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Abstract
Emerging evidence suggests that USP39 plays an important role in the development of hepatocellular carcinoma (HCC).
However, the molecular mechanism by which USP39 promotes HCC progression has not been well defined, especially
regarding its putative ubiquitination function. Zinc-finger E-box-binding homeobox 1 (ZEB1) is a crucial inducer of
epithelial-to-mesenchymal transition (EMT) to promote tumor proliferation and metastasis, but the regulatory mechanism of
ZEB1 stability in HCC remains enigmatic. Here, we reveal that USP39 is highly expressed in human HCC tissues and
correlated with poor prognosis. Moreover, USP39 depletion inhibits HCC cell proliferation and metastasis by promoting
ZEB1 degradation. Intriguingly, deubiquitinase USP39 has a direct interaction with the E3 ligase TRIM26 identified by co-
immunoprecipitation assays and immunofluorescence staining assays. We further demonstrate that TRIM26 is lowly
expressed in human HCC tissues and inhibits HCC cell proliferation and migration. TRIM26 promotes the degradation of
ZEB1 protein by ubiquitination in HCC. Deubiquitinase USP39 and E3 ligase TRIM26 function in an antagonistic pattern,
but not a competitive pattern, and play key roles in controlling ZEB1 stability to determine the HCC progression. In
summary, our data reveal a previously unknown mechanism that USP39 and TRIM26 balance the level of ZEB1
ubiquitination and thereby determine HCC cell proliferation and migration. This novel mechanism may provide new
approaches to target treatment for inhibiting HCC development by restoring TRIM26 or suppressing USP39 expression in
HCC cases with high ZEB1 protein levels.

Introduction

Hepatocellular carcinoma (HCC) is a prevalent malignant
tumor with high morbidity and mortality, respectively
ranked as fifth and second among all cancers worldwide [1].
More precisely, 841,080 people from 18.1 million cancer

cases and 781,631 deaths of 9.6 million cancer deaths were
due to HCC in 2018 only [1]. Postoperative recurrence and
metastasis are the major cause and obstacles to improve the
prognosis of HCC patients, with a low overall 5-year sur-
vival rate [2]. The progression of HCC is associated with
aberrant epithelial-to-mesenchymal transition (EMT), which
triggers cellular mobility and subsequent dissemination of
tumor cells [3]. The EMT program requires tight control at
various levels, including posttranslational regulation of key
proteins [4]. Coordination between ubiquitination and
deubiquitination modifications of the ubiquitin–proteasome
system (UPS) is an important posttranslational regulatory
mechanism, responsible for the degradation and turnover of
EMT-related proteins [5, 6].

Zinc-finger E-box-binding homeobox 1 (ZEB1) has been
characterized as a crucial driver of tumor invasion, distant
metastasis, drug resistance, and radioresistance by inducing
the EMT in tumor epithelial cells [7–9]. Accumulating
evidence indicates that ZEB1-mediated EMT plays a critical
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role in the development of HCC. It has been previously
proposed that the dysregulation of the ubiquitination pro-
cess is highly relevant to the aberrant degradation of ZEB1
[10] and EMT in carcinomas [11]. Although some existing
clues indicate the role of UPS in mediating ZEB1 stability,
studies of ZEB1 ubiquitination are still in the primary stage.
Furthermore, there are few reports about the deubiquitina-
tion of ZEB1. Hence, the molecular mechanism of
ZEB1 stability in tumor cells, which contribute to the pro-
gression of HCC, is not fully understood.

Ubiquitin-specific peptidase 39 (USP39), a member of
the deubiquitylation family, contains both a central zinc-
finger ubiquitin-binding domain and an ubiquitin C-
terminal hydrolase domain [12]. An increasing amount of
evidence has demonstrated that the aberrant expression of
USP39 promotes tumorigenesis and is associated with HCC
progression [13, 14]. Our previous studies have shown that
overexpressed USP39 can promote the proliferation and
migration of human ovarian cancer by targeting EMT [15].
Currently, USP39 is well known as an important modulator
of RNA splicing [16, 17]. Intriguingly, USP39 is considered
to be devoid of deubiquitinating activity due to the absence
of three important active-site residues (i.e., cysteine, histi-
dine, and aspartic acids) [18]. Nevertheless, it has been
demonstrated that USP39 can regulate the stability of DNA
damage-related protein CHK2 by deubiquitination, to fur-
ther regulate cellular processes in the context of lung cancer
[19]. Although the aberrant USP39 expression has been
implicated in EMT during tumorigenesis, its molecular
mechanisms in HCC remain unknown. Since ubiquitination
and stability play important roles in ZEB1 regulation,
hypothetically, USP39 with the function of deubiquitination
could promote HCC progression through regulating the
level of ZEB1 ubiquitination.

The tripartite motif (TRIM) family proteins possess one
or two B-boxes along with its domain structure, and a more
diverse domain at the C terminus [20, 21], which are con-
sidered key regulators of protein degradation through ubi-
quitylation. Dysregulation of TRIM family proteins,
particularly TRIM26, has been also implicated in several
cancers [22–24]. Current studies have indicated that
TRIM26 is downregulated in several cancers [25, 26].
These studies have suggested that TRIM26 may act as a
novel tumor suppressor of HCC since its downregulation
contributes to a worse prognosis [24]. Moreover, over-
expression of TRIM26 has been found to significantly
inhibit cell proliferation, migration/invasion, and EMT
phenotype in HCC [25]. TRIM26 has an E3 ubiquitin ligase
activity, which is involved in the degradation of numerous
target proteins. Nakagawa et al. reported that the E3 ubi-
quitin ligase TRIM26 ubiquitylated the TAF7 subunit of
transcription factor IID in a TGF-β induced mechanism
leading to mouse mammary epithelial cells proliferative

arrest [27]. TRIM26 could also control the level of NEIL1
involved in the DNA damage response through direct ubi-
quitylation [28]. Nevertheless, the function of TRIM26 has
not been well established in the progression of HCC. It is
interesting to speculate that whether E3 ligase TRIM26 with
ubiquitin function has a common foothold with USP39,
that is, TRIM26 affects the stability of ZEB1 through ubi-
quitination, while USP39 promotes the abnormality of
ZEB1 level through deubiquitination, which orchestrates
the occurrence of EMT and determines the progression
of HCC.

This study uncovers the elaborate ubiquitination and deu-
biquitination modifications of ZEB1 in HCC. Our data
demonstrate that deubiquitinase USP39 and E3 ligase
TRIM26 balance the level of ZEB1 ubiquitination and
thereby determine the progression of HCC. In detail, USP39
inhibits ZEB1 degradation through its deubiquitination func-
tion to promote HCC progression and TRIM26 degrades
ZEB1 via ubiquitination to exert tumor-suppressive functions.
In contrast to the E3 ligase TRIM26, USP39 is highly
expressed in clinical HCC samples, indicating a positive
correlation with poor disease prognosis. In addition, a direct
interaction between USP39 and TRIM26 was identified by
co-immunoprecipitation and immunofluorescence staining
assays, respectively. Collectively, our findings suggest that
the balanced deubiquitination and ubiquitination of ZEB1 by
USP39 and TRIM26 represent a novel mechanism for the
progression of HCC, and this discovery provides a promising
strategy for targeting USP39 or TRIM26 in the treatment of
HCC cases with aberrant ZEB1 expression levels.

Materials and methods

Human HCC samples and tissue microarray

Human HCC samples, including HCC tissue and adjacent
hepatic tissues, were obtained from 25 patients who
underwent hepatectomy for primary HCC at the Affiliated
Hospital of Putian University (Fujian, China) during Jan-
uary 2017 and January 2019. Tissue microarray of HCC
tissue and adjacent hepatic tissues was purchased from
Shanghai Outdo Biotech Co., Ltd, China.

Cell lines and culture

The human HCC cell lines (SK-hep-1 and HepG2) were
obtained from the Shanghai Cell Bank of the Chinese
Academy of Sciences, China. HCC cells were cultured in
modified Eagle’s medium (MEM) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin.
All cells were grown at 37 °C in a humidified incubator with
5% CO2.
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In vivo experiments

The nude mouse xenograft model: SK-hep-1 cells (4 × 106)
stably transduced with shUSP39 and shTRIM26 were
injected subcutaneously into the flanks of 6–8-week-old
male BALB/c nude mice, respectively. Tumor length (a)
and width (b) were measured with a vernier caliper
every 3 days, and then tumor volume was calculated
using the formula: 1/2ab2. The mice were sacrificed on the
30th day after injection, and tumors were isolated and
weighed.

Lung metastasis in the nude mouse model: USP39 and
TRIM26 knockdown SK-hep-1 cells (1 × 106) were
respectively injected into the tail vein of nude mice. Tumor
growth was monitored by whole-body bioluminescent
imaging (photons/s/cm2/sr) with Bruker In Vivo FX PRO
Imaging System (Bruker, Germany). Mice were anesthe-
tized using isoflurane on the 40th day after injection. Then
their lungs were removed and the numbers of surface ade-
nomas were counted. Tumor tissues were stored at −80 °C
and fixed with 4% paraformaldehyde for
immunohistochemistry (IHC).

Statistical analysis

Each experiment was repeated independently at least three
times. Continuous variables were presented as mean and
standard deviation (SD). Unpaired two-tailed student’s t test
or one-way analysis of variance was employed for com-
parison of continuous variables. Pearson’s or Spearman’s
correlation coefficient was used for evaluating the rela-
tionship between the two groups. All Analyses were per-
formed using GraphPad Prism 8 software (GraphPad
Software, USA). A P value of <0.05 was considered sta-
tistically significant. Asterisks (*, **, and ***) stand for
P < 0.05, P < 0.01, and P < 0.001, respectively.

Supplementary information

Detailed protocols and procedures are provided in the
Supplementary Materials and Methods section.

Human HCC samples and tissue microarray

Human HCC samples, including HCC tissue and adjacent
hepatic tissues, were obtained from 25 patients who
underwent hepatectomy for primary HCC at the Affiliated
Hospital of Putian University (Fujian, China) during Jan-
uary 2017 and January 2019. These patients had not
received any radiotherapy or chemotherapy treatment prior
to hepatectomy. Tumor staging was defined according to
the 8th Edition of the American Joint Committee on Cancer
(AJCC8) Staging Manual [29]. Tissue microarray of HCC

tissue and adjacent hepatic tissues was purchased from
Shanghai Outdo Biotech Co., Ltd, China.

Cell lines and culture

The human HCC cell lines (SK-hep-1 and HepG2) were
obtained from the Shanghai Cell Bank of Chinese Academy
of Sciences, China. HCC cells were cultured in MEM
supplemented with 10% FBS. HEK 293T was cultured in
Dulbecco’s modified Eagle’s medium containing 10% FBS
and 1% penicillin/streptomycin. All cells were grown at
37 °C in a humidified incubator with 5% CO2. In separate
experiments, cells were cultured in the presence of 0.2 mg/
ml cycloheximide (CHX, an inhibitor of protein synthesis)
or Z-Leu-Leu-Leu-al (MG-132, an inhibitor of the
ubiquitin–proteasome pathway) [30, 31].

Plasmid construction and gene transfection

Containing the full-length trim26 fragment of pcmv-N-Myc
plasmid (Myc-TRIM26) was constructed and sequenced.
Flag-USP39 plasmid and the different domains of USP39
plasmids, as USP39-RS (1-104aa), USP39-ZNF (105-
199aa) and USP39-USP (200-555aa), have been con-
structed in the pcmv14-N-Flag plasmid. Knockdown of
USP39 or TRIM26 using shRNAs were generated from
Genechem, China. Double-strand oligonucleotides corre-
sponding to the RNA sequences were cloned into the
pGV248-RNAi plasmid (Oligoengine, USA). Target
sequences for human TRIM26 mRNA were as follows:
shRNA#1 GATGGATATGACGACTGGGAA and
shRNA#2 GCTGCTGAGAGACTTGGAATA. Target
sequences for human USP39 mRNA were as follows:
shRNA#1 TTCCAGACAACTATGAGAT and shRNA#2
TTTGGAAGAGGCGAGATAA. Then these plasmids were
transfected respectively into the HCC cells using Lipo-
transfectamine 3000 (Thermo Fisher Scientific). Recombi-
nant lentiviruses were produced by HEK 293T cells
following the co-transfection of shRNAs with the packa-
ging plasmids. After that, the supernatants containing len-
tiviruses were harvested and added onto cells in culture
supplemented with 8 μg/ml polybrene.

PCR analysis

Total RNA was extracted using the High Pure RNA Isola-
tion Kit (Roche, Germany) and reverse transcription-PCR
was performed with the PrimeScript RT Reagent Kit Perfect
Real-Time (Takara, China). Quantitative RT-PCR was
conducted to detect the levels of mRNA using the Takara’s
SYBR Premix Ex TaqTM II (Takara, China). Relative fold-
change of target genes expression was normalized to the
abundance of GAPDH and estimated by the 2−ΔΔCq
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method. The specific primer sequences were listed in Sup-
plementary Table S1. Thermal conditions for PCR reactions
were as follows: 95 °C initial denaturation step for 5 min, 40
cycles of denaturation at 95 °C for 10 s, primer annealing at
58 °C for 20 s, and extension at 72 °C for 20 s. All reactions
were performed in triplicate.

Western blot analysis

Cell lysates were prepared in RIPA protein extraction
buffer (Beyotime Institute of Biotechnology, China) with
protease inhibitors and phosphatase inhibitor
cocktail (Roche, Germany). Proteins in lysates were
separated by SDS-polyacrylamide gel electrophoresis and
then transferred onto a polyvinylidene fluoride membrane
(EMD Millipore Billerica, USA). Membrane was blocked
with 5% nonfat milk and incubated with specific primary
antibodies overnight at 4 °C. It was then incubated with
horseradish peroxidase-conjugated secondary antibody
for 1 h at 37 °C. Finally, the protein signals were visua-
lized and quantified using Electrochemiluminescence
(Thermo Fisher Scientific, USA) and ChemiDocTM MP
Imaging System (Bio-Rad Laboratories, USA).
Primary antibodies and corresponding manufacturers
were showed as follows: TRIM26 (ab89290, 1:1000) and
USP39 (ab131244, 1:1000) (Abcam, USA); N-cadherin
(Rabbit mAb#13116, 1:1000), Ki-67 (mAb #9449)
and snail (Rabbit mAb #3879, 1:1000) (Cell Signaling,
USA); ZEB1 (22018-1-AP) (Proteintech, USA);
mouse monoclonal antibodies against Flag and HA
(OriGene, USA); and β-actin (1:40,000) (Sigma-
Aldrich, USA).

Cell proliferation and colony formation assay

HCC cell viability was detected using a cell proliferation
assay kit (Beyotime, China). Cells were seeded into 96-well
plates at a density of 5000 cells/well. At indicated time
points, 20 μL of MTT reagent (Promega, USA) was added
to each well and then incubated for 4 h at 37 °C. The cell
proliferation curves were determined by measuring optical
density (OD) at a wavelength of 570 nm.

In colony formation assay, about 500 cells were cultured
in 6-well plates and maintained in media containing 10%
FBS at 37 °C for 12 days. Then the colonies were fixed with
4% polyoxymethylene and stained with crystal violet
(Sigma-Aldrich, USA). The colony counts were normalized
to the control and expressed as a percentage.

Transwell assay and wound-healing assay

The transfected cells were harvested at 24 h, and then 5 ×
104 cells suspended in serum-free medium were seeded in

the upper chambers of 24-well Transwell. And the upper
chambers for invasion assays were coated with Matrigel
(Sigma-Aldrich; Merck KGaA). Then medium containing
20% FBS was added into the lower chambers. After incu-
bation for 18 h at 37 °C, the cells remaining on the upper
surface of the membrane were removed with a cotton swab.
Migrated and invaded cells were fixed in methanol, stained
in 0.1% crystal violet, and then quantified from microscope
at ×4 magnification.

In the wound-healing assay, transfected HCC cells were
seeded in 6-well plates and cultured overnight. The
“scratch” wounds were created by scraping the cell layer
with a sterile 200 μl pipette tip. Cells were cultured in media
containing 2% FBS for another 24 h and imaged under a
microscope.

Immunoprecipitation

Immunoprecipitation assay was performed as described in
Lv et al. [32]. Cells were lysed in NP-40 lysis buffer. The
protein lysate (5%) was analyzed by western blot
analysis (input). Then the remaining lysate was added to
protein A/G agarose beads pre-coupled with antibody and
incubated at 4 °C for 4 h. The beads were washed and then
boiled in 2 × SDS loading buffer for western blotting
analysis.

In vivo ubiquitination assay

Cells were transfected with Flag/HA-Ubiquitin and indi-
cated plasmids for in vivo ubiquitination assay, which was
performed as previously described [33].

GST pull-down assay

The sequences encoding TRIM26 were cloned into a pGEX-
4T-1 vector plasmid (GST-TRIM26). GST-TRIM26 and
GST-vector plasmids were transfected into E. coli. BL21 and
purified as previously described [34]. Whole cell lysates
(containing HA-Ub and Flag-ZEB1 proteins) were prepared
in HEK 293T cells. Whole cell lysates were incubated with
GST-TRIM26 fusion protein solution for 4 h at 4 °C, and the
GST-vector was used as the control. The bound proteins were
analyzed using the immunoblotting assay.

Immunofluorescence and immunohistochemistry

Cells were fixed with 4% paraformaldehyde for 20min and
permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, USA)
for 5 min. Samples were blocked with 5% bovine serum
albumin in PBS for 1 h, and then incubated with
primary antibodies at 4 °C overnight, followed by incubation
with fluorescence-labeled rabbit/mouse secondary
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antibody (Invitrogen, USA) for 1 h at room temperature.
Nuclei were stained with DAPI (Invitrogen, USA) for 10min
and observed with a fluorescence microscope (Olympus,
Japan).

Immunohistochemical staining was performed as pre-
viously described [35]. Paraffin sections (4 μm thick) were
first incubated in an oven at 60 °C for 2 h, then depar-
affinized with xylene and rehydrated through gradient
ethanol immersion. Boiled for antigen retrieval with 0.01
mol/L citrate buffer solution (pH 6.0) for 30 min. Endo-
genous peroxidase blocking reagent (Cell Marque, Rocklin,
CA) was added for 10 min to block non-specific antibody
binding. Sections were also blocked in 1% fetal calf serum
for 10 min, and then incubated with the primary antibody in
humidified chamber overnight at 4 °C, and treated with a
streptavidin-perosidase-conjugated second antibody (Fuz-
hou Maixin Biotech. Co., Ltd, China) for 30 min at room
temperature. The immune complexes were visualized with a
Vectastatin DAB kit (Vector Laboratories). Following
staining, five high power fields in each slide at ×40 mag-
nification were scored by two examiners. The proportion
score was calculated as follows: 0 (no positive tumor cells),
1 (<25% positive tumor cells), 2 (25–50% positive tumor
cells), 3 (50–75% positive tumor cells), and 4 (>75%
positive tumor cells). Staining intensity was graded
according to the following criteria: 0 (no staining), 1 (weak
staining, light yellow), 2 (moderate staining, yellow-
brown), 3 (strong staining, brown), and 4 (strong staining,
dark brown). Staining index (SI) was calculated as the
product of staining intensity score and the proportion of
positive tumor cells. An SI score of ≥6 was used to define
tumors with high expression, and ≤4 as tumors with low
expression.

Kaplan–Meier plotter analysis

Kaplan–Meier plotter (http://www.kmplot.com) was used to
generate overall survival (OS) curves of USP39 and
TRIM26 in HCC. Expression analysis was conducted using
publically available RNA-seq data and follow-up informa-
tion of 364 HCC patients from the project of the Cancer
Genome Atlas (TCGA). Using the median risk score in
TCGA data as the cutoff value, HCC patients were divided
into high-risk and low-risk groups.

Results

USP39 is highly expressed in human HCC tissues and
correlated with poor prognosis

To assess whether USP39 plays an essential role in the
development of HCC, IHC analysis was performed to detect

the USP39 expression level in 25 human HCC samples. The
analysis showed that USP39 protein displayed a higher
expression level in most clinical HCC samples when com-
pared to normal adjacent tissues from the 25 patient samples
(Fig. 1A, B). USP39 positive staining was observed in the
cell nucleus of HCC tissues. We also assessed the correla-
tion between USP39 expression and 364 HCC patients’
clinicopathological parameters such as tumor grade and
prognosis based on the TCGA database. As shown in
Fig. 1C, USP39 expression was increased with advanced
clinical grades of HCC. Moreover, Kaplan–Meier survival
analysis revealed that HCC patients with high USP39
expression had a worse OS than those with low USP39
expression (Fig. 1D). The median OS time of HCC patients
with high USP39 expression was ~37.8 months, which was
markedly shorter than those with low USP39 expression
(~70.5 months). These results indicated a potentially critical
role of USP39 in the development of HCC and suggested
that USP39 may be a valuable prediction factor for poor
prognosis in HCC.

USP39 promotes HCC proliferation and migration
in vitro

To confirm the role of USP39 in HCC progression, we
constructed HCC cell lines (SK-Hep-1 and HepG2) with
stable USP39 downregulation using a lentiviral shRNA
approach. The knockdown efficiency of USP39 was
confirmed by RT-PCR and western blotting (Fig. 2A, B).
MTT and colony formation assays were performed to
assess the effect of USP39 knockdown on cell prolifera-
tion. The MTT results showed that silencing USP39
expression significantly inhibited the proliferative ability
of HCC cells (Figs. 2C and S1). Consistently, colony
formation assays demonstrated that USP39 knockdown
dramatically restrained the ability of cells to form colonies
(Fig. 2D, E). Wound-healing and transwell assays con-
firmed that USP39 knockdown remarkably suppressed the
migration capacities of HCC cells (Fig. 2F–I). These
results suggested that USP39 contributed to the protu-
morigenic effect of HCC as indicated by increased pro-
liferation and migration.

USP39 promotes EMT and inhibits ZEB1
ubiquitination in HCC

Aberrant EMT induced by ZEB1 is involved in the pro-
liferation and migration of HCC [36, 37]. To verify the
effects of USP39 in this program, we further investigated
whether USP39 affected the expression of ZEB1 and EMT-
related markers (N-cadherin and Snail) in HCC cells (SK-
hep-1 and HepG2). Our results revealed that the silencing of
USP39 expression significantly suppressed ZEB1 protein

Deubiquitinase USP39 and E3 ligase TRIM26 balance the level of ZEB1 ubiquitination and thereby. . . 2319

http://www.kmplot.com


expression in SK-hep-1 and HepG2 cells (Fig. 3A).
Accordingly, the protein level of ZEB1 could be increased
by USP39 overexpression in SK-hep-1 cell (Fig. 3B). These
results suggested that ZEB1 protein expression positively
correlated with USP39 protein expression. In agreement
with the level of ZEB1 protein expression, N-cadherin and
Snail expression were significantly decreased following
USP39 knockdown in HepG2 cells (Fig. 3A). In addition,
USP39 downregulation could inhibit the EMT phenotype in
HCC cells (Fig. 3C). The control group of HepG2 cells
exhibited a spindle-like mesenchymal phenotype, while the
cells transduced with either shUSP39#1 or shUSP39#2
displayed cobblestone-like characteristics and cluster for-
mation. This result strongly indicates that USP39 affect cell
adhesion, which is an important feature of EMT. Collec-
tively, these results revealed a functional significance of
USP39 on the ZEB1 induced EMT progression in HCC at
protein levels.

Interestingly, the ZEB1 mRNA level showed no sig-
nificant difference in HepG2 cells transduced with shUSP39
(Fig. S2), which indicated that USP39 may mediate ZEB1
expression via posttranslational regulation (i.e., protein
deubiquitination). However, this result conflicts with the
previous report that USP39 has no deubiquitination function
[18, 19]. Hence, we further tested whether USP39 could act
as a deubiquitinase to regulate ZEB1 degradation. To verify
the inferred mechanism of USP39 on the regulation of
ZEB1 deubiquitination, we treated cells with cycloheximide
(CHX, an inhibitor of protein synthesis) and monitored
ZEB1 expression by western blotting at different time
points. The results indicated that USP39 overexpression
largely increased the half-life of the ZEB1 protein in HepG2
cells (Fig. 3D). In addition, downregulation of ZEB1 was
dramatically reversed in USP39 knockdown HCC cells
(HepG2) treated with MG132 (an inhibitor of the
ubiquitin–proteasome pathway) (Fig. 3E). Clearly, the

Fig. 1 USP39 is highly expressed in human HCC tissues and
correlated with poor prognosis. A Representative images (magnifi-
cation, ×10 and ×40) of IHC staining for USP39 in HCC tissues and
normal adjacent tissues from 25 patients. B Relative IHC staining for

USP39 in HCC tissues and normal adjacent tissues (n= 25; ***P <
0.001). C Expression of USP39 is associated with tumor stage in HCC
patients (***P < 0.001). D USP39 mRNA expression correlated with
overall survival (OS) of HCC patients.
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downregulation of USP39 greatly promoted ZEB1 ubiqui-
tination in HepG2 and SK-hep-1 cells (Fig. 3F). Moreover,
in order to study the key catalytic residues of USP39 for
functioning as an active deubiquitinase (DUB), USP39
knockdown SK-hep-1 cells transfected with different

domains of USP39. As shown in Fig. 3G, the ZEB1 ubi-
quitination was significant decreased in the cell transfected
with USP domains of USP39. Together, these results
identified that USP39 has a direct deubiquitinating activity
towards the regulation of ZEB1 protein.

Fig. 2 USP39 promotes HCC proliferation and migration in vitro.
A The expression of USP39 mRNA was analyzed by RT-PCR in
SK-hep-1 and HepG2 HCC cells infected with shRNAs. B Western
blotting analysis of USP39 protein level in SK-hep-1 and HepG2
cells infected with shRNAs. C–E The effect of USP39 on HCC cells
(SK-hep-1) proliferation was determined by MTT assays (C) at
different time points and colony formation (D). The colony counts

were normalized to the control and expressed as a percentage,
and results are represented in the bar graph (E). F–I
Representative images of HCC cell migration ability as shown by
wound-healing assays (F–G) and migration assay (H–I). Student’s t
test: *P < 0.05; **P < 0.01; ***P < 0.001. All the data are repre-
sentative of at least three independent experiments and presented as
the means ± SD.
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2322 X. Li et al.



Deubiquitinase USP39 interacts with the E3 ligase
TRIM26

TRIM26 has an E3 ubiquitin ligase activity, which is
involved in the degradation of numerous target proteins and
may act as a novel tumor suppressor of HCC. It is inter-
esting to speculate whether E3 ligase TRIM26 with ubi-
quitin function has an interaction with deubiquitinase
USP39. Co-immunoprecipitation assays showed a direct
interaction between endogenous USP39 and TRIM26 in
SK-hep-1 cells (Fig. 4A). To further confirm the interaction
between USP39 and TRIM26, co-transfection with HA-
USP39 and Myc-TRIM26 expressing plasmids were con-
ducted in SK-hep-1 cell. Results showed that ectopic
expression of USP39 could interact with exogenous
TRIM26 (Fig. 4B). Moreover, immunofluorescence stai-
ning assays revealed that USP39 and TRIM26 co-localized
in the cell nucleus of hepatocyte (SK-hep-1 and HepG2),
as observed by confocal microscopy (Fig. 4C). These
observations suggested that deubiquitinase USP39
could interact with E3 ligase TRIM26 to affect the pro-
gression of HCC.

TRIM26 is lowly expressed in human HCC tissues
and inhibits HCC cells proliferation and migration

To validate the role of TRIM26 in HCC, we also investi-
gated the expression profiles of TRIM26 in clinical HCC
samples (n= 75). Microarray expression profiling showed
that the expression of TRIM26 was lower in most HCC
tissues when compared with normal adjacent tissue
(Fig. 5A, B). Immunofluorescence assays observed that
TRIM26 positive staining was exhibited in the cell cyto-
plasm and nucleus. Furthermore, Kaplan–Meier survival

analysis revealed that HCC patients with high TRIM26
expression had a better OS than those with low TRIM26
expression (Fig. 5C). These results indicated that TRIM26
can act as a valuable biomarker for identifying the prog-
nosis of HCC patients.

Since TRIM26 participates in various biological pro-
cesses, additional experiments were conducted to inves-
tigate the role of TRIM26 in HCC cell (SK-hep-1)
transfected with TRIM26 shRNA. As shown in Fig. 5D,
E, RT-PCR and western blotting confirmed that the gene
knockdown mediated by TRIM26 shRNA was efficient in
transfected cells. MTT assays demonstrated that the
downregulation of TRIM26 significantly increased the
proliferation capacity of SK-hep-1 (Fig. 5F). Furthermore,
colony formation assays revealed that the TRIM26
knockdown was associated with a significantly increased
clone number when compared with control SK-hep-1 cells
(Fig. 5G, H). Thereafter, we investigated whether
TRIM26 could affect HCC cell migration. Transwell
assays revealed that the downregulation of TRIM26
expression could enhance cell migration capacities in SK-
hep-1 (Fig. 5I, J). Taken together, these results suggest
that TRIM26 can inhibit the progression of HCC by cell
proliferation and migration.

TRIM26 promotes the degradation of ZEB1 protein
by ubiquitination in HCC

TRIM26 can inhibit the proliferation and migration of HCC,
so it is necessary to investigate the effect of TRIM26 on the
expression of ZEB1 protein. As shown in Fig. 6A, ZEB1
expression was significantly up-regulated after the TRIM26
knockdown in SK-hep-1. Moreover, the level of TRIM26
mRNA was significantly up-regulated following transfec-
tion of the TRIM26 overexpression vector in SK-hep-1 cell
(Fig. 6B). Consistently, TRIM26 overexpression could lead
to a decrease in ZEB1 expression in SK-hep-1 cell
(Fig. 6C). Altogether, these results suggested that TRIM26
could regulate the stable expression of ZEB1 protein in
HCC.

TRIM26 has an E3 ubiquitin ligase activity, which is
involved in the degradation of numerous target proteins.
Meanwhile, it is no significant difference in the ZEB1
mRNA levels from SK-hep-1 cells transduced with
shTRIM26 (data not shown). Therefore, we speculated
whether the regulatory effect of TRIM26 on ZEB1 is also
through ubiquitylation. We treated cells with CHX and
monitored ZEB1 expression by western blotting at different
time points. The results indicated that the silencing of
TRIM26 expression in SK-hep-1 significantly increased the
half-life of ZEB1 protein (Fig. 6D), while ZEB1 stability
largely decreased following TRIM26 overexpression in SK-
hep-1 cells (Fig. 6E). Furthermore, TRIM26-induced

Fig. 3 USP39 promotes EMT and inhibits ZEB1 ubiquitination in
HCC. A The levels of USP39, ZEB1, N-cadherin and snail in HCC
cells (SK-hep-1 and HepG2) with stable USP39 downregulation were
analyzed by western blotting. B Effect of USP39 overexpression on
the expression level of ZEB1 was confirmed by western blotting in
SK-hep-1 cell. C Representative cellular morphology change of
HepG2 cell after USP39 downregulation. D Quantitation of ZEB1 in
HepG2 cells transfected with USP39 expressing plasmid was mon-
itored by western blotting at the indicated times after cyclohexamide
(CHX, 0.2 mg/ml) addition. Signal for ZEB1 was quantified densito-
metrically and relative aboundance of ZEB1 protein at the time of
CHX addition (0 h) was set to 1. E The protein level of ZEB1 in
HepG2 cell transfected with shUSP39 and treated with MG132 as
indicated. F ZEB1 ubiquitination in USP39-knockdown HepG2 and
SK-hep-1 cells co-transfected with Flag-ZEB1 and HA-Ub. G ZEB1
ubiquitination in USP39-knockdown HepG2 cells co-transfected with
different domains of USP39 and the indicated plasmids. The trans-
fected cells were treated with MG132 (20 μM for 4 h) prior to harvest.
Student’s t test: *P < 0.05; **P < 0.01; ***P < 0.001. All the data are
representative of at least three independent experiments and presented
as the means ± SD.
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protein reduction of ZEB1 was prominently reversed by the
treatment with MG132 in SK-hep-1 cells (Fig. 6F). These
results showed that TRIM26 destabilize ZEB1 protein
through the proteasome pathway. Then, the TRIM26
knockdown dramatically suppressed the ubiquitination of
ZEB1 in SK-hep-1 cell co-transfected with expression
plasmids encoding Flag-ZEB1 and HA-Ub, in the presence
of MG132 (Fig. 6G). And the ubiquitination of ZEB1 was
remarkably enhanced by TRIM26 overexpression in SK-
hep-1 cells (Fig. 6H). As shown in Fig. 6I, the GST pull-
down assay demonstrated that TRIM26 could ubiquitylate
ZEB1 in vitro. Together, these results confirmed our spec-
ulation that TRIM26 promotes the degradation of ZEB1
protein by ubiquitination in HCC.

Deubiquitinase USP39 and E3 ligase TRIM26 balance
the level of ZEB1 protein

As mentioned above, we found that USP39 and TRIM26
not only interact with each other but also have a common
target (ZEB1 protein). Base on deubiquitinase USP39 and
E3 ligase TRIM26 play an important role in modulating
ZEB1 ubiquitination, we imagine that USP39 and TRIM26
could balance the ZEB1 expression to determine the pro-
gression of HCC. Firstly, to verify the regulatory

relationship between USP39 and TRIM26 on ZEB1
expression, co-transfection with USP39 and TRIM26
expressing plasmids was conducted in SK-hep-1 cells. The
overexpression efficiency of USP39 and TRIM26 was
confirmed by RT-PCR and western blotting (Fig. 7A–D).
As shown in Fig. 7B, the protein level of ZEB1 was
increased after overexpression of USP39, and this effect
could be abolished by overexpressing TRIM26. Accord-
ingly, a decreased level of ZEB1 was detected in SK-hep-1
cell after TRIM26 overexpression, and this effect could be
reversed by USP39 upregulation (Fig. 7D). This result
confirmed that deubiquitinase USP39 and E3 ligase
TRIM26 could balance the level of ZEB1 protein.

Considering that the ZEB1 protein is the common target
of USP39 and TRIM26, we next sought to determine
whether this equilibrium mechanism was associated with
the progression of HCC. SK-hep-1 cells were transfected
with shUSP39, shTRIM26, and shUSP39+ shTRIM26,
respectively. Then, the efficiency of USP39 and TRIM26
deletion was confirmed by RT-PCR and western blotting
(Fig. 7E–H). Consistently, the downregulation of TRIM26
reversed the ZEB1 protein level, which was significantly
decreased in SK-hep-1 by shUSP39 transfection (Fig. 7F).
Conversely, USP39 knockdown significantly reversed the
ZEB1 protein level in SK-hep-1 after transfection with

Fig. 4 Deubiquitinase USP39
interacts with the E3 ligase
TRIM26. A Co-
immunoprecipitation assays
showed an interaction between
endogenous USP39 and
TRIM26 in SK-hep-1 cell.
Immunoglobulin (Ig) G was
used for comparison as a
negative control. Whole cell
lysates for input were directly
subjected to IB using antibodies.
B Interaction of exogenous
USP39 and TRIM26 in SK-hep-
1 cell. HA-flag antibody was
immunoprecipitated, and USP39
bound to TRIM26 was
determined using
immunoblotting (IB) with an
anti-TRIM26 antibody. C
Immunofluorescence staining
assays (magnification, ×80) of
USP39 and TRIM26 in cells
(SK-hep-1 and HepG2)
observed by confocal
microscopy.
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shTRIM26 (Fig. 7H). These results further supported that
deubiquitinase USP39 and E3 ligase TRIM26 could bal-
ance the level of ZEB1 protein. Moreover, the ZEB1 ubi-
quitination was decreased after overexpression of USP39,

and this effect could be reversed by TRIM26 over-
expression in SK-hep-1 cells (Fig. 7I). Based on MTT
results, cell proliferation was decreased by downregulating
USP39 in SK-hep-1, and this effect could also be reversed

Fig. 5 TRIM26 is lowly expressed in human HCC tissues and
inhibits HCC cells proliferation and migration. A Representative
images (magnification, ×40) of IHC staining for TRIM26 in HCC
tissues and normal adjacent tissues. B Relative IHC staining for
TRIM26 in HCC tissues and normal adjacent tissues. C TRIM26
mRNA expression correlated with overall survival (OS) of HCC
patients. D The expression of TRIM26 mRNA was analyzed by RT-
PCR in SK-hep-1 infected with shRNAs. E Western blotting analysis
of TRIM26 protein level in SK-hep-1 cells infected with shRNAs. F

MTT assay in SK-hep-1 cells transfected with shTRIM26. G, H
Colony formation of SK-hep-1 HCC cells transfected with shTRIM26
(G). The colony counts were normalized to the control and expressed
as a percentage, and results are represented in the bar graph (H). I, J
Representative images (I) and Graphic representation (J) of the
migration capacities in the TRIM26 knockdown SK-hep-1. Data are
shown as the mean ± SD of three independent experiments. Student’s t
test: *P < 0.05; **P < 0.01; ***P < 0.001.
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by TRIM26 knockdown (Fig. 7J). Simultaneously, USP39
knockdown inhibited the proliferation of HCC cells trans-
fected with shTRIM26. This data further confirmed that

USP39 and TRIM26 antagonize each other to control
ZEB1 stability and thereby determine the progression
of HCC.
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USP39 and TRIM26 function in an antagonistic
pattern contribute to the progression of HCC in vivo

To assess the effects of USP39 and TRIM26 in the pro-
gression of HCC in vivo, USP39 and TRIM26 knockdown
SK-hep-1 cells were respectively injected into the flanks of
BALB/c nude mice. The downregulation of USP39
expression in HCC cells significantly inhibited tumor
growth, by reducing the volume and weight of tumors
(Fig. 8A–C). In agreement with this result, tumors derived
from shUSP39 cells were much smaller in size than the
control group of NC cells. In contrast, the downregulation
of TRIM26 expression could remarkably promote the
growth of xenograft tumors (Fig. 8A). Furthermore,
TRIM26 silencing could significantly reverse the reduction
of USP39 knockdown cell proliferation, in tumor size and
weight (Fig. 8B, C). Conversely, USP39 knockdown
inhibited proliferation in tumor size and weight of SK-hep-1
cells transfected with shTRIM26. The RT-PCR assays and
western blot analyses demonstrated that TRIM26 and
USP39 levels were downregulated in the shTRIM26 SK-
hep-1 cells and shUSP39 SK-hep-1 cells, respectively
(Fig. 8D, E). In addition, USP39 knockdown SK-hep-1
cells exhibited decreased ZEB1 and Ki67 protein levels,
while TRIM26 downregulation promoted the expression
levels of ZEB1 and Ki67 by IHC (Fig. 8F).

To evaluate the effects of USP39 and TRIM26 in the
metastatic potential of HCC cells in vivo, SK-hep-1-luc
cells with downregulation of USP39 and TRIM26 expres-
sion were respectively inoculated into BALB/c nude mice
via tail vein injection. Whole-body bioluminescence ima-
ging was employed to investigate the effect of shUSP39 and
shTRIM26 on the growth and metastasis of HCC tumors on

the 40th day after injection. The results showed that USP39
knockdown led to an obvious reduction in tumor metastasis,
while TRIM26 downregulation enhanced the tumor metas-
tasis and reversed the reduction of shUSP39-related cell
metastasis and the number of nodules in the lung (Fig. 8G,
H). USP39 knockdown also suppressed the shTRIM26-
related HCC cell metastasis. Altogether, these results further
consolidate a novel mechanism that deubiquitinase USP39
and E3 ligase TRIM26 function in an antagonistic pattern,
but not a competitive pattern, and play key roles in con-
trolling ZEB1 stability to determine the HCC progression.

Discussion

Few therapeutic strategies can improve the OS rate of
patients with advanced HCC. Therefore, elucidating the
molecular mechanism is vital for the progression of HCC.
Deregulation of the deubiquitinase USP39 and the E3 ubi-
quitin ligase TRIM26 plays an essential role in tumor pro-
gression. ZEB1 is a crucial inducer of EMT to promote the
metastasis of cancer cells, but whether its stability is regu-
lated by USP39 or TRIM26 in HCC remains enigmatic.

In this study, we demonstrate that USP39 is critically
involved in the progression of human HCC. USP39 was
overexpressed in clinical HCC samples compared to normal
adjacent tissue. The Kaplan–Meier analysis showed that
increased expression of USP39 significantly correlated with
poor prognosis. Indeed, silencing USP39 expression
markedly inhibited the proliferation and metastasis of HCC
cells in vitro and in vivo experiments, indicating the
potential carcinogenic effect of USP39 in HCC develop-
ment. Consistent with previous reports, these results further
consolidated USP39 as a promoter in tumor progression
including HCC. In addition, USP39 downregulation dra-
matically suppressed the level of ZEB1 as well as EMT
progression. Herein, we demonstrate for the first time that
the molecular mechanisms of USP39-mediated cell pro-
liferation and metastasis in HCC might be involved in the
regulation of the ZEB1-dependent EMT axis. We identified
USP39 as a novel and key modulator for ZEB1 in HCC.
USP39 is well known as an important modulator of RNA
splicing and widely believed to be devoid of deubiquiti-
nating activity. Intriguingly, ZEB1 mRNA showed no
major differences in HepG2 transduced with shUSP39,
while the level of ZEB1 protein was dramatically sup-
pressed. These results suggest that the mechanism by which
USP39 impacts ZEB1 activity is not through transcriptional
regulation, but possibly by posttranslational regulation (e.g.,
ubiquitin degradation). Recently, a report showed that
USP39 has a deubiquitination-related function towards
CHK2 in lung cancer [19]. Therefore, this controversy
related to the deubiquitination function of USP39 needs to

Fig. 6 TRIM26 promotes the degradation of ZEB1 protein by
ubiquitination in HCC. A Effect of TRIM26 knockdown on the
expression of ZEB1 in SK-hep-1 cells as detected by western blot.
B The mRNA expression of TRIM26 in TRIM26-transfected SK-hep-
1 cell was determined by RT-PCR. C Effect of TRIM26 over-
expression on the protein level of ZEB1 in SK-hep-1 cell as detected
by western blot. D ZEB1 protein level in SK-hep-1 cells by down-
regulating TRIM26 at the indicated times after CHX (0.2 mg/ml)
addition. E The amount of ZEB1 in SK-hep-1 cells transfected with
TRIM26 expressing plasmid were monitored by western blotting at the
indicated times after CHX (0.2 mg/ml) addition. F Levels of ZEB1 in
TRIM26 over-regulated SK-hep-1 cells treated with MG132 (20 μM).
G The ubiquitination of ZEB1 in TRIM26 knockdown SK-hep-1 cells
co-transfected with expression plasmids encoding Flag-ZEB1 and HA-
Ub. The transfected cells were treated with MG132 (20 μM for 4 h)
prior to harvest. H The ubiquitination of ZEB1 by TRIM26 over-
expression in SK-hep-1 cells. I ZEB1 ubiquitination by TRIM26
in vitro using purified proteins. Whole cell lysates (containing HA-Ub
and Flag-ZEB1 proteins) was incubated with purified GST-TRIM26 or
GST-Vector in vitro and blotted with TRIM26 or ZEB1 antibodies.
Student’s t test: *P < 0.05; **P < 0.01; ***P < 0.001. All the data are
representative of at least three independent experiments and presented
as the means ± SD.
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Fig. 7 Deubiquitinase USP39 and E3 ligase TRIM26 balance the
level of ZEB1 protein. A–D RT-PCR and western blotting indicated
that the mRNA expression levels of USP39 and TRIM26 (A, C) and
the protein level of ZEB1 (B, D) in SK-hep-1 cells co-translated with
USP39 and TRIM26 expressing plasmids. (E, G) The mRNA levels of
USP39 and TRIM26 were analyzed by RT-PCR in SK-hep-1 HCC
cells. F, H Effect of USP39-knockdown and TRIM26 silencing on the

protein level of ZEB1 in SK-hep-1 HCC cell determined by western
blotting. I Effect of overexpression of USP39 and TRIM26 on the
ZEB1 ubiquitination in SK-hep-1 cells. J Effect of USP39-knockdown
and TRIM26 silencing on the cell proliferation of SK-hep-1 assessed
by MTT assay. Student’s t test: *P < 0.05; **P < 0.01; ***P < 0.001.
All the data are representative of at least three independent experi-
ments and presented as the means ± SD.
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be further addressed. In our study, similarly, USP39 can
modulate the level of ZEB1 protein via deubiquitination.
Also, our results showed that ZEB1 ubiquitination was

significantly decreased in SK-hep-1 cells transfected with
the USP domains of USP39, which indicated USP39
function as an active DUB for the ZEB1 protein. According
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to relevant studies [38, 39], USP39 does not have the ability
to self-deubiquitinate, but it can form a stable complex with
USP4 to remove the inhibition of its catalytic activity and
then activate the deubiquitinase activity of USP4. There-
fore, the interference factors affecting the deubiquitination
of USP39 need to be investigated in the near future. Col-
lectively, we believe that USP39 reduces the degradation of
ZEB1 protein through direct deubiquitination, which pro-
motes EMT progression and the development of HCC.

Ubiquitination and deubiquitination are two contrasting
posttranslational processes that involve in the conjugation
and removing of ubiquitin from targeted proteins, respec-
tively. TRIM26 has an E3 ubiquitin ligase activity, which
has been found to significantly inhibit cell proliferation and
migration in HCC. It is interesting to speculate whether E3
ligase TRIM26 with ubiquitin function has an interaction
with deubiquitinase USP39 to control the stability of ZEB1
protein. Co-immunoprecipitation assays in our study
showed that USP39 directly interacts with TRIM26, and
immunofluorescence staining assays revealed that USP39
and TRIM26 co-localized in the nucleus of cells (SK-hep-1
and HepG2). These observations suggested that deubiqui-
tinase USP39 could interact with E3 ligase TRIM26 by
which the progression of HCC may be affected. TRIM26 is
an E3 ligase enzyme which mediates ubiquitination and
degradation of many proteins, such as IRF3 [40, 41]. In
addition, a microarray expression profiling in our study
showed that the expression of TRIM26 was lower in HCC
tissues compared with normal adjacent tissue. HCC patients
with a high level of TRIM26 mRNA had a better OS than
those with low TRIM26 expression. Our studies in vitro
showed that a decreased TRIM26 expression could elevate
the expression level of ZEB1 and additionally promote the
proliferation and migration of HCC cells. Previous studies
held the same view that TRIM26 could represent a novel
therapeutic target for HCC [24]. Meanwhile, we identified
ZEB1 as the potential ubiquitination-associated protein of
TRIM26 interaction. Therefore, we found that USP39 and

TRIM26 not only directly interact with each other, but also
have a common target (ZEB1). We hypothesized that
USP39 antagonizes TRIM26 in targeting ZEB1 for
ubiquitin-dependent proteasomal degradation, to regulate
the proliferation and migration of HCC cells. This
hypothesis was further corroborated by the fact that USP39
could reverse the effect of TRIM26 on ZEB1 expression
and the progression of HCC. Similarly, TRIM26 also could
reverse the effect of USP39 on ZEB1 expression and the
proliferation and migration of HCC cells. Altogether, these
results further consolidate a novel mechanism that deubi-
quitinase USP39 and E3 ligase TRIM26 function in an
antagonistic pattern and play key roles in controlling
ZEB1 stability to determine the HCC progression. These
results are similar to those of Nicklas et al. [42] where c-
Myc expression is controlled by E3 ligase TRIM32 and
deubiquitinase USP7, and the net balance between protein
ubiquitination and deubiquitination acts as a key determi-
nant for cancer development. Of course, Luo et al. also
reports that E3 ligase TRIM32 and the deubiquitinase
USP11 balance ARID1A stability to regulate squamous cell
carcinoma cell proliferation and metastasis [43].

In summary, we report a modification via an elaborate
balance between ubiquitination and deubiquitination as a
novel mechanism for regulating the progression of HCC.
The regulation of this molecular process is deubiquitinase
USP39 and E3 ligase TRIM26 balancing the level of ZEB1
ubiquitination and thereby determine HCC cell proliferation
and migration. This novel mechanism may provide new
approaches to target treatment for inhibiting HCC devel-
opment by restoring TRIM26 or suppressing USP39
expression in HCC cases with high ZEB1 protein levels.

Acknowledgements We are indebted to Zhiwei Chen and Jin Lin, the
two senior pathologists from the pathology department of Affiliated
Hospital (Group) of Putian University for tissue specimens. The authors
appreciate Songlin Shi, Qiang Yu, Jihuan Hou, Ming Li and Yujie Zhao
(Ph.D.) from the Cancer Research Center, School of Medicine, Xiamen
University for technical support in Molecular Biology.

Funding This study was supported by the National Natural Science
Foundation of China (81872045 and 81470793), and the Special Fund
for Public Welfare Research Institutes of Fujian Province
(2020R11010032-3 and 2018R1036-4).

Author contributions GS conceived and designed the research; XL
and JY conducted the experiment and drafted the paper; CS interpreted
the data and revised the paper. YL and JX performed animal experi-
ments. GZ and WW contributed to materials and reagents.

Compliance with ethical standards

Conflict of interest The authors declare no competing interests.

Ethical approval Human tissue acquisition and subsequent use were
approved by the Medical Ethics Committee of Affiliated Hospital

Fig. 8 USP39 and TRIM26 function in an antagonistic pattern
contributing to the progression of HCC in vivo. A The effect of
USP39 and TRIM26 in HCC cell proliferation in vivo was determined
by xenograft assays. USP39 and TRIM26 knockdown SK-hep-1 cells
were respectively injected into flanks of BALB/c nude mice. After
30 days, tumors were isolated and photographed. B Tumor volumes
were calculated. C Tumor weight. D, E Levels of USP39, TRIM26,
and ZEB1 were analyzed by RT-PCR (D) and western blotting (E). F
The expression levels of USP39, TRIM26, ZEB1 and Ki67 in tumors
of different groups by IHC (original magnification, ×40; inlet, ×10). G,
H Representative images showed the tumors metastasis of different
groups by whole-body bioluminescence imaging (G) and lung
metastases (H). The number of nodules in the lung was counted and
statistically analyzed. Student’s t test: *P < 0.05; **P < 0.01; ***P <
0.001. All the data are representative of at least three independent
experiments and presented as the means ± SD.

2330 X. Li et al.



(Group) of Putian University, and informed consent was obtained from
patients/family members. The animal study protocol was approved by
the Institutional Animal Care and Use Committee of Xiamen Uni-
versity (IACUC No. XMULAC20180056).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A.
Global cancer statistics 2018: GLOBOCAN estimates of inci-
dence and mortality worldwide for 36 cancers in 185 countries.
CA Cancer J Clin. 2018;68:394–424.

2. Villanueva A. Hepatocellular carcinoma. N Engl J Med.
2019;380:1450–62.

3. Wellner U, Schubert J, Burk UC, Schmalhofer O, Zhu F, Sonntag
A, et al. The EMT-activator ZEB1 promotes tumorigenicity by
repressing stemness-inhibiting microRNAs. Nat Cell Biol.
2009;11:1487–95.

4. Dong L, Zhang X, Xiang W, Ni J, Zhou W, Li H. Post-
transcription mediated Snail stabilization is involved in radiation
exposure induced invasion and migration of hepatocarcinoma
cells. Biomed Pharmacother. 2018;103:767–72.

5. Zhang X, Lin C, Song J, Chen H, Chen X, Ren L, et al. Parkin
facilitates proteasome inhibitor-induced apoptosis via suppression
of NF-kappaB activity in hepatocellular carcinoma. Cell Death
Dis. 2019;10:719.

6. Liu LL, Zhu JM, Yu XN, Zhu HR, Shi X, Bilegsaikhan E, et al.
UBE2T promotes proliferation via G2/M checkpoint in hepato-
cellular carcinoma. Cancer Manag Res. 2019;11:8359–70.

7. Wu Z, Zhang L, Xu S, Lin Y, Yin W, Lu J, et al. Predictive and
prognostic value of ZEB1 protein expression in breast cancer
patients with neoadjuvant chemotherapy. Cancer Cell Int.
2019;19:78.

8. Kim T, Veronese A, Pichiorri F, Lee TJ, Jeon YJ, Volinia S, et al.
p53 regulates epithelial-mesenchymal transition through micro-
RNAs targeting ZEB1 and ZEB2. J Exp Med. 2011;208:875–83.

9. Zhang J, Lu C, Zhang J, Kang J, Cao C, Li M. Involvement of
ZEB1 and E-cadherin in the invasion of lung squamous cell car-
cinoma. Mol Biol Rep. 2013;40:949–56.

10. Zhou Z, Zhang P, Hu X, Kim J, Yao F, Xiao Z, et al. USP51
promotes deubiquitination and stabilization of ZEB1. Am J
Cancer Res. 2017;7:2020–31.

11. Zhang S, Hong Z, Chai Y, Liu Z, Du Y, Li Q, et al. CSN5 promotes
renal cell carcinoma metastasis and EMT by inhibiting ZEB1
degradation. Biochem Biophys Res Commun. 2017;488:101–8.

12. Zhao Y, Zhang B, Lei Y, Sun J, Zhang Y, Yang S, et al.
Knockdown of USP39 induces cell cycle arrest and apoptosis in
melanoma. Tumour Biol. 2016;37:13167–76.

13. Wang L, Chen T, Li X, Yan W, Lou Y, Liu Z, et al. USP39
promotes ovarian cancer malignant phenotypes and carboplatin
chemoresistance. Int J Oncol. 2019;55:277–88.

14. Yuan X, Sun X, Shi X, Jiang C, Yu D, Zhang W, et al. USP39
promotes the growth of human hepatocellular carcinoma in vitro
and in vivo. Oncol Rep. 2015;34:823–32.

15. Yan C, Yuan J, Xu J, Zhang G, Li X, Zhang B, et al. Ubiquitin-
specific peptidase 39 regulates the process of proliferation and
migration of human ovarian cancer via p53/p21 pathway and
EMT. Med Oncol. 2019;36:95.

16. Makarova OV, Makarov EM, Luhrmann R. The 65 and 110 kDa
SR-related proteins of the U4/U6.U5 tri-snRNP are essential for the
assembly of mature spliceosomes. EMBO J. 2001;20:2553–63.

17. Ding K, Ji J, Zhang X, Huang B, Chen A, Zhang D, et al. RNA
splicing factor USP39 promotes glioma progression by inducing
TAZ mRNA maturation. Oncogene. 2019;38:6414–28.

18. van Leuken RJ, Luna-Vargas MP, Sixma TK, Wolthuis RMF,
Medema RH. Usp39 is essential for mitotic spindle checkpoint
integrity and controls mRNA-levels of aurora B. Cell Cycle.
2008;7:2710–9.

19. Wu J, Chen Y, Geng G, Li L, Yin P, Nowsheen S, et al. USP39
regulates DNA damage response and chemo-radiation resistance
by deubiquitinating and stabilizing CHK2. Cancer Lett.
2019;449:114–24.

20. Ran Y, Zhang J, Liu LL, Pan ZY, Nie Y, Zhang HY, et al.
Autoubiquitination of TRIM26 links TBK1 to NEMO in RLR-
mediated innate antiviral immune response. J Mol Cell Biol.
2016;8:31–43.

21. Chen L, Zhu G, Johns EM, Yang X. TRIM11 activates the pro-
teasome and promotes overall protein degradation by regulating
USP14. Nat Commun. 2018;9:1223.

22. Hatakeyama S. TRIM family proteins: roles in autophagy, immu-
nity, and carcinogenesis. Trends Biochem Sci. 2017;42:297–311.

23. Xue J, Chen Y, Wu Y, Wang Z, Zhou A, Zhang S, et al. Tumour
suppressor TRIM33 targets nuclear beta-catenin degradation. Nat
Commun. 2015;6:6156.

24. Wang Y, He H, Yang L, Wen B, Dai JF, Zhang Q, et al. TRIM26
functions as a novel tumor suppressor of hepatocellular carcinoma
and its downregulation contributes to worse prognosis. Biochem
Bioph Res Commun. 2015;463:458–65.

25. Wang KF, Chai LY, Qiu ZG, Zhang YD, Gao HY, Zhang XZ.
Overexpression of TRIM26 suppresses the proliferation, metas-
tasis, and glycolysis in papillary thyroid carcinoma cells. J Cell
Physiol. 2019;234:19019–27.

26. Lyu XM, Zhu XW, Zhao M, Zuo XB, Huang ZX, Liu X, et al. A
regulatory mutant on TRIM26 conferring the risk of nasophar-
yngeal carcinoma by inducing low immune response. Cancer
Med. 2018;7:3848–61.

27. Nakagawa T, Hosogane M, Nakagawa M, Morohoshi A,
Funayama R, Nakayama K. Transforming growth factor β-
induced proliferative arrest mediated by TRIM26-dependent
TAF7 degradation and its antagonism by MYC. Mol Cell Biol.
2018;38:e00449–17.

28. Edmonds MJ, Carter RJ, Nickson CM, Williams SC, Parsons JL.
Ubiquitylation-dependent regulation of NEIL1 by Mule and
TRIM26 is required for the cellular DNA damage response.
Nucleic Acids Res. 2017;45:726–38.

29. Almangush A, Salo T. The 8th Edition of the American Joint
Committee on Cancer (AJCC8) Staging Manual: any improve-
ment in the prognostication of oral tongue cancer? Chin Clin
Oncol. 2019;8:S8.

30. Salomons FA, Menendez-Benito V, Bottcher C, McCray BA,
Taylor JP, Dantuma NP. Selective accumulation of aggregation-
prone proteasome substrates in response to proteotoxic stress. Mol
Cell Biol. 2009;29:1774–85.

Deubiquitinase USP39 and E3 ligase TRIM26 balance the level of ZEB1 ubiquitination and thereby. . . 2331

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


31. Chen L, Zhu G, Johns EM, Yang X. TRIM11 activates the pro-
teasome and promotes overall protein degradation by regulating
USP14. Nat Commun. 2018;9:1223.

32. Lv D, Li Y, Zhang W, Alvarez AA, Song L, Tang J, et al.
TRIM24 is an oncogenic transcriptional co-activator of STAT3 in
glioblastoma. Nat Commun. 2017;8:1454.

33. Zhou H, Liu Y, Zhu R, Ding F, Wan Y, Li Y, et al.
FBXO32 suppresses breast cancer tumorigenesis through targeting
KLF4 to proteasomal degradation. Oncogene. 2017;36:3312–21.

34. Ye K, Zhang X, Ni J, Liao S, Tu X. Identification of enzymes
involved in SUMOylation in trypanosoma brucei. Sci Rep.
2015;5:10097.

35. Xia L, Huang W, Bellani M, Seidman MM, Wu K, Fan D, et al.
CHD4 has oncogenic functions in initiating and maintaining
epigenetic suppression of multiple tumor suppressor genes. Can-
cer Cell. 2017;31:653–68.e7.

36. Manshouri R, Coyaud E, Kundu ST, Peng DH, Stratton SA, Alton
K, et al. ZEB1/NuRD complex suppresses TBC1D2b to stimulate
E-cadherin internalization and promote metastasis in lung cancer.
Nat Commun. 2019;10:5125.

37. Jiao Y, Zhu G, Yu J, Li Y, Wu M, Zhao J, et al. miR-1271 inhibits
growth, invasion and epithelial-mesenchymal transition by tar-
geting ZEB1 in ovarian cancer cells. Onco Targets Ther.
2019;12:6973–80.

38. Luna-Vargas MPA, Faesen AC, van Dijk WJ, Rape M,
Fish A, Sixma TK. Ubiquitin-specific protease 4 is
inhibited by its ubiquitin-like domain. EMBO Rep.
2011;12:365–72.

39. Song EJ, Werner SL, Neubauer J, Stegmeier F, Aspden J, Rio D,
et al. The Prp19 complex and the Usp4Sart3 deubiquitinating
enzyme control reversible ubiquitination at the spliceosome.
Genes Dev. 2010;24:1434–47.

40. Cambiaghi V, Giuliani V, Lombardi S, Marinelli C, Toffalorio F,
Pelicci PG. TRIM proteins in cancer. Adv Exp Med Biol.
2012;770:77–91.

41. Wang P, Zhao W, Zhao K, Zhang L, Gao C. TRIM26 negatively
regulates interferon-beta production and antiviral response
through polyubiquitination and degradation of nuclear IRF3.
PLoS Pathog. 2015;11:e1004726.

42. Nicklas S, Hillje AL, Okawa S, Rudolph IM, Collmann FM, van
Wuellen T, et al. A complex of the ubiquitin ligase TRIM32 and
the deubiquitinase USP7 balances the level of c-Myc ubiquitina-
tion and thereby determines neural stem cell fate specification.
Cell Death Differ. 2019;26:728–40.

43. Luo Q, Wu X, Nan Y, Chang W, Zhao P, Zhang Y, et al.
TRIM32/USP11 balances ARID1A stability and the oncogenic/
tumor-suppressive status of squamous cell carcinoma. Cell Rep.
2020;30:98–111.e5.

2332 X. Li et al.


	Deubiquitinase USP39 and E3 ligase TRIM26 balance the level of ZEB1 ubiquitination and thereby determine the progression of hepatocellular carcinoma
	Abstract
	Introduction
	Materials and methods
	Human HCC samples and tissue microarray
	Cell lines and culture
	In vivo experiments
	Statistical analysis
	Supplementary information
	Human HCC samples and tissue microarray
	Cell lines and culture
	Plasmid construction and gene transfection
	PCR analysis
	Western blot analysis
	Cell proliferation and colony formation assay
	Transwell assay and wound-healing assay
	Immunoprecipitation
	In vivo ubiquitination assay
	GST pull-down assay
	Immunofluorescence and immunohistochemistry
	Kaplan–nobreakMeier plotter analysis

	Results
	USP39 is highly expressed in human HCC tissues and correlated with poor prognosis
	USP39 promotes HCC proliferation and migration in�vitro
	USP39 promotes EMT and inhibits ZEB1 ubiquitination in HCC
	Deubiquitinase USP39 interacts with the E3 ligase TRIM26
	TRIM26 is lowly expressed in human HCC tissues and inhibits HCC cells proliferation and migration
	TRIM26 promotes the degradation of ZEB1 protein by ubiquitination in HCC
	Deubiquitinase USP39 and E3 ligase TRIM26 balance the level of ZEB1 protein
	USP39 and TRIM26 function in an antagonistic pattern contribute to the progression of HCC in�vivo

	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	ACKNOWLEDGMENTS
	References




