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USP14 activation promotes tumor progression
in hepatocellular carcinoma
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Abstract. To elucidate the molecular mechanisms underlying
the pathogenesis and treatment of human primary hepato-
cellular carcinoma (HCC), it is important to explore novel
HCC-associated genes. In the present study, we examined
the expression of ubiquitin-specific peptidase 14 (USP14) in
patients with HCC using quantitative PCR and immunohis-
tochemical techniques. The expression of USP14 in tumor
tissues of patients with HCC was significantly higher than
that in adjacent non-cancerous and normal liver tissues.
It was also determined whether the expression profile of
USP14 was associated with the clinical characteristics of
HCC. Increased USP14 expression was associated with some
clinicopathological variables, such as advancing tumor stage.
A Kaplan-Meier curve analysis demonstrated that patients
with HCC having a high USP14 expression had a significantly
poorer prognosis after surgery than patients with lower
USP14 expression levels. Knockdown of USP14 with the
lentiviral vector delivery of shRNA in human hepatocarci-
noma SMMCT7721 cells suppressed cell proliferation, altered
the cell cycle and induced cell apoptosis. Additionally, the
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Wnt/B-catenin pathway was activated in HCC patients with
USP14 overexpression. These findings strongly suggested that
USP14 activation plays an oncogenic role in promoting tumor
progression in HCC. Thus, our findings suggested that USP14
is involved in the progression of HCC and may be a useful
therapeutic target in HCC. These findings likely reflect the key
role that USP14 plays in the pathogenesis of HCC. Therefore,
the identification of USP14 and USP14-driven genes may
promote the investigation of its functional role to develop more
effective therapies for HCC, especially advanced HCC.

Introduction

As one of the most common malignant tumors, human
primary hepatocellular carcinoma (HCC) is the third leading
cause of cancer-related mortality worldwide (1,2), with the
incidence increasing, especially in East Asia and South
Africa. Approximately 50% of patients worldwide with HCC
are located in China, where HCC is the second leading cause
of cancer-related mortalities (3-5). Although marked progress
has been made in the treatment of HCC, many challenges still
remain, such as the difficulty of early diagnosis (6), the high
rate of metastasis when recurrence develops (7) and the lack
of an effective therapeutic target (8-10). Hepatic resection is
a well accepted therapy for HCC, however, many patients are
diagnosed with advanced HCC and are thus unable to undergo
surgery (11,12). Alternative treatments do not substantially
improve patient prognosis when HCC is deemed unresect-
able. Therefore, studies have been conducted to identify novel
genes and proteins associated with the malignant proliferation
of tumor cells in the pathogenesis of HCC to develop more
effective therapies.

The investigation of molecular mechanisms leading to
HCC development and progression is necessary to identify
new targets for early diagnosis and treatment (8). To gain new
insight into the molecular mechanisms underlying the patho-
genesis of HCC, we searched for HCC-specific molecules
by screening genes that are differentialy expressed between
cancer and non-cancer counterparts of the liver and identified
anovel HCC-associated gene. We found that ubiquitin-specific
peptidase 14 (USP14), encoding an ~56 kDa cytoplasmic
protein (13,14), was upregulated in the liver of patients with
HCC. USPI14 belongs to the family of deubiquitinating
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enzymes (DUB) composed of His and Cys domains. USP14
removes the (poly)ubiquitin moiety from protein substrates
in a particular form, as it is activated catalytically following
specific association with the 19S regulatory elements of the
26S proteasome (15).

Dysfunction of the ubiquitin proteasome system (UPS) is
involved in numerous diseases, including cancer. The primary
means of selective intracellular protein degradation is through
proteasomal degradation after ubiquitin modification (16).
Ubiquitination of proteins is a dynamic balanced process.
DUBs can reverse the ubiquitination reaction because the
deubiquitinating enzyme removes the ubiquitin tag from a target
protein that has been modified by ubiquitin polymers (17,18).
To maintain intracellular protein stability and homeostasis, the
UPS is precisely regulated. Some studies have reported that
DUBs can regulate cell cycle-associated proteins by deubiqui-
tination to maintain the stability of these intracellular proteins,
for example, cyclin-dependent kinase inhibitors CDKNI1A and
CDKNI1B (19) and tumor-suppressor gene P53 (20). This influ-
ences the cell cycle as well as cell proliferation. USP1 (21),
USP9X (22), USP28 (23) and USP44 (24) have been reported
to play important roles in the development and progression of
cancer. As vital regulators of protein degradation, DUBs have
also become potential targets in drug design as inhibitors of
malignant disease.

Recent studies suggest a high expression of USP14 in
some tumors, such as in colorectal cancer (25,26), epithelial
ovarian cancer (27), lung adenocarcinoma (28) and intrahe-
patic cholangiocarcinoma (29). Therefore, in the present study,
we examined the expression of USP14 in HCC. The biological
role of USP14 activation in the progression of HCC was inves-
tigated and the association between the expression profile of
USP14 and clinical characteristics of HCC was also analyzed
to explore the mechanisms regulating HCC initiation and
progression and to determine whether USP14 may be a novel
target in the diagnosis or treatment of HCC.

Materials and methods

Patients and tissue samples. Formalin-fixed and paraffin-
embedded liver tumor specimens and matched tumor-adjacent
normal tissues were obtained for immunohistochemical
analysis from 31 consecutive patients diagnosed with HCC in
the Eastern Hepatobiliary Surgery Hospital (30), the Second
Military Medical University, Shanghai, China, from 2004
to 2007. To confirm the expression level of USP14, stained
sections were evaluated according to the German immuno-
reactive scoring system using immunoreactive scores (IRSs)
as previously described (31,32). Briefly, IRSs were assigned
sub-scores for immunoreactivity intensity (0-3) and distribu-
tion (0-4). These sub-scores were then added to obtain the
final IRS score. The sub-scores for immunoreactive staining
intensity were defined as: 0, no staining; 1, weakly stained;
2, moderately stained and 3, strongly stained. The sub-scores
for immunoreactivity distribution were defined as: 0, <5%,
1, 5-25%, 2, 25-50%, 3, 50-75% and 4, >75%. Fresh-frozen
liver tissues from 31 patients with HCC and normal liver
tissues from 6 patients who underwent primary hepatectomy
were used for RNA extraction and quantitative PCR (qQPCR)
assays. For the 31 patients with HCC, 26 had been followed
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for 3 years and their complete clinical data were electroni-
cally recorded. The disease-free survival rate was defined as
the interval between the dates of surgery and recurrence, and
where recurrence was not diagnosed, patients were censored
based on the dates of mortality or the last follow-up. The
present study was performed in accordance with the ethical
standards of the Human Experimentation of the Second
Military Medical University.

RNA isolation and cDNA synthesis. Total RNA was isolated
from fresh-frozen HCC tumor specimens, healthy control tissues
and cell lines using TRIzol (Invitrogen-Life Technologies,
Carlsbad, CA, USA) according to the manufacturer's instruc-
tions. The extracted RNA samples (2 pg), which were kept
at -80°C, were reverse-transcribed into cDNA using M-MLV
reverse transcriptase (Promega, Madison, WI, USA) in a final
reaction volume of 20 ul. Reverse transcription of total RNA
was performed using random hexamers (Roche Diagnostics,
Penzberg, Germany).

qgPCR analysis. For qPCR amplification, SYBR-Green
(Takara, Otsu, Japan) and 0.5 ul of cDNA per reaction were
used. Primers of human USP14 were: forward, 5-GGCTTC
AGCGCAGTATATTA-3' and reverse, 5'-CAGATGAGG
AGTCTGTCTCT-3". The primers were synthesized by Sangon
(Shanghai, China). Reactions were performed under the
following conditions: 94°C for 6 min; 45 cycles of 94°C for
20 sec, 60°C for 31 sec, 72°C for 32 sec and 72°C for 10 min.
Amplification and detection of SYBR-Green were performed
with a GeneAmp PCR System 5700 (Applied Biosystems).
The human fB-actin gene was used as an internal control.
Threshold changes relative to normal liver controls were
determined using cycle (Ct) values from triplicate reactions
and averaged. Fold was measured using the 22T method.

Western blot analysis of USPI4. The tissues or cells were
lysed in RIPA buffer containing a protease inhibitor (Roche
Applied Science, Indianapolis, IN, USA) and homogenated.
After incubation for 20 min at 4°C and centrifugation at
10,800 x g for 25 min at 4°C, the supernatant was collected.
Protein concentrations were estimated using the bicincho-
ninic acid (BCA) assay (Sango, China). For the western blot
analysis, proteins were loaded onto 10% SDS-PAGE gels and
transferred to polyvinylidene difluoride membranes. After
transfer, the membranes were incubated with a USP14 primary
antibody (Santa Cruz Biotechnology, Inc., CA, USA) for 1 h
at room temperature or overnight at 4°C on a shaker, followed
by a horseradish peroxidase-conjugated secondary antibody
(Beyotime, Shanghai, China). Protein bands were detected
with ECL Plus reagents (Amersham Biosciences, Switzerland).

Transfection. SMMCT7721 cells were seeded in 6-well plates
(4x10° cells/well) in 0.5 ml of complete growth medium.
On the day of transfection, cell density was 50-80%
confluent. Suspensions of three USP14 shRNA lentiviruses
(USP14-siRNA1, USP14-siRNA2 and USP14-siRNA3) were
added to different plates of SMMC7721 cells and incubated
for 3 h at 37°C. Fresh medium (2 ml) was then added. After
24 h, 0.5 ml of complete growth medium was replaced with
growth medium.
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Cellproliferation assay.Human SMMC7721 hepatocarcinoma
cells (4x10? cells/well) with various treatments were seeded on
a 96-well plate in DMEM (high glucose) supplemented with
10% fetal bovine serum and 1% antibiotic/antimycotic solution
(Sigma-Aldrich, St. Louis, MO, USA). Cell proliferation was
detected over 5 days using the Cell Counting kit-8 (CCK-8)
assay according to the manufacturer's instructions.

Apoptosis analysis and clonogenic assays. Apoptosis was
monitored with an Annexin V-FITC apoptosis detection kit
(Invitrogen-Life Technologies) according to the manufac-
turer's instructions. SMMC7721 cells with various treatments
were seeded in 6-well plates (4x10° cells/well) for clonogenic
assays. After growing for 10 days, the number of colonies was
counted. A colony was defined as cell clusters with =50 cells.

Cell cycle assay. SMMC7721 cells with various treatments
were incubated with propidium iodide (PI; Beyotime),
according the manufacturer's instructions. The samples were
examined using a fluorescence-activated cell sorting (FACS)
assay and the results were analyzed with CellQuest software
(both from Becton-Dickinson, Franklin Lakes, NJ, USA).

Statistical analysis. Survival curves were estimated using the
Kaplan-Meier method and the differences were compared
with the log-rank test. Statistical Package for the Social
Sciences 15.0 software (SPSS Inc., Chicago, IL, USA) was
used for the statistical analyses and P<0.05 was considered
significant. The Pearson's % test or Fisher's exact test was used
to analyze the relationship between USP14 expression and the
HCC clinicopathological characteristics. Data are presented as
means + SE. Other data were analyzed with one-way ANOVA.
P<0.05 was considered significant.

Results

USPI14 expression in HCC specimens. To determine the
expression level of USP14 in hepatocellular carcinoma speci-
mens, we detected USP14 expression levels using RT-qPCR
and immunohistochemistry (IHC) in livers obtained from
patients with HCC following liver resection. The RNA was
extracted from 31 cases of HCC specimens and 6 normal
livers. The USP14 mRNA expression was markedly
increased in 26 of 31 (83.87%) HCC tissues compared with
that in normal liver tissues (Fig. 1A). We also examined the
protein expression of USP14 using THC staining in 31 HCC
tumor tissues and matched tumor-adjacent normal tissues. A
high USP14 protein expression was detected in the malignant
cells, whereas weak staining was observed throughout the
matched normal controls (Fig. 1B). USP14 expression was
observed in 83.87% of HCC specimens (26/31) and the
immunoreactivity was predominantly localized to the cyto-
plasm of the malignant cells.

Association of USP14 expression with clinicopathological
characteristics. We evaluated the clinical significance of the
USP14 expression in HCC in high and low USP14-expressing
groups based on the results of the expression levels of the
USP14 protein. Thus, patients were placed into a group with
high intratumoral USP14 protein density or a group with low
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Figure 1. USP14 is overexpressed in human primary HCC tumor tissues.
(A) Quantitative RT-PCR analysis for USP14 mRNA expression in 31 cases
of HCC specimens. (B) Immunohistochemical analysis of USP14 protein
expression in HCC and normal liver tissues. HCC, hepatocellular carcinoma.

intratumoral USP14 protein density. No significant correlation
was detected between USP14 expression and the clinico-
pathological characteristics (Table I). No significant difference
was detected in tumor size, tumor thrombus or sub foci
incidence between the groups expressing high or low levels
of USP14, although these parameters showed an increasing
trend (Table I). However, there was a trend for progression of
HCC in the USP14 high-expressing group. Of the 31 patients
with HCC 26 were followed for 3 years. During the 3-year
follow-up period, 15 out of 26 (57.69%) patients succumbed as a
result of disease progression. The Kaplan-Meier curve analysis
indicated that patients with a high USP14 expression (14 cases)
had a significantly shorter overall survival rate (35.71, P<0.05)
than those with a low USP14 expression (12 cases) (35.71 vs.
50%, P<0.05) (Fig. 2).

Silencing USP14 impairs HCC cell growth in vitro and in vivo.
The expression of the USP14 protein was detected in seven
HCC cell lines. The level of USP14 protein expression was
markedly upregulated in the HepGB, HepG2, SMMC7721
and MHCC-97-L cell lines (Fig. 3A). We also detected the
expression of USP14 mRNA in these seven HCC cell lines.
The relative expression levels of the USP14 mRNAs were
similar to those of the protein (Fig. 3B), with USP14 expres-
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Table I. Relationship between USP14 protein expression and HCC characteristics in training set (n=26).

USP 14
Characteristics No. of patients (%) Low (n=12) High (n=14) P-value
Age (years) 50.87+10.1 49.7£11.9 0.576
Gender 0.657
Male 21 (80.77) 10 11
Female 5(19.23) 2
HBV 0417
Negative 19 (73.08) 9 (75) 10 (71.43)
Positive 7(26.92) 3(25) 4 (28.57)
AFP (ng/ml) 65.9 55.7 0.949
Tumor size (cm) 4.8+1.9 52+1.7 0.206
Sub foci 4 (15.38) 1(8.33) 3(21.43) 0.078
Tumor thrombus 3(11.54) 1(8.33) 2 (14.29) 0.258
was significantly increased (P<0.05) after transfection with
1007 T V] YUPS14 low the USP14-shRNA lentivirus (Fig. 4E). We also examined the
&7 Y ©UPS14 high cells for apoptosis using Annexin V staining. We found that
& is in SMMC7721 cell kedly i d aft
o 801 I o apoptosis in cells was markedly increased after
< & Y| USP14-RNAi-2 knockdown compared with that in the control
E | Sy Y cells (Fig. 4F), demonstrating that the cell survival rate was
£ % gy significantly reduced when USP14 was downregulated.
& o ' ¥
@ 63_-_'_-'
£ 47 & g USPI4 induces HCC by increasing 3-catenin levels. USP14
g activates the Wnt/B-catenin signaling pathway through deubig-
& 204 uitination (33). In A549 cancer cells, f-catenin protein levels
were decreased following USP14 knockdown (28). Thus, we
LI g g e by examined the expression profile of §-catenin in seven patients
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Figure 2. Kaplan-Meier plot of overall survival rate in patients with
human primary HCC post-operation with high or low intratumoral USP14
expression. The DFS rate was analyzed in the high and low intratumoral
USP14-expressing groups. The different subgroups are plotted according
to their USP14 scores. HCC, hepatocellular carcinoma; DFS, disease-free
survival.

sion being highest in SMMC7721 cells (Fig. 3). Therefore,
SMMC7721 cells were selected for the transfection of three
USP14 shRNA lentiviruses (USP14-siRNA1, USP14-siRNA2
and USP14-siRNA3). The USP14-siRNA2 significantly
suppressed USP14 expression levels (Fig. 4A). The analyses
of the cell growth curves under USP14 silencing conditions
indicated that the proliferation of USP14-siRNA2 cells was
significantly decreased compared with that in the control cells
on days 4 and 5 (P<0.01 for both) (Fig. 4B).

We assessed the effects of USP14 depletion on colony
formation in the SMMC7721 cell line (Fig. 4C and D). The
depletion of USP14 markedly reduced colony formation in
SMMCT7721 cells. We also identified the role of USP14 in the
SMMCT7721 cell cycle using a FACS assay. The results demon-
strated that the cell number in the S phase was significantly
decreased (P<0.05), while the cell number in GO/G1 phase

with HCC. Compared with normal liver tissues, the expression
level of B-catenin was increased in HCC patients with high
USP14 expression levels. The target genes of 3-catenin (such
as c-myc, axin 2 and cyclin D) were also increased in these
patients (Fig. 5).

Discussion

HCC is a common malignant disease with high rates of metas-
tasis and relapse. The mortality rate ranks third in the world
and second in China (4), where >100,000 people succumb
annually from HCC. The early diagnosis of HCC is difficult,
with most cases undetected until the advanced stages (6). No
satisfactory treatment for advanced HCC is currently avail-
able (34). Therefore, a new target therapy in HCC is required.

In the present study, we reported that the expression of
USP14 was significantly higher in HCC than in normal liver
tissues. We also analyzed the prognostic value of USP14
in HCC. In the present study, we examined the correla-
tion between the molecular features of USP14 and clinical
outcomes in HCC. We found no significant difference in
tumor size between the groups expressing high or low levels
of USP14. However, the group with a high USP14 expression
showed a greater disease progression. The Kaplan-Meier
curve analysis indicated that patients with a high USP14
expression (14 cases) had a significantly shorter overall
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Figure 3. Expression levels of USP14 in human primary HCC cell lines. (A) Western blots showing the expression level of USP14 protein in the HCC cell
lines. GAPDH is used as the internal control. (B) Quantitative RT-PCR results for USP14 mRNA levels in the HCC cell lines. HCC, hepatocellular carcinoma.
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Figure 4. USP14 silencing impairs human SMMC7721 hepatocarcinoma cell growth. (A) Western blot analysis of the knockdown efficiency of USP14.
(B) SMMC7721 cell growth curves after silencing USP14 as assessed with a CCK-8 assay. (C and D) Clonogenic assay results in the SMMC7721 cell line after
USP14 knockdown with lentivirus-delivered siRNA. (E) Percentage of SMMC7721 cells in GO/G1, S and G2/M phases with various treatments. After USP14
silencing, the percentage of SMMC7721 cells in the GO/G1 phase increased, while the percentage of cells in the S phase decreased compared with that in the
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Figure 5. Increasing (3-catenin levels in hepatocellular carcinoma patients
with high USP14 expression levels. (A) Comparison of USP14 protein levels
in normal (n=3) and tumorous (n=7) human liver tissues. (B) The expression
levels of c-myc, axin 2 and cyclin D1 in 7 human HCC tissues and 3 normal
livers. HCC, hepatocellular carcinoma.

survival rate (35.71, P<0.05) than those with a low USP14
expression (12 cases) (35.71 vs. 50%, P<0.05).

USP14 is highly expressed in some tumors. Ishiwata et al
were the first to study the upregulation of USP14 expression
in leukemia cells (35). The high expression of USP14 was also
found in a variety of colon cancer cells and in colorectal tissues
of patients with colorectal cancer (25,26). The clinical prog-
nosis in patients with colorectal cancer is poor when USP14
expression is high. The expression of USP14 in colorectal
cancer is strong and positively correlated with liver or lymph
node metastasis or both. The mechanism of this metastasis
may be associated with the regulation of tumor infiltration
mediated by metastasis-associated protein MMP9 (26).
Chuensumran et al (29) reported that pathological grading
was directly associated with the expression level of USP14
in patients with intrahepatic cholangiocarcinoma. Another
study using retroviral expression library screening indicated
that USP14 may be important in the occurrence of ovarian
cancer (27).

The present study found that USP14 was highly expressed
in the SMMC7721 cell line. The growth of SMMC7721
cells was markedly decreased in vitro after knocking down
the expression of USP14 with USP14-siRNA. After USP14
silencing, the suppression of SMMC7721 cell proliferation
was >50%, the cell cycle was clearly altered and the apoptotic
ratio was greatly increased. In addition, the ability of the
SMMCT7721 cells to form colonies was significantly inhibited.
D'Arcy et al reported that b-AP15, a specific inhibitor of
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USP14 and HCHLS, effectively inhibits a variety of allogeneic
transplantation tumor growths (36). The inhibitor b-AP15
activates caspase-3 in the cytosol, leading to the downstream
accumulation in the cytosol of P53, CDKNIA and CDKNIB.
Lee et al found that this specific small molecule inhibitor of
USP14 increased the activity of proteasomes by promoting the
ubiquitination of its substrate protein cyclin B to effectively
inhibit allogeneic transplantation tumor growth (37). Wu et al
reported that the overexpression of USP14 was highly associ-
ated with poor prognosis in patients with non-small cell lung
cancer (NSCLC) (28). The high expression of USP14 in patients
with NSCLC promoted tumor cell proliferation through the
accumulation of f-catenin. USP14 regulates cell proliferation
and apoptosis in epithelial ovarian cancer (27). Auranofin, a
clinically used antirheumatic agent, is a proteasomal deubiqui-
tinase inhibitor that inhibits tumor growth (38,39).

Previous findings have shown that a deubiquitinating
enzyme influenced the stability of cell cycle-associated
proteins to regulate the cell cycle and this was closely asso-
ciated with the occurrence and development of tumors (40).
Many cell cycle-related proteins (such as cyclin A, D, B, E
and cyclin-dependent kinases) play vital roles in regulating
the transformation process. Their dysregulation can lead to
the occurrence and development of many tumors (41-46).
The intracellular half-life of these cell cycle-related proteins
is short because they are normally selectively degraded by
proteasomes following ubiquitination. Thus, with the overex-
pression of DUBs, ubiquitination-dependent degradation may
be inhibited, leading to the accumulation of cell cycle-related
proteins in cells. USP9X can stabilize myeloid cell leukemin-1
to promote the growth of tumor cells (22). The USP28 protein
inhibited the ubiquitination activity of Fbxw7 ligase to stabilize
cyclin-El and c-Myc protein in patients with colon or breast
cancer, in which the USP14 protein was overexpressed (23).
USP44 protein was also shown to inhibit the activity of the
anaphase-promoting protein APC/C via removal of the effects
of the ubiquitin modification effect of Cdc20 to prevent prema-
ture failure of the spindle checkpoint (24).

The ubiquitin proteasome system is a major intracellular
protein degradation pathway involved in the regulation
of the cell cycle, immune response, signal transduction
and DNA repair in eukaryotic cells. The DUBs function
to reverse the process of the UPS, ensuring a dynamic
balance in the degradation of proteins. The UPS is strictly
regulated to maintain protein homeostasis in cells. Thus,
the dysregulation of the UPS pathway may induce a variety
of diseases, including cancer. The UPS has proven to be an
important target for cancer treatment. Many studies have
screened compounds or drugs based on their ability to
inhibit proteasome activity. For example, bortezomib, a drug
targeting the ubiquitin-proteasome pathway, was approved
for the treatment of multiple myeloma (MM) and mantle cell
lymphoma (MCL) by the Food and Drug Administration
(FDA) over 12 years ago (47). Subsequently, carfilzomib,
another drug targeting the ubiquitin-proteasome pathway,
was approved by the FDA for the treatment of patients with
relapsed and refractory MM who received prior bortezomib
and lenalidomide or thalidomide (48). Thousands of patients
suffering from myeloma or lymphoma have benefited from
bortezomib- or carfilzomib-based therapy and the overall
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survival rate of MM has been significantly increased in the
last decade (48-50). In addition, copper pyrithione, a potent
inhibitor of proteasome-specific UCHLS and USP14, inhibits
tumor growth in vivo (51).

In the present study we detected the expression profile
of USP14 during the progression of HCC, and analyzed the
relationship between USP14 and the malignant transformation
of hepatocytes. Furthermore, we found that USP14 promoted
HCC development by increasing HCC cell proliferation,
altering the cell cycle and reducing apoptosis. These results
indicate that USP14 may be a novel therapeutic target for
preventing or combating HCC, as well as a novel target for
use in the clinical diagnosis or prognostic analysis of HCC
to assist in designing personalized therapies for patients. The
present study also provides evidence for the mechanism of
HCC progression.
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