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Silencing of WWP2 inhibits adhesion, invasion, and migration
in liver cancer cells
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Abstract The role and clinical implication of the WWP2 E3
ubiquitin ligase in liver cancer are poorly understood. In the
current study, we investigated the expression level of WWP2
and its functions in cell adhesion, invasion, and migration in
liver cancer. We used real-time PCR to detect the expression
of WWP2 in liver cancer and adjacent samples from the
People’s Hospital of Lishui and also analyzed The Cancer
Genome Atlas (TCGA) RNA-seq data by bioinformatics.
Migration and invasion were detected by transwell analysis.
We detected a strong WWP2 expression in tumor tissues of
the People’s Hospital of Lishui, and the survival rate was
significantly higher in patients with lower WWP2-
expressing tumors. WWP2 small hairpin RNA (shRNA) len-
tivirus stably infected cells (shWWP2), Huh7, showed slower
growth speed compared with scramble control-infected cells
in a xenograft mouse model. Knockdown of WWP2 Huh7
and BEL-7404 cells demonstrated a reduction in adhesion,
invasion, and migration. Gene set enrichment analysis
(GSEA) showed that WWP2 is positively correlated to
cancer-related pathways including the chemokine signaling
pathway. WWP2 also regulated MMP-9, caspase-9,
CXCR3, and CCR5 expression in liver cancer cells. In addi-
tion, knockdown of CXCR3 and CCR5 significantly inhibited
cell proliferation, adhesion, invasion, and migration in Huh7

and BEL-7404 cells. Our data suggest that targeting ofWWP2
may be a therapeutic strategy for liver cancer treatment.
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Introduction

As the third leading cause of death from cancer, hepatocellular
carcinoma (HCC) accounts for the great proportion in primary
liver cancers and ranks as the fifth most common malignancy
all over the world [1]. In the earlier stages of HCC, curative
resection and partial ablation therapy are often applied to pa-
tients [2, 3]. However, because of the high recurrence and
metastasis rates after surgery and ablation therapy, HCC pa-
tients are often accompanied with poor prognosis [4].
Therefore, inhibiting metastasis of HCC patients is critical
for HCC therapy.

Genes and proteins associated with the development and
progression of HCCwere investigated in preceding studies [5,
6]. Recently, an E3 ubiquitin ligase that belongs to the
NEDD4-like protein family termed WWP2 was implicated
in HCC progression [7]. WWP2 is a member of the NEDD4
subfamily originally identified in screening for WW domain-
containing proteins [8]. So far, a very limited number of sub-
strates have been reported for WWP2, such as Oct4, PTEN,
Rpb1, EGR-2, Gsc, Sox9, and the epithelial Na+ channel
[9–11]. There are a variety of data focusing on the novel tu-
morigenesis effects of WWP2 [12, 13]. Meanwhile, gene si-
lence studies have revealed a significant role of WWP2 in
craniofacial development [14] and chondrogenesis [15].

Cancer pathway especially chemokine signaling pathway
contributes to the development and progression of cancer, in
which they function in several capacities [16–18]. Matrix
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metalloproteinase 9 (MMP-9) was reported to induce cell in-
vasion andmigration in various cancers via p38MAPK, ERK,
AKT, JNK, and PKC signaling pathways [19, 20]. Caspase-9
plays a critical role in tumorigenesis through mediating onco-
gene and apoptosis [21]. Chemokine receptors, CXCR3 and
CCR5, have opposing effects on inflammation in the central
nervous system of virus-infected mice [22]. But the possible
contribution of chemokine receptor signaling to the guidance
of cell invasion and migration has not been explored.

In this study, our data reveal a new insight into WWP2-
mediated regulation of chemokine signaling that permits fur-
ther investigation of WWP2 as a novel cancer prognostic
marker and therapeutic target.

Materials and methods

Ethics statement

The study protocol was approved by the ethics committee of
the People’s Hospital of Lishui. Written informed consents
were obtained from all participants in this study. All the re-
search was carried out in accordance with the Helsinki
Declaration of 1975. Care of laboratory animals and animal
experimentation were performed in accordance with the
Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. All animal studies were ap-
proved by the animal ethics committee of the People’s
Hospital of Lishui.

Patients and tissue sample preparations

Paired tumor and adjacent human liver samples were obtained
from 47 patients who underwent surgery at the People’s
Hospital of Lishui. None of these patients had received radio-
therapy or chemotherapy. The percentage of tumor cellularity
in the liver cancer patient’s tissue section is at least 70 % via
pathological examination of histology slides in hospital pa-
tient’s cohort. Liver cancer and adjacent tissues were immedi-
ately snap-frozen in liquid nitrogen and stored at −80 °C until
total RNAwas extracted. The clinical information of 47 liver
cancer patients is listed in Supplemental Table 1.

Bioinformatics analysis

RNA-Seq data from 191 liver cancers and 50 adjacent tissues
was downloaded from The Cancer Genome Atlas (TCGA)
and survival rate data was downloaded from the NCBI Gene
Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/
geo/) and is accessible through GEO Series accession
number GSE20140, following approval of this project by the
consortium. To validate the correlation of WWP2 and
pathways in cancer especially the chemokine signaling

pathway involved in the pathogenesis of liver cancer, a gene
set enrichment analysis (GSEA) was performed to analyze the
liver cancer tumors in KEGG dataset. GSEA is a method of
analyzing and interpreting microarray and such data using
biological knowledge [23]. If a gene set has a positive enrich-
ment score, the majority of its members have higher expres-
sion accompanied with higher WWP2 expression, and the set
was termed Benrich^ [24].

Immunohistochemistry

Initial treatments for tissue sections were deparaffinization
and hydration and then they were heated in EDTA (pH 8.0)
and incubated with 3 % hydrogen peroxide for 10 min for
antigen retrieval. The reaction of WWP2 antibody (Abcam)
took place for 1 h at room temperature, following incubation
with biotin-labeled secondary antibodies. Slides were stained
with DAB (Shanghai Long Island Biotec. Co., Ltd., China)
and hematoxylin (BASO, China). Immunohistochemical sig-
nals were calculated with the positive staining cells under a
microscope (Olympus Corporation, Tokyo, Japan) with a
magnification of ×200.

Cell culture and construction of stable cell lines

Seven liver cancer cell lines (MHCC97H, LM3, SMCC7721,
HepG2, Hep3B, Huh7, BEL-7404) obtained from the Cell
Bank of Academia Sinica (Shanghai, China) were used in this
study. The cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10 % fetal bovine serum (FBS) in a
humidified incubator containing 5 % CO2 in air at 37 °C.
Commercial WWP2, CXCR3, and CCR5 small hairpin
RNA (shRNA)-expressing vectors were obtained from
JRDUN Biotechnology (Shanghai, China). The shRNA se-
quences were cloned into the pLVX-AcGFP-C1 lentiviral vec-
tor. The scramble shRNAwas cloned into the pLVX-AcGFP-
C1 lentiviral vector and used as a negative control (shNC).
The constructs were then co-transfected into HEK 293T cells
with lentiviral packaging vectors by using Lipofectamine
2000 (Invitrogen Life Technologies, Gaithersburg, MD,
USA) according to the manufacturer’s instruction. Then the
lentivirus packaging, purification, concentration, and infec-
tion were performed as described by Xiong et al. [25].
Viruses were collected 48 h after transfection and used to
infect Huh7 and BEL-7404 cells at an MOI of 20 in the pres-
ence of 8 μg/ml Polybrene (Sigma-Aldrich, St. Louis, MO,
USA). Assay was performed 48 h after infection.

Quantitative real-time PCR

Total RNAs were extracted from 47 paired adjacent and hu-
man liver cancer tissues and seven liver cancer cells with
TRIzol reagent (Invitrogen) as descried [26] and stored at
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−80 °C. Complementary DNA was synthesized with a com-
plementary DNA synthesis kit (Thermo Fisher Scientific,
Rockford, IL, USA). Real-time PCR was performed on ABI
7500 (Applied Biosystem, Foster City, CA, USA) thermal
cycler using a standard SYBR Green PCR kit (Thermo
Fisher Scientific). Real-time PCR was performed to detect
messenger RNA (mRNA) levels of indicated genes. The
primers sequences (sense/antisense) used were listed as fol-
lows: WWP2, 5′-GAGATGGACAACGAGAAG-3′ and 5′-
CTCCTCAATGGCATACAG - 3 ′ ; GAPDH , 5 ′ -
C A C C C A C T C C T C C A C C T T T G - 3 ′ a n d 5 ′ -
CCACCACCCTGTTGCTGTAG-3′. Relative quantification
of the gene expression was performed by normalization of
the signals of different genes with the GAPDH signal. Each
experiment was performed in triplicate.

In vitro proliferation assay

Cell proliferation was assessed by Cell Counting Kit 8 (CCK-
8; Dojindo, Kumamoto, Japan) assay. In brief, we plated the
cells in 96-well plates at an initial density of 5×103 cells/well.
Cells were subsequently infected with pLVX-AcGFP-C1-
WWP2 shRNA (shWWP2), pLVX-AcGFP-C1-CXCR3
shRNA (shCXCR3), or pLVX-AcGFP-C1-CCR5 shRNA
(shCCR5) following culture overnight. At specified time
points, 10 μl of CCK-8 solution was added to each well of
the plate. Then the plate was incubated for 1 h. Cell prolifer-
ation was determined by scanning with a microplate reader
(Bio-Rad Laboratories, Hercules, CA, USA) at 450 nm.
Each experiment was performed in triplicate.

In vitro apoptosis assay

Apoptosis was determined by a flow cytometer (BD
Biosciences, San Diego, CA, USA), and annexin-V fluores-
cein isothiocyanate (FITC)/propidium iodide (PI) double-
stain assay was performed in accordance with the manufac-
turer’s protocol (BioVision, Mountain View, CA, USA).
Briefly, cells were seeded into six-well plates, infected with
the shWWP2, and cultured for 48 h. The cells were subse-
quently collected and incubated with FITC and PI, prior to
analysis by flow cytometry. Each experiment was performed
in triplicate.

In vitro adhesion assay

Cells treated with shWWP2, shCXCR3, or shCCR5 were
seeded on fibronectin-coated 12-plate microplate at a density
of 1×105 cells/well and then incubated for 1 h. The superna-
tant was discarded and cells were washed two times by
phosphate-buffered saline (PBS, Gibco). Four percent para-
formaldehyde (Gibco) was supplemented for 15 min and cells
were stained by Giemsa (Gibco) for 30 min. Images of the

cells were captured and cell numbers were counted under a
microscope (Olympus Corporation) with magnification of
×400. Each experiment was performed in triplicate.

In vitro invasion assay

Invasion assays were performed using transwell chamber
(Greiner Bio-One, Frickenhausen, Germany) coated with
Matrigel (BD, San Diego, CA, USA) as described in the man-
ufacturer’s protocol. Cells treated with shWWP2, shCXCR3,
or shCCR5 were serum-starved for 12 h and then resuspended
in DMEM. 1×105 cells in 500 μl serum-free DMEM were
seeded into the upper well of the transwell chamber. The lower
chamber was filled with 600 μl DMEM containing 10% FBS.
After 48-h incubation, cells on the upper well were wiped off
by the Q-tip. The cells attached to the lower surface were
washed with PBS, fixed in 4% paraformaldehyde, and stained
by 0.5 % crystal violet. Images of the cells were captured and
cell numbers were counted under a microscope (Olympus
Corporation) with magnification of ×400. Each experiment
was performed in triplicate.

In vitro migration assay

Cell transwell migration assays were performed according to
the previous study [27]. Briefly, cells treated with shWWP2,
shCXCR3, or shCCR5 were trypsinized, washed, and kept
suspended in DMEM. DMEM with 10 % FBS was added to
the lower wells of the transwell chambers and serum-free
DMEM with 5×104 cells/well was filled in the upper wells
of the transwell chambers. Then, the chamber was placed in an
incubator at 37 °C for 24 h. Filters were fixed with 4 % meth-
anol and stained with 0.5 % methylrosanilinium chloride so-
lution for 30 min. Then cells on the upper well were wiped off
by the Q-tip. Images of the cells were captured and cell num-
bers were counted under a microscope (Olympus
Corporation) with a magnification of ×400. Each experiment
was performed in triplicate.

Western blot analysis

Total proteins were isolated from normal and liver tumor tis-
sues or liver cancer cell lines. Protein concentration was mea-
sured by BCA protein assay kit (Pierce, Rockford, IL, USA).
Equal amounts of cell lysates were subjected to electrophore-
sis using SDS-PAGE. Then, Western blot analysis was per-
formed. Membranes were first incubated with antibody
against WWP2 (cat. no. ab103527), CXCR3 (cat. no.
ab71864), CCR5 (cat. no. ab65850), MMP-9 (cat. no.
ab119906), and caspase-9 (cat. no. ab2324), then with anti-
GAPDH antibody as an internal control. Antibodies used in
this study were purchased from Abcam (Cambridge, MA,
USA), unless otherwise specified: GAPDH (CST Biotech,
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Danvers, MA, USA; cat. no. 5174). All the antibodies were
used at a dilution of 1:1000.

In vivo experiments

In order to clarify the role ofWWP2 in vivo, 4-week-old male
athymic nude mice were used in this study. Twelve male
athymic nude mice were randomly divided into two groups
(six mice/group). Huh7 cells (2×106) with negative control
(shNC) or shWWP2 were injected subcutaneously into the

right flank of these mice to establish the liver cancer xenograft
model. The tumor size was determined every 3–4 days after
tumor formed (around 1–2 weeks) as previously described
[28]. Themicewere sacrificed and photographed after 45 days,
and the tumors were weighed on a digital balance.

Statistical analysis

The data was presented as the mean value±SD. Statistical
significance was determined by the paired, two-tailed

Fig. 1 WWP2 upregulated in
liver cancer tissues and correlated
with poor survival time. a
Comparison of the expression
level of WWP2 between liver
cancer and adjacent tissues in the
People’s Hospital of Lishui by
real-time PCR. b Bioinformatics
was also used to analyze the
expression level of WWP2 in
TCGA RNA-seq data. c The
expression of WWP2 was
determined by
immunohistochemistry staining
in human liver cancer tissues. d
Kaplan–Meier survival curves for
two groups of patients. Green,
data for patients with low
prognostic scores (group 1, higher
survival time); red, patients with
high prognostic scores (group 2,
poorer survival). Means±SD are
shown. ***P<0.001
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Student’s t test and one-way ANOVA analysis. Overall sur-
vival in relation to WWP2 expression was evaluated by the
Kaplan–Meier survival curve and log-rank nonparametric test.
P value lower than 0.01 was considered to be statistically
significant.

Results

Upregulation of WWP2 expression correlates with liver
cancer patient survival

Real-time PCR showed that WWP2 was significantly in-
creased in liver cancer tissues when compared with the adja-
cent liver tissues of patients in the People’s Hospital of Lishui,
and bioinformatics analysis in TCGA RNA-seq data also
demonstrated the similar results of the People’s Hospital of
Lishui (Fig. 1a, b). To assess the protein levels of WWP2 in
human liver cancer tissues, immunohistochemistry staining of

WWP2 was performed. A high expression of WWP2 was
observed in human liver cancer tissues compared with adja-
cent liver tissues (Fig. 1c).

Next, we compared the survival time of patients from
GSE20140 dataset. The human liver cancer patients were di-
vided into two groups according to the mean level of WWP2
(1.17 of the log2 value, median in GSE20140 dataset). The
cumulative survival rate was significantly higher in patients
with lower WWP2-expressing tumors than in those with
higher WWP2-expressing tumors (Fig. 1c). These results in-
dicate that WWP2 expression could represent a new prognos-
tic factor in liver cancer patients and therefore we chose to
focus our experimental research on WWP2.

Silencing of WWP2 in liver cancer cell lines

We compared gene expression of WWP2 in seven liver
cancer cell lines, including MHCC97H, Huh7, BEL-
7404, SMCC7721, LM3, HepG2, and Hep3B at both

Fig. 2 WWP2 expression in liver cancer cell lines. Cells were grown to
confluence in 96-well plates. Total RNAwas extracted from various liver
cancer cell lines. a mRNA expression of WWP2 and GAPDH were
determined by real-time PCR using a WWP2 specific primer set. b
WWP2 protein expression was analyzed by Western blot using anti-
WWP2 antibody. After treatment of Huh7 (c) and BEL-7404 (d) cells

with shWWP2, the expression ofWWP2 assaywas analyzed by real-time
PCR and Western blot, as described in BMaterials and methods.^ Shown
are representative blots of three independent studies. Means±SD are
shown. #P<0.01 compared with five other liver cancer cell lines.
**P<0.01 compared with the shNC groups
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mRNA and protein levels. We found that Huh7 and
BEL-7404 cells had a higher level of WWP2 expression
compared with another five cells (Fig. 2a, b). These two
cell lines were therefore used for subsequent experi-
ments. mRNA and protein expression of WWP2 in re-
sponse to specific shRNA was assessed. As illustrated in
Fig. 2c, d, the reduction of WWP2 mRNA expression
was detected after injection of shWWP2 in Huh7 (65±
3.7 %) and BEL-7404 (57±4.8 %) cells. And the reduc-
tion of WWP2 protein expression was consistent with
that of WWP2 mRNA expression in Huh7 and BEL-
7404 cells. No apparent changes of negative control
(NC) were observed.

Silencing of WWP2 promotes proliferation and inhibits
apoptosis in Huh7 and BEL-7404 cells

In order to further investigate the correlation between WWP2
expression and the development and progression of liver can-
cer, a series of in vitro and in vivo experiments was performed
in Huh7 and BEL-7404 cells. The reduction ofWWP2 expres-
sion led to a 41±2.4 and 42±2.8 % proliferation decrease in
Huh7 and BEL-7404 cells, respectively, at 72 h after injection
compared with cells with shNC injection (Fig. 3a, b). In addi-
tion, the apoptotic rate was also detected in Huh7 and BEL-
7404 cells. As shown in Fig. 3c, d, the apoptotic rate of cells
injected with shWWP2 was significantly increased by 3.1±

Fig. 3 Effect of shWWP2 on cell proliferation and apoptosis. After
treatment of Huh7 and BEL-7404 cells with shWWP2, cell proliferation
(a) and apoptosis (b, c) were performed, as described in BMaterials and

methods.^ Shown are representative pictures of three independent
studies. Means±SD are shown. **P<0.01 compared with the shNC
group
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0.36 to 23±2.21 % (Huh7 cells) and 4.3±0.65 to 23±2.16 %
(BEL-7404 cells), respectively, compared with cells with
shNC injection.

Silencing of WWP2 inhibits adhesion, invasion,
and migration in Huh7 and BEL-7404 cells

Carcinoma cell adhesion to extracellular matrix and basement
membranes is regarded as an initial step in the invasive process
for metastatic tumor cells [29, 30]. The effects of WWP2
shRNA on liver cancer cell adhesion were identified by the cell
adherence as previously described. As shown in Fig. 4a,
shWWP2 could notably suppress adhesion of Huh7 (57±
1.7 %) and BEL-7404 cells (60±2.5 %) in comparison with
the negative control (shNC). As illustrated in Fig. 4b, shWWP2
but not shNC effectively suppressed cell invasion in Huh7 and
BEL-7404 cells. After injection with shWWP2, the number of
Huh7 and BEL-7404 cells that invaded through the filter de-
creased to 33±2.4 and 45±3.6%, respectively, when compared
with cells injected with shNC. According to the cell migration
assay, we observed that cell migration was significantly sup-
pressed in Huh7 (34±2.1 %) and BEL-7404 cells (41±1.1 %)
injected with shWWP2 than in those injected with shNC
(Fig. 4c). These results indicate that WWP2 is a critical medi-
ator involved in cell invasion, migration, and adhesion.

WWP2 is positively correlated to chemokine signaling
pathway

The exact pathways that WWP2 may regulate in liver cancer
remain unclear. In order to probe the WWP2-associated path-
ways in liver cancer tissues and cells, we first performed
GSEA using high throughput RNA-sequencing data of the
liver cancer tumors of KEGG database. GSEA is used to de-
tect coordinated differences in the expression of predefined
KEGG sets of functionally related genes [24]. Among all the
predefined KEGG gene sets, the cancer pathway especially
the chemokine signaling pathway was identified with the
strongest association with WWP2 expression (Fig. 5a, b),
and the gene alternations in these signaling pathways are listed
in Supplemental Tables 2 and 3.

To validate the results in Western blot, we performed
Western blot analysis in liver cancer cells. The gene expres-
sion of important regulators in cancer pathways was deter-
mined in protein levels in Huh7 and BEL-7404 cells. The
protein level of MMP-9 (47±2.9 % reduction of Huh7 cells;
77±3.2 % reduction of BEL-7404 cells) was remarkably de-
creased after downregulation of WWP2, but the protein level
of caspase-9 (>2.0-fold increase of Huh7 cells; >1.5-fold in-
crease of BEL-7404 cells) was remarkably increased after
downregulation of WWP2 (Fig. 5c). The gene expression of
important regulators in chemokine signaling pathwaywas also
determined in protein levels in Huh7 and BEL-7404 cells. The

protein levels of CXCR3 (74±2.4 % reduction of Huh7 cells;
84±3.7 % reduction of BEL-7404 cells) and CCR5 (70±
2.2 % reduction of Huh7 cells; 64±1.8 % reduction of BEL-
7404 cells) were remarkably decreased after downregulation
of WWP2 (Fig. 5d).

Silencing of CXCR3 and CCR5 inhibits proliferation
and motility in Huh7 and BEL-7404 cells

As CXCR3 and CCR5 expression levels related to
WWP2-mediated chemokine signaling pathway in liver
cancer, we wonder whether CXCR3 and CCR5 might
associate with the development and progression of liver
cancer. We thus performed proliferation assay by CCK-8
in Huh7 and BEL-7404 cells. As illustrated in Fig. 6a,
b, silencing of CXCR3 and CCR5 through injection of
shCXCR3 or shCCR5 into Huh7 and BEL-7404 cells
resulted in the reduction of CXCR3 and CCR5 protein
expression. Silencing of CXCR3 and CCR5 in Huh7
and BEL-7404 cells significantly decreased cell prolifer-
ation by nearly twofold at 72 h compared with cells
injected with shNC (Fig. 6c–f). These results showed
that CXCR3 and CCR5 had proliferation-promoting
properties in liver cancer cells.

Next, we further investigate the effects of CXCR3 and
CCR5 on adhesion, invasion, and migration in Huh7 and
BEL-7404 cells. As shown in Fig. 7a, b, injection of
shCXCR3 or shCCR5 into Huh7 and BEL-7404 cells signif-
icantly reduced the cell adhesion ability compared with cells
injected with shNC. The similar functions of CXCR3 and
CCR5 on invasion and migration were also detected in
Huh7 and BEL-7404 cells (Fig. 7c–f). These data suggested
that CXCR3 and CCR5 promoted liver cancer cell adhesion,
invasion, and migration.

Silencing of WWP2 suppresses tumor growth of liver
cancer cells in vivo

Next, we determined whether silencing of WWP2 could re-
duce liver cancer cell growth in vivo. Huh7 cells injected with
shNC and shWWP2 were subcutaneously injected in athymic
nude mice respectively and tumor diameter was evaluated for
45 days. As shown in Fig. 8a, tumor diameter was signifi-
cantly decreased in mice with injection of shWWP2 stably
infected cells compared with control group. As shown in
Fig. 8b, WWP2 silenced tumors grew slower in mice, where-
as control tumors grew fast in mice. After 45 days, tumor
weights in shWWP2-treated mice were significantly de-
creased to 18±1.2 % compared with the control group
(Fig. 8c). These results indicate that decease of WWP2 re-
duces tumor growth in vivo.
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Discussion

In recent years, although WWP2 has been broadly stud-
ied in different cancers, the knowledge of the abnormal

expression and underlying role of WWP2 in liver cancer
is largely lacking. The current study showed that mRNA
expression of WWP2 was significantly increased in liver
tumor tissues and Huh7 and BEL-7404 liver cancer cell
lines compared with normal tissues and other liver can-
cer cell lines. The survival rate was higher in patients
with lower WWP2-expressing tumors than in those with
higher WWP2-expressing tumors. Downregulation of
WWP2 in liver cancer inhibits cell adhesion, invasion,
and migration in vitro and tumor formation in vivo.

�Fig. 4 Effect of shWWP2 on cell adhesion, invasion, and migration.
After treatment of Huh7 and BEL-7404 cells with shWWP2, cell
adhesion (a), invasion (b), and migration (c) were performed, as
described in BMaterials and methods.^ Shown are representative
pictures of three independent studies. Means±SD are shown. **P<0.01
compared with the shNC group

Fig. 5 WWP2 was positively correlated to cancer pathway and the
chemokine signaling pathway. Genes in the KEGG cancer pathway (a)
and chemokine signaling pathway (b) showed significant enrichment in
patients with higherWWP2 expression versus patients with lowerWWP2
expression. The top portion of the figure plots the enrichment scores (ES)
for each gene, whereas the bottom portion of the plot shows the value of
the ranking metric moving down the list of ranked genes. After treatment

of Huh7 and BEL-7404 cells with shWWP2, the expression of MMP-9,
caspase-9 (c), CXCR3, and CCR5 (d) were analyzed by Western blot
using anti-MMP-9, anti-caspase-9, anti-CXCR3, and anti-CCR5
antibodies, as described in BMaterials and methods.^ Shown are
representative blots of three independent studies. Means±SD are
shown. **P<0.01 compared with the shNC group
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Moreover, we also found that WWP2 was positively
correlated to chemokine signaling pathway and regulat-
ing the related marker expression.

We compared WWP2 expression between liver cancer
tissues and adjacent tissues in People’s Hospital of
Lishui and analyzed the TCGA RNA-seq data. WWP2
expression was significantly increased in liver cancer
tissues, compared with the adjacent tissues in the two
individual datasets (Fig. 1a–c). Our results are consistent
with previous reports that WWP2 is highly expressed in
breast cancer, prostate cancer, melanoma, and human
embryonic stem cells [9, 31, 32]. Of note, because of
the spread of intrahepatic metastasis, the highly recur-
rent rate plagues the long-term survival of HCC patients
after curative resection [33]. In this study, the higher

WWP2 expression in liver cancer was associated with
a poor prognosis in GSE20140 dataset (Fig. 1d). These
results indicate that WWP2 may play important roles
and can represent a new prognostic factor in liver can-
cer patients.

In this study, we also assessed WWP2 expression in
liver cancer cell lines and found that Huh7 and BEL-
7404 cell lines highly expressed WWP2 mRNA and
protein (Fig. 2a, b). Moreover, silencing of WWP2 con-
ferred a significant reduction on cell proliferation and
increase in cell apoptosis in Huh7 and BEL-7404 liver
cancer cell lines (Fig. 3). Invasion and migration are
two of the most important marks of cancer and function
as the lethal factors for malignant cancer in general and
HCC in particular [34–36]. Management of migration

Fig. 6 The effect of CXCR3 and
CCR5 on cell proliferation. After
treatment of Huh7 (a) and BEL-
7404 (b) cells with shCXCR3 and
shCCR5, respectively, the
expression of CXCR3 and CCR5
was analyzed by Western blot, as
described in BMaterials and
methods.^ Shown are
representative blots of three
independent studies. After
treatment of Huh7 (c, e) and BEL-
7404 (d, f) cells with shCXCR3
and shCCR5, respectively, cell
proliferation was performed, as
described in BMaterials and
methods.^ Means±SD are
shown. **P<0.01 compared
with the shNC group
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will therefore contribute to the improvement of progno-
sis for the HCC patient. In cultured Huh7 and BEL-
7404 cells, where WWP2 was markedly expressed, si-
lencing of WWP2 significantly inhibited cell adhesion,
invasion, and migration activities compared with the
shNC groups (Fig. 4). The strong correlation between
WWP2 expression and liver cancer cell adhesion, inva-
sion, and migration highlights the potential value of
WWP2 as a novel biomarker for liver progression.

Despite improvement in determining the molecular
mechanisms of liver cancer tumorigenesis, the specific
signal transduction pathways involved have not been
fully characterized. Besides, preceding evidence proves
that chemokine receptor signaling also contributes to
proliferation and survival, which is particularly impor-
tant for migratory cells to grow in foreign environ-
ments [37, 38]. GSEA results demonstrated that cancer
pathway especially the chemokine signaling pathway
was significantly enriched in response to WWP2 alter-
ation in liver cancer patients (Fig. 5a, b). Western blot
analysis was consistent with that of GSEA results, in
which WWP2 regulated the expression of cancer
pathway- and chemokine signaling pathway-related
markers, including MMP-9, caspase-9, CXCR3, and

CCR5, in Huh7 and BEL-7404 cells (Fig. 5c, d).
These data suggest that silenced WWP2 inhibited liver
cancer progression maybe through downregulating
CXCR3 and CCR5. To examine the hypothesis,
CXCR3 and CCR5 were silenced by injection of
shCXCR3 and shCCR5 in Huh7 and BEL-7404 cells.
Our results showed that silencing of CXCR3 and
CCR5 notably reduced cell proliferation, adhesion, in-
vasion, and migration in Huh7 and BEL-7404 cells
(Fig. 6c–f and 7c–f). CXCR3 is a chemokine receptor
activated by specific binding of ligands, resulting in
diverse cellular responses, including cell proliferation
and migration [39]. Silencing of CXCR3 conferred a
migratory inhibition in breast cancer and spontaneous
lung metastasis from mammary gland-implanted tumors
in a murine model [40]. Interestingly, CXCR3 overex-
pression did not showed a reduction of cell invasion
and migration in PLCβ3 knockdown DU-145 cells,
suggesting that PLCβ3 was involved in CXCR3-
induced invasive and migratory inhibition [41].
Chemokine CCL5 and its receptor CCR5 were found
to have increased expression in breast cancer and
displayed increased invasiveness, which was blocked
by CCR5 antagonists, maraviroc and vicriviroc [42].

Fig. 7 The effect of CXCR3 and
CCR5 on cell adhesion, invasion,
and migration. After treatment of
Huh7 and BEL-7404 cells with
shCXCR3 and shCCR5,
respectively, cell adhesion (a, b),
invasion (c, d), and migration (e,
f) were performed, as described in
BMaterials and methods.^ Means
±SD are shown. **P<0.01
compared with the shNC group
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The tumorigenic potential of WWP2 was supported
by our xenograft experiments in vivo. Nude mice
injected with WWP2 shRNA lentivirus stably infected
(shWWP2) Huh7 cells showed tumor growth reduction
when compared with the cells injected with shNC over
a 45-day time period (Fig. 8). Consistent with our re-
sults, nude mice injected with WWP2 shRNA-
expressing human prostate cancer DU145 cells also
showed tumor growth reduction when compared with
control [10]. Collectively, these results indicate the first
demonstration of its crucial function in liver cancer
development.

In this study, we demonstrate that WWP2 promotes
cell adhesion, invasion, and migration in liver cancer by
upregulating CXCR3 and CCR5 expression associated
with the chemokine signaling pathway. However, further
in vivo studies are needed to clarify the mechanisms of
promotion of WWP2 in liver cancer tumorigenesis.
WWP2 and related molecules may serve as a potential
therapeutic target for metastatic liver cancer cell.
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