations of CDCA 
or vehicle for 2-4 h, followed by detection of the apoptotic activities. (C) HepG2 and (D) Huh 7 cells were transfected 
with USP2b or pcDNA vector and the transfected cells were treated with increasing concentrations of CDCA or ve-
hicle for 12-24 h, followed by detection of the necrotic activities. *P<0.05, **P<0.01 and ***P<0.001 in students’ 
t-test for pair-wise comparison.



USP2b in the pathogenesis of hepatocellular carcinoma

4758 Am J Cancer Res 2021;11(10):4746-4767

roid receptor RNA activator 1 (SRA1) and ser-
ine/threonine kinase 4 (STK4). Among the 
down-regulated proteins, six proteins involved 
in cell proliferation, apoptosis and tumorigene-
sis were identified including glycogen synthase 
kinase 3 beta (GSK3B), autophagy related 3 
(ATG3), fatty acid binding protein 1 (FABP1), 
dipeptidyl peptidase 4 (DPP4), epidermal 
growth factor receptor (EGFR) and heme oxy-
genase 1 (HMOX1) (Figure 12I and Table 1).

The proteomic data was further validated by 
immunoblot analysis of the four proteins of 
interest including EGFR, STK4, DPP4 and 
FABP1. As shown in Figure 13A, consistent 
with the proteomic results, STK4 protein levels 
were significantly up-regulated in both USP2-
KO (3A) and USP2-KO (3E) cells when compared 
to HepG2 wt cells. On the other hand, the 
expression levels of FABP1, DPP4 and EGFR 
proteins were significantly down-regulated in 
both USP2-KO (3A) and USP2-KO (3E) cells 
when compared with HepG2 wt cells (Figure 
13B-D), confirming the data from the proteomic 
profiling (Figure 12E and Table 1). 

Discussion

USP2 has been implicated in various diseases, 
particularly multiple types of cancers, with 
majority of the studies being focused on USP2a. 
In prostate cancer and glioma, USP2a expres-
sion was upregulated [8, 34, 35]. On the other 
hand, in bladder cancer and renal cell carcino-
ma, USP2a was markedly downregulated [36, 
37]. In breast cancer, both up- and down-regu-
lation of USP2 were reported [19, 38]. Limited 
studies have been done to determine whether 
USP2 expression is dysregulated in HCC or its 
roles in HCC pathogenesis. USP2a expression 
was reported to be upregulated in a large por-
tion of the HCC tumor tissues while USP2b was 
not investigated [18, 39]. In this study, we dem-
onstrated that USP2 expression was dysregu-
lated both at mRNA and protein levels in 
patients with HCC. Compared with normal liver 
tissues, USP2 expression in HCC-T was signifi-
cantly reduced at both protein and mRNA levels 
(Figures 1 and 2). Consistent with the findings 
from human, USP2 expression was also signifi-
cantly down-regulated in HCC-T in the FXR-KO 

Figure 11. Knockout of USP2 significantly reduced cell proliferation. (A) Relative proliferation of parental HepG2 
and USP2-KO (3A) and (B) USP2-KO (3E) cells over a period of 96 h. (C) USP2-KO (3A) and (D) USP2-KO (3E) cells 
were transfected with USP2b or pcDNA vector, followed by monitoring the cell proliferation over a period of 48 h. 
*P<0.05, **P<0.01 and ***P<0.001 in students’ t-test for pair-wise comparison.
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mouse HCC model (Figure 3). Most previous 
studies with various cancers used the adjacent 
tissues as normal controls for gene expression 
comparison with tumor tissues. The advantage 
of such comparison is to minimize the individu-

al variations. However, the adjacent tissues 
may not represent the actual normal status of 
the tissues. Indeed, our results revealed that 
USP2 expression levels exhibited a reduced 
trend from normal to HCC-NT to HCC-T in both 

Figure 12. Identification of USP2-regulated target proteins with proteomic profiling. (A) Quantitative analysis of 
the proteomics dataset obtained from parental HepG2 (n=3 duplicates) and USP2-KO (3A) cells (n=3 duplicates) 
and (B) from HepG2 wt and USP2-KO (3E) cells (n=3 duplicates). Volcano plot shows the fold-change (1.5 fold up 
or down) versus p-value of protein abundance for the total of 4861 proteins identified. Red and green circles rep-
resent the significant (q<0.05) up- and down-regulated proteins in USP2-KO (3A) or USP2-KO (3E) compared with 
the parental HepG2 cells. (C) Overlap of the proteins differentially expressed in USP2-KO (3A) and USP2-KO (3E) 
cells when compared with the parental HepG2 cells. (D) The protein enrichment analysis of the overlapped altered 
proteins by KEGG and ShinyGo. (E) Overlap of upregulated proteins differentially expressed in USP2-KO (3A) and 
USP2-KO (3E) cells when compared with HepG2 cells. (F) The protein enrichment analysis of the overlapped up-
regulated proteins by KEGG and ShinyGo. (G) Overlap of downregulated proteins differentially expressed in USP2-KO 
(3A) and USP2-KO (3E) cells when compared with parental HepG2 cells. (H) The protein enrichment analysis of the 
overlapped downregulated proteins by KEGG and ShinyGo. (I) The heat map analysis of the USP2 regulated target 
proteins associated with cell proliferation, apoptosis, and tumorigenesis in the parental HepG2, USP2-KO (3A) and 
USP2-KO (3E) cells. 



USP2b in the pathogenesis of hepatocellular carcinoma

4761 Am J Cancer Res 2021;11(10):4746-4767

human (Figure 2A) and mice (Figure 3A). The 
expression levels of USP2 in HCC-NT were sig-
nificantly reduced when compared to normal 
liver tissue in mice (Figure 3A). Our data sup-
port the notion that HCC-NT tissues are differ-
ent from normal and HCC-T tissues and repre-
sents the intermediate status from normal to 
tumor tissues [40, 41]. 

Three USP2 isoforms including USP2a, USP2b 
and USP2c have been identified from various 
organs [13-15] with USP2a being most studied. 
Currently, the study on USP2 isoforms in the 
liver is limited and controversial [14, 16, 17]. In 
one study, it was reported that USP2c (USP-
41KD) was the predominant USP2 isoform 
(89% of total USP2) while no USP2b proteins 
were detected [16]. In contrast, other studies 
reported that USP2b was the predominant iso-
form while USP2c was not detected [14, 17]. In 
this study, we found that USP2a and USP2b 
were detected in both human and mouse liver 
while USP2c was under detection by real-time 
PCR (Figure 4A and 4B). Compared with USP2a, 
USP2b is much more abundantly expressed in 
both human (Figure 4A) and mouse liver (Figure 
4B). Consistent with USP2b being the predomi-
nant isoform of USP2, the expression profiles of 
USP2b resembled that of total USP2 with a 

similar downtrend from normal to HCC-NT to 
HCC-T tissues in both human (Figures 2A and 
5) and mice (Figures 3A and 6). Taken together, 
these data demonstrated that USP2b was the 
predominant USP2 isoform in the liver and 
exhibited a consistent downtrend from normal 
to HCC-NT to HCC-T tissues in both human and 
mice.

Previous studies on USP2’s involvement in reg-
ulating cell proliferation, apoptosis and inva-
sion have been limited to USP2a or USP2c 
[8-11]. In this study, we found that USP2b pro-
moted cell proliferation in HepG2 (Figure 7A 
and 7E), Huh 7 (Figure 7B and 7F) and USP2-
KO cells (Figure 11C and 11D). Consistently, 
overexpression of USP2b promoted colony for-
mation and wound healing in both HepG2 
(Figure 8A and 8C) and Huh 7 cells (Figure 8B 
and 8D). On the other hand, inhibition of USP2 
activity by the chemical inhibitor ML364 or 
knockout of USP2 in USP2-KO cells significantly 
reduced cell proliferation (Figures 7E, 7F, 11A, 
11B). The results thus firmly established that 
USP2b promoted cell proliferation, thus con-
tributing to the pathogenesis of HCC.

HCC is often developed from chronic liver disor-
ders such as cholestasis, hepatitis, and cirrho-

Table 1. Up- and down-regulated proteins in USP2-KO (3A) and USP2-KO (3E) cells when compared to 
parental HepG2 cells
Up-regulated proteins

Proteins USP2-KO (3A) vs HepG2 cells  
(Fold increase) p value USP2-KO (3E) vs HepG2 cells

(Fold increase) p value

ROCK1 100 3.10×10-16 100 2.67×10-16

PKN1 100 3.10×10-16 100 2.67×10-16

TCF3 100 3.10×10-16 100 2.67×10-16

ITBG3 4.20 5.17×10-13 8.58 2.67×10-16

ALKBH5 6.55 1.27×10-10 33.92 2.67×10-16

PELO 3.77 5.56×10-7 7.24 1.74×10-13

SRA1 3.57 1.28×10-5 4.87 1.81×10-6

STK4 3.28 1.36×10-5 2.80 4.44×10-3

Down-regulated proteins

Proteins USP2-KO (3A) vs HepG2 cells  
(% reduction) p value USP2-KO (3E) vs HepG2 cells

(% reduction) p value

GSK3B 99.0 3.10×10-16 99.0 2.67×10-16

ATG3 99.0 3.10×10-16 99.0 2.67×10-16

FABP1 68.8 3.10×10-16 78.8 2.67×10-16

DPP4 66.1 3.10×10-16 76.6 1.30×10-10

EGFR 77.7 6.14×10-8 99.0 2.67×10-16

HMOX1 43.7 3.59×10-4 50.1 0.022
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sis. Increased intrahepatic bile acid levels as a 
result of liver disorders are linked to the devel-
opment and progression of HCC [26-29]. Young 
children carrying genetic defects on bile salt 
export pump (BSEP) have elevated bile acids 
and develop HCC at early ages [27]. Consistent- 
ly, elevated bile acid concentrations play a role 
in promotion and progression of HCC in rodents 
[28, 42]. It is well established that high levels of 

ming growth factor-beta (TGF-β) [44, 45], 
Sirtuin 1 (SIRT1) [46], nuclear receptor 4A 
(NR4A) [47], high mobility group box protein 1 
(HMGB1) [48], yin yang 1 (YY1) [49] and many 
others [50-53]. Most of those proteins are 
either transcriptional factors or epigenetic 
modifying enzymes which regulate many down-
stream targets and signaling circuits. Those 
proteins can function as tumor suppressor or 

Figure 13. Confirmation of USP2-regulated target proteins by Western blotting. 
(A) Detection and quantification of USP2-regulated target protein STK4, (B) 
DPP4, (C) FABP1 and (D) EGFR in parental HepG2, USP2-KO (3A) and USP2-KO 
(3E) cells. ***P<0.001 with one-way ANOVA, followed by Tukey post-hoc test for 
multiple comparisons.

bile acids are toxic to hepa-
tocytes, causing cell death 
through either apoptosis 
[30, 31] or necrosis [32, 
33]. In this study, we inves-
tigated the effects of USP- 
2b on bile acid-induced 
apoptosis and necrosis. We 
found that USP2b signifi-
cantly promoted bile acid-
induced apoptosis (Figure 
10A and 10B) and necrosis 
(Figure 10C), thus playing a 
role in the pathogenesis of 
HCC. Our results are con-
sistent with the proapop-
totic activity of USP2b 
detected in HEK293 cells 
[43]. 

Taken together, our data 
demonstrated that USP2b 
exhibited both tumor-sup-
pressing and promoting 
activities. On the one hand, 
USP2b expression was sig-
nificantly down-regulated in 
HCC tumors from both hu- 
man and mouse, and over-
expression of USP2b en- 
hanced bile acids-induced 
apoptosis and necrosis, 
showing the characteristics 
of a tumor suppressor. On 
the other hand, USP2b pro-
moted cell proliferation, co- 
lony formation and wound 
healing, displaying the fea-
tures of an oncogene. Such 
phenomenon is not uncom-
mon. A number of other 
proteins have been report-
ed to have both oncogenic 
and tumor-suppressing ac- 
tivities, including transfor- 
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tumor promoter depending on the tumor stag-
es, specific organs, cell types, and specific cel-
lular conditions. Similarly, as a deubiquitinating 
enzyme, USP2 regulates a large number of 
downstream targets involved in cell prolifera-
tion, apoptosis or necrosis (Figure 12). There- 
fore, USP2b’s function as a tumor suppressor 
or promoter may depend on the cell status or 
context. In the presence of elevated hepatic 
bile acids in vivo in HCC subjects and high lev-
els of bile acids in vitro during apoptosis and 
necrosis assays, USP2b may predominantly act 
as a tumor suppressor. However, in the absence 
of bile acids in vitro during cell proliferation, 
colony formation and wound healing assays, 
USP2b may predominately function as a cell 
proliferation promoter. Consistent with its func-
tion as a tumor suppressor, USP2b expression 
was significantly reduced in the HCC tumor. 
Reduced expression of USP2b made the tumor 
cells more resistant to the apoptotic and 
necrotic cell death induced by elevated bile 
acids in the HCC subjects, thus favoring tumor 
cell survival. However, it remains to be deter-
mined whether reduced USP2b expression 
results in slower growth of the HCC tumor in 
vivo in the presence of elevated hepatic bile 
acids. 

USP2b’s ability to promote cell proliferation 
appears to contradict with its pro-apoptotic and 
pro-necrotic activities. One possible explana-
tion is that USP2b promotes cell proliferation or 
cell-death dependent on the specific cellular 
conditions as stated above. The second possi-
ble explanation for such phenomenon is that 
USP2b promotes apoptotic cell death and cel-
lular factors released from the dying cells sub-
sequently promote surrounding cell prolifera-
tion. Indeed, cell death through apoptosis has 
been proposed as the driving force for increas- 
ed cell proliferation [54-56]. Such apoptosis-
induced proliferation is considered beneficial 
for the organism since it allows damaged tis-
sues to be repaired or regenerated. Therefore, 
in addition to its roles in the HCC pathogenesis, 
USP2b may also play an important role in liver 
damage repairing and regeneration.

In this study, through an unbiased proteomic 
approach, we identified USP2-regulated target 
proteins involved in cell proliferation/growth, 
apoptosis and necrosis. Among those targets, 
four proteins including STK4, EGFR, DPP4 and 

FABP1 have been notably connected to the 
pathogenesis of HCC and other cancers. EGFR, 
DPP4 and FABP1 protein levels were signifi-
cantly reduced in USP2-KO compared to HepG2 
wt cells (Figures 12I, 13B-D and Table 1), which 
is in line with the notion that USP2 stabilizes its 
target proteins through deubiquitination pre-
venting ubiquitin-mediated protein degrada-
tion. Serving as the receptor for epidermal and 
other growth factors, EGFR has been long rec-
ognized to exert a variety of cellular activities in 
cell proliferation, differentiation, survival and 
tumorigenesis [57-59]. Dysregulation of EGFR 
signaling pathways leads to increased cell pro-
liferation, differentiation and eventually HCC 
development. Consistent with our findings is a 
report that USP2a regulated EGFR degradation 
through deubiquitination in lung cancer [60]. 
DPP4 exerts a myriad of functional activities 
through processing various target peptides. 
Several lines of evidence firmly connect DPP4 
to HCC development [61-64]. However, it is still 
not clear whether DPP4 functions as a tumor 
suppressor or promoter. Earlier studies showed 
that DPP4 expression was upregulated in HCC 
patients and inhibition of DPP4 reduced or pre-
vent HCC development in mice [62-64], indicat-
ing that DPP4 acts as an oncogene. However, a 
most recent study with a larger sample size 
reported that DPP4 protein expression was sig-
nificantly downregulated in HCC patients and 
reduced DPP4 protein expression directly cor-
related with poor prognosis [61], displaying the 
features of a tumor suppressor. However, it 
should be emphasized that in contrast to pro-
tein levels, DPP4 mRNA levels did not show any 
correlations with HCC prognosis [61], indicating 
the importance of post-transcriptional regula-
tion of DPP4, which is consistent with regulato-
ry effects of USP2 on DPP4 protein stability. 
FABP1 plays important roles in regulating lipid 
metabolism, energy homeostasis, and antioxi-
dant responses [65]. Dysregulation of liver 
FABP1 is implicated in various liver disorders 
including cholestasis, steatosis, non-alcoholic 
fatty liver disease and HCC [65]. Dysregulated 
expression of FABP1 correlated with tumorigen-
esis or prognosis in HCC subjects [65-67]. 
Taken together, EGFR, DPP4 and FABP1 all 
exhibit activities associated with HCC develop-
ment and progression. It is reasonable to spec-
ulate that USP2 mediated its activities through 
upregulating EGFR, DPP4 and FABP1 protein 
expression. As one of the USP2 target proteins, 



USP2b in the pathogenesis of hepatocellular carcinoma

4764 Am J Cancer Res 2021;11(10):4746-4767

STK4 acts as a tumor suppressor, exerting its 
activities mainly through the Hippo/Yap1 and 
Toll-like receptor (TLR) signaling pathway [68, 
69]. Deficiency of STK4 in the liver results in 
massive liver overgrowth and HCC develop-
ment in mice [70]. In contrast to EGFR, DPP4 
and FABP1, STK4 protein expression was sig-
nificantly elevated in USP2-KO cells compared 
to HepG2 wt cells (Figures 12I, 13A and Table 
1), indicating that USP2 down-regulates STK4 
protein expression. Such down-regulation of 
STK4 protein by USP2 contrasts with the gener-
ally accepted roles of USP2 in stabilizing target 
proteins. One possible explanation is that USP2 
may directly promote STK4 protein degrada-
tion. Consistent with this notion, USP2 directly 
deubiquitinates its target immune deficiency 
(Imd) protein and promotes its degradation 
through the proteasomal pathway [71]. The 
other possible explanation is that USP2 regu-
lates STK4 protein expression indirectly. Taken 
together, USP2 may exert its activities in cell 
proliferation and death through regulating 
STK4, EGFR, DPP4 and FABP1. 

In summary, USP2 and its predominant isoform 
USP2b were dysregulated in HCC tissues from 
both human and mice. Such dysregulation of 
USP2b contributes to the pathogenesis of HCC 
through promoting cell proliferation as well as 
exerting proapoptotic and pronecrtotic activi-
ties. USP2b’s ability to act as tumor suppressor 
or promoter depend on the cell status or con-
text. We are currently investigating the underly-
ing mechanisms by which USP2b promotes cell 
growth while exerts proapoptotic and prone-
crtotic activities. The findings from the current 
study provide the molecular basis for develop-
ing therapies for HCC through modulating 
USP2b expression or activities.
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