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Abstract: RasGAP SH3-domain-Binding Protein 1 (G3BP1) has been implicated in cell growth, migration, and me-
tastasis of some cancers, yet its function in hepatocellular carcinoma (HCC) remains to be explored. In the present
study, we reported that G3BP1 was upregulated in HCC tissues compared with adjacent non-cancerous liver tissues
both in mRNA and protein levels, and its high expression was significantly correlated with poor prognosis of HCC
patients. Functional analyses demonstrated that forced expression of G3BP1 in HCC cells promoted cell migration,
and silenced expression of G3BP1 by RNA interference caused opposite effects. Moreover, G3BP1 knockdown
attenuated the distant metastasis capacity of HCC cells through tail vein injection approach in nude mice model.
At molecular mechanism, we found G3BP1 knockdown decreased Slug expression, and increased the expression
of the epithelial cell marker E-cadherin. Overexpression of Slug could restore the phenotype of G3BP1 silencing
induced cell migration inhibition. Together, our data establish G3BP1 as an oncogenic factor involved in the metas-

tasis of HCC and suggest that G3BP1 might serve as a novel predictor for patients’ outcome.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth
most common cancer in the world and has the
second highest mortality, with 520,000 people
per year for males and 224,000 cases per year
for females according to the International
Agency for Research on Cancer. Treatment of
HCC is limited to surgical removal and there is
no effective systemic chemotherapy available
for HCC patients because of the liver's natural
resistance [1]. For early stage patients, surgery
is the best option, the five-year survival rate
ranges from 41% to 74% [2]. If patients were
diagnosed in the late stages when surgery is
not an option, the chemotherapy have little
effect. Therefore, it is important to find early
diagnose marker and new therapies for this dis-
ease. Additionally, HCC also shows a propensity
to metastasize and infiltrate adjacent and more
distant tissues. Metastasis is thought to be the
major cause for poor prognosis and low surviv-
al rate of HCC. To date, the underlying molecu-

lar mechanisms in HCC metastasis are still not
fully understood.

Ras GTPase-activating protein SH3 domain-
binding proteins (G3BPs) are a class of RNA-
binding proteins. The name of G3BP was desig-
nated due to the early report of G3BP1
interacting with the SH3 domain of RasGAP [3].
Many reports have shown that G3BP1 is
involved in multiple cell functions, including
stress granule formation [4], RNA metabolism
[B], cell growth [6], motility [7], and apoptosis
[8]. G3BP1 is known to contain a RNA recogni-
tion motif (RRM) by which exerts its mRNA-sta-
bilizing or mRNA-degrading effects. The dysreg-
ulation of G3BP1 interactions with its target
mRNAs may result in cancer development and
progression. Some cancer related gene, such
as ¢c-MYC [9], CTNNB1 [10], and PMP22 [11],
have been implicated in the regulation of
G3BP1 by this way. In human sarcomas [12],
breast cancer [13], lung cancer [14], gastric
cancer [15] and colon cancer [16], G3BP1 has
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been found to be highly expressed. High expres-
sion of G3BP1 could promote proliferation and
motility of gastric cancer or breast cancer cells.
Downregulation of G3BP1 in sarcoma xeno-
grafts prevented tumor invasion and complete-
ly blocked lung metastasis in mouse models.
Through binding with p53, G3BP1 led to the
redistribution of p53 from the nucleus to the
cytoplasm and affected cell apoptosis [17].
These reports suggest the important roles of
G3BP1 in tumorigenesis, however, the connec-
tion between G3BP1 and HCC still remains
unknown.

In the current work, we investigated the expres-
sion and functional role of G3BP1 in HCC. We
found that G3BP1 was frequently upregulated
in HCC samples and upregulated G3BP1 ex-
pression was correlated with poor survival.
Further cell biological results indicated that
G3BP1 promoted HCC cell migration and Slug
protein was identified as one of main effectors
of G3BP1. Thus, our study provides new insights
into the role of G3BP1 in tumor and suggested
that G3BP1 may be a potential target for HCC
treatment.

Materials and methods
Human liver cancer specimens

The use of the tissue material for research was
approved by the committee on ethics of bio-
medicine research at Shanghai East Hospital,
Tongji University School of Medicine. 37 paired
of human HCC and adjacent liver specimens
were collected from patients suffered from
HCC with informed consent who underwent
resection of the primary tumor at the depart-
ment of Shanghai East hospital. Before RNA
extraction, all the samples were snap-frozen in
liquid nitrogen and stored at -80°C. Human
liver cancer tissue microarray (HLiv-HCC180-
Sur-05) was obtained from Shanghai Outdo
Bioteck, China. All the patients had well-docu-
mented clinical histories and follow-up informa-
tion. G3BP1 was immunohistochemical stained
using an anti-G3BP1 antibody (13057-2-AP, Pr-
oteintech, Wuhan, China) at a dilution of 1:500.
The staining results were scored to four stages
according to the percentage of positive cells
and staining intensity: negative (-), slight posi-
tive (+), moderate positive (++), or strong posi-
tive (+++). Classifying of stages was conducted
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in a blinded manner to prevent bias from knowl-
edge of clinical data.

Cell lines and culture conditions

Human HCC cell lines (Huh7, Sk-Hepl, and
Hep3B) were obtained from Shanghai Cell Bank
of Chinese Academy of Sciences. YY8013 and
WRL6G8 cells were taken from our laboratory
stocks. Cells were grown in Dulbecco’s Modified
Eagle’'s Medium (DMEM, Corning, US) with 10%
fetal bovine serum and 100 ug/mL penicillin/
streptomycin at 37°C in a humidified 5% CO,
incubator.

RNA extraction and quantitative real-time PCR

Total RNA was extracted from the tissue sam-
ples or the cultured cell lines using RNAiso Plus
reagent (TakaRa, Japan) and was reverse tran-
scribed into cDNA by using PrimeScriptTM RT
reagent kit (TakaRa, Japan) according to manu-
facturers’ protocols. G3BP1 and SLUG expres-
sion were examined on an ABI 7500 Real Time
System with SYBR green reagent (TaKaRa,
Japan). The 244t method was used for quantifi-
cation as previously described [18], and b-actin
was used as an endogenous control. Each
experiment was conducted for at least three
times. The following primer pairs were used in
this study. G3BP1-qF: 5-ATGCAGTCTACGGAC-
AGAAAGA-3’, G3BP1-gR: 5’-GAGCATCAACATGG-
CGAATCT-3’; Slug-gF: 5-GATGCCGCGCTCCTTC-
CTGG-3’, Slug-gR: 5-GGGGGACTCACTCGCCCC-
AA-3’; B-actin-gF: 5-CCTGGCACCCAGCACAA-
TG-3,B-actin-qR:5-GGGCCGGACTCGTCATACT-3.

RNA interference and cell transfection

Transfection of siRNA or plasmids was carried
out using Lipofectamine 3000 (Initrogen, CA,
USA) according to the manufacturer’'s recom-
mendation. A specific siRNA against G3BP1,
non-specifc control (NC), were synthesized by
GenePharma (Shanghai, China). The sequenc-
es were designed as follow: siG3BP1, sense
5-GAGUGCGAGAACAACGAAU-3 and siNC sense
5-UUCUCCGAACGUGUCACGUATAT-3).

Plasmid and lentivirus construction

To overexpress G3BP1 and SLUG, the expres-
sion plasmids, pEnter-G3BP1 (GeneBank Acce-
ssion Number: NM_005754) and pEnter-SLUG
(GeneBank Accession Number: NM_003068)
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were purchased from Vigene Biosciences,
Shandong, China. RNA interference lentivirus
LV-shG3BP1 and LV-shNC was packaged and
purchased from GenePharma, Shanghai using
corresponding sequences of siG3BP1 and
siNC, respectively. The G3BP1 overexpression
lentivirus was purchased from Shanghai Tuzhu
Biotech. Stably infected cell lines with lentivirus
were isolated by puromycin selection.

Cell migration

Transwell assays were used to measure cell
migration capability using a modified 24-well
Boyden chamber with a membrane as previ-
ously described [19]. 24 h after transfection,
cells were resuspended and counted. About
3~5x10* cells in 400 yl DMEM without FBS
were placed into the upper chambers. The
lower chambers were filled with 800 pl com-
plete medium with 5% FBS as a chemo attrac-
tant stimulus. After incubation for 30 h at 37°C,
non-invading cells were removed from the top
of the chamber with a cotton swab. Migrated
cells on the bottom surface of the filter were
fixed, stained with 0.5% crystal violet, and
counted in five random fields under a micro-
scope and the average number of five fields
was calculated. All assays were performed in
triplicate and repeated three times.

Wound healing assay

Briefly, HCC cells were cultured to about 90%
confluence in a 6-well plate at 37°C and 5%
CO,. Awound about 2 mm width was created by
scratching cells with a sterile 100 uL plastic tip.
Cells were washed with PBS to remove floating
cells, then 2 mL 0.5% FBS-containing DMEM
was added. The light microscope (Nikon, Japan)
was used to determine wound healing at O h,
24 h and 48 h, with a microscope at 200x mag-
nification. The experiments were performed in
triplicate.

Western blot analysis

Total proteins from cultured cells were extract-
ed in RIPA buffer, and the protein concentration
was determined using the BCA protein assay kit
(TaKaRa, Japan). Cell lysates were electropho-
resed on SDS-polyacrylamide gels and trans-
ferred onto polyvinylidene difluoride membrane
(EMD Millipore, USA). Membranes were blocked
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with 5% non-fat milk in Phosphate Buffered
Saline (PBST) buffer (0.05% Tween-20) for 1 h
and probed with primary antibodies, followed
by fluorescent secondary antibody and bou-
nded proteins were visualized by using the
Odyssey Infared Imaging System (Li-COR, USA)
according to the manufacturer’s instructions.
The antibodies used in this study included:
G3BP1 (1:2000, BD Biosciences, #611126),
B-actin (1:500, Santa Cruz Biotechnology,
sc-58673), Phospho-Erk1/2 (Thr202/Tyr204)
(1:2000, Cell Signaling Technology, #4370),
Erk1/2 (Thr202/Tyr204) (1:1000, Cell Signaling
Technology, #4695), Phospho-Akt (Serd73)
(1:1000, Cell Signaling Technology, #4051), Akt
(1:1000, Cell Signaling Technology, #9272),
E-Cadherin (1:1000, Cell Signaling Technology,
#3195), Vimentin (1:500, Cell Signaling Tech-
nology, #5741), Slug (1:500, Cell Signaling
Technology, #9585).

Animal studies

Male athymic nude mice were obtained from
Animal Center of the Chinese Academy of
Science (Shanghai, China) and maintained in
sterile laminar flow cabinets. 2x10°¢ of cells
(WRL68-LV-shNC, WRL68-LV-shADAR and YY8-
103-LV-Vec, YY8103-LV-G3BP1) were tail vein-
injected into these mice (n=5 per group, 5-6
weeks of age), respectively. 50 days after injec-
tion, mice were sacrificed and lung metastasis
was calculated by the obvious lung metastatic
tumors on the surface. The lung tissues were
fixed in 4% paraformaldehyde and suffered
with H&E staining and histopathological exami-
nation. All experimental procedures involving
animals were in accordance with the Guide for
the Care and Use of Laboratory Animals and
approved by the Ethics Committee of Shanghai
East Hospital.

Statistical analysis

The x? test was used to analyze the relation-
ships between G3BP1 expression and various
clinicopathological parameters. Survival curves
were calculated using the Kaplan-Meier meth-
od and compared by the log-rank test. The sig-
nificance of in vitro and in vivo data analysis
was performed using a two-tailed Student t-test
and the data were presented as mean + SD.
P<0.05 was considered statistically significant.
“*” indicates P<0.05; “**” indicates P<0.01.
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Figure 1. G3BP1 expression is upregulated in human HCC samples. A. The expression of G3BP1 in 37 matched
pairs of HCC and non-cancerous tissues was detected by quantitative real-time PCR where -actin was used as in-
ternal control (right), P value as indicated was calculated by paired t test. *P<0.05. The change fold (C/N) of G3BP1
expression in each sample pair was respectively indicated as a column (left). B. The protein expression of G3BP1
was performed with immunohistochemical staining on a HCC tissue microarray. Two representative clinical cases
of immunohistochemical staining are shown. Magnification: x40 (upper right) and x200 (bottom). C. The result of
Kaplan-Meier survival analysis exhibited that patients with high expression of G3BP1 (red line; n=39) had shorter
overall survival time than those with low G3BP1 expression (black line; n=37; P=0.02, Log-rank test).

Results

G3BP1 was frequently upregulated in HCC and
predicted poor prognosis

We firstly examined G3BP1 expression in 37
paired of HCC tissues by quantitative RT-PCR.
The results showed that G3BP1 was significant-
ly higher in cancer tissues compared with cor-
responding non-cancerous liver tissues. Among
them, 18/37 (48.6%) were upregulated at least
1.5-fold as shown in Figure 1A. Meanwhile, a
HCC tissue microarray with available clinical
information was immunohistochemical stained
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with a specific antibody against G3BP1. Co-
nsistent with the qRT-PCR results, G3BP1 was
significantly overexpressed in 40/76 (52.6%) of
HCC samples relative to their corresponding
non-cancerous tissues based on G3BP1 stain-
ing intensity. Two representative cases of the
HCC samples handled with immunohistochemi-
cal staining were shown in Figure 1B. Most im-
portantly, the overall survival of these patients
was markedly decreased in G3BP1 strong
staining group (Figure 1C), indicating that high
expression of G3BP1 was closely associated
with poor outcomes of HCC patients. However,
G3BP1 expression was not statistically corre-
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Figure 2. G3BP1 promotes HCC cell motility. A. Representative fields of YY8103 and Hep3B cells transfected with
G3BP1 overexpression plasmid or empty vector in the transwell assay and average number of migration cells per
field was evaluated. *P<0.05, **P<0.01. B. Representative fields of WRL68 and Sk-Hep-1 cells were evaluated by
transwell assay after transfected with siG3BP1, where siNC was used as a control. Cell numbers were counted in
five randomly selected microscopic fields. *P<0.05, **P<0.01. The overexpression and knockdown efficiency of
G3BP1 was determined by western blotting. C. Wound healing experiment was used to analyze the motility ability of
WRL68 and Sk-Hep-1 cells in which G3BP1 was silenced, photographs were taken at O, 24, and 48 h.
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Figure 3. G3BP1 knockdown suppresses the metastasis of HCC cells in nude mice. A. G3BP1 knockdown inhibited
lung metastasis of WRL6G8 cells. B. G3BP1 overexpression increased the number of lung metastasis of YY8103
cells. Lung metastatic tumor nodules were observed in lung surface after 50 days receiving tail vein injection with
indicated cells. The mean number of tumor nodules from each group (n=5) were counted. C. The hematoxylin and
eosin (HE) stained lung sections are shown. Magnification: x400.

lated with any other clinicopathological charac-
teristic, such as age, gender, tumor size, differ-
entiation and JACC stage. These collective fin-
dings suggested that G3BP1 is overexpressed
in HCC and its expression could predict progno-
sis of patients.

G3BP1 enhanced cell migration in vitro

To determine whether G3BP1 plays a role on
cell migration, the G3BP1 overexpression plas-
mid was transiently transfected into Hep3B
and YY8103 cells. Transwell assay data dem-
onstrated that overexpressed G3BP1 signifi-
cantly promoted cell migration in the two HCC
cells (Figure 2A). Conversely, knocking down
G3BP1 with specific small interference RNA in
Sk-Hep-1 and WRL6G8 cells strongly reduced
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the migrated cell number when compared with
the controls (Figure 2B). Furthermore, wound
healing assay was also employed to detect the
effect of G3BP1 on cell migration. As shown in
Figure 2C, stable silencing of G3BP1 restrained
cell motility in Sk-Hep-1 and WRL68 cells. Th-
ese results indicated that G3BP1 plays an
important role on HCC cell migration in vitro.

Silencing of G3BP1 suppressed HCC cell me-
tastasis in vivo

To investigate the in vivo role of G3BP1 on
metastasis of HCC cells, we injected 2x10° of
HCC cells into tail veins of nude mice (n=5, per
group) for the observation of lung metastasis.
The final results showed that silencing of
G3BP1 strongly reduced the nodule number

Am J Cancer Res 2016;6(11):2641-2650
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Figure 4. G3BP1 upregulates Slug expression. A. The expression levels of tumor-related factors were detected by
western blotting in Sk-Hep1/LV-shNC, Sk-Hep1-1/LV-shG3BP1 and WRL68/LV-shNC, WRL68/LV-shG3BP1 cells.
G3BP1 silencing decreased the expression of Slug on protein level. B. Knocking down G3BP1 increased the ex-
pression of E-cadherin in mRNA level in above cells. C. G3BP1 knockdown suppressed the expression of Slug and
upregulated the expression of E-cadherin in Huh7 cells by western blotting. D and E. The expression of G3BP1 and
Slug in G3BP1 stably silenced HCC cells as indicated by gRT-PCR analysis. *P<0.05, **P<0.01.

formed on the lung surface from mice receiving
WRL6E8-LV-shG3BP1 cells than that formed
from mice receiving WRLB8-LV-shNC cells (Fi-
gure 3A). In contrast, overexpression of G3BP1
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in YY8103 cells increased the formation of
tumor nodule on the lung surface of nude mice
(Figure 3B). Histological analysis confirmed the
presence of metastatic tumors in the lungs

Am J Cancer Res 2016;6(11):2641-2650
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Figure 5. Overexpression of Slug restores the inhibition induced by G3BP1 knockdown on cell migration. The migra-
tory ability of WRL68 and Sk-Hep-1 cells with indicated transfections were evaluated by transwell assays. The data

is shown as the means + SD, *P<0.05, **P<0.01.

of these mice (Figure 3C). These data sugge-
sted that G3BP1 may be involved in the posi-
tive regulation of metastasis of HCC cells in
Vivo.

G3BP1 promoted Slug expression

To explore the molecular mechanisms by which
G3BP1 promoted HCC cell migration, we exam-
ined the expression of some known tumor
metastasis-related molecules, including E-cad-
herin, FAK, Slug, and Vimentin through western
blotting analysis. In addition, the Ras down-
stream signaling pathway factors such as Akt
and Erk were also examined. As shown in Figure
4A, only the protein level of Slug was obviously
downregulated when G3BP1 was knocked
down in Sk-Hep-1 and WRL68 cells, indicating
that G3BP1 promoted Slug expression. Alth-
ough we did not found the protein expression of
E-cadherin in the two cell lines, qRT-PCR data
revealed that the mRNA level of E-cadherin was
upregulated in G3BP1 silenced cells (Figure
4B). Importantly, the regulation of Slug and
E-cadherin by G3BP1 was confirmed in Huh7
cells (Figure 4C). Furthermore, overexpression
of G3BP1 increased and knockdown of G3BP1
decreased the mRNA level of Slug (Figure 4D,
4E), suggesting that G3BP1 affected Slug ex-
pression in mMRNA level.
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Slug overexpression restored cell migration
defect induced by G3BP1 knockdown

To further address the relationship between
G3BP1 and Slug, we attempted to overexpress
Slug in G3BP1 knockdown cells and observe
whether Slug could rescue the cell migration
defect. As expected, silencing G3BP1 led to sig-
nificant inhibition of cell migration in Sk-Hep-1
and WRLGS cells, while overexpressing Slug in
these cells restored the migratory inhibition
induced by G3BP1 knockdown (Figure 5), sug-
gesting that Slug may function as the down-
stream effector of G3BP1 and both the two fac-
tors play crucial roles in tumor cell migration.

Discussion

G3BP1 is an mRNA-binding protein that regu-
lates mRNA stability and stress granule forma-
tion. Recent studies have implicated its involve-
ment in the regulation of tumorigenesis.
Overexpression of G3BP1 has been found in
several cancers, however, little is known about
its expression and roles in HCC. In this study,
we investigated the expression of G3BP1 in
HCC tissues and corresponding non-cancerous
liver tissues and analyzed the association
between G3BP1 expression and clinical param-
eters. We further evaluated the effects of
G3BP1 on HCC cell migration in vitro and
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metastasis in vivo. Finally, we also explored the
underlying mechanism by which G3BP1 regu-
lated cell migration.

Our results showed that G3BP1 was frequently
upregulated in HCC samples whether in mRNA
level or protein level, in accordance with G3BP1
expression in other cancers. Statistical analy-
sis revealed that high expression of G3BP1 was
correlated with a shorter periods of postopera-
tive survival of HCC patients. These results
highlighted that G3BP1 could play important
roles in the promotion of HCC progression and
act as a poor prognosis marker. Subsequently,
we provided evidence that G3BP1 enhanced
HCC cell migration in vitro and promoted metas-
tasis in nude mice model. However unexpect-
ed, we found that G3BP1 had no significant
effect on HCC cell growth when CCK-8 method
and colony formation assay were performed
(data not shown). This difference with other
cancer might reflect the tissue-specific or can-
cer type-specific. Further analysis for this is
deserved to do in future.

As known, RasGAPs are main suppressors of
Ras activity, G3BP1 has been reported to mod-
ulate Ras signaling pathway via interacting with
RasGAP [20]. In our case, G3BP1 silencing had
no markedly influence on the phosphorylation
level of Akt and Erk [14, 15], the key down-
stream kinase of Ras signaling. On the other
hand, we found that silencing of G3BP1 signifi-
cantly downregulated Slug expression and vice
versa. Slug is one of the most highly studied
members of the SNAIL family of zinc finger tran-
scription factors. It contributes to tumor pro-
gression through induction of an Epithelial-
Mesenchymal Transition (EMT) [21-23], which
has been shown to occur in the initiation of
metastasis for cancer progression [24, 25].
Overexpression of G3BP1 has been shown to
induce the EMT in breast cancer [13]. In this
study, the obvious EMT was not observed in
G3BP1 overexpressed HCC cells, but the epi-
thelial cell marker E-cadherin was indeed
upregulated in G3BP1 knockdown cells, imply-
ing Slug and E-cadherin mediates G3BP1
induced cell migration, although the EMT
appeared not occur in the HCC cells examined.
Furthermore, the restore experiments support-
ed the notion that Slug functions as down-
stream effector of G3BP1 during cell migra-
tion.
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In conclusion, we present evidence that G3BP1
is upregulated in HCC and plays an important
role on metastasis via promoting Slug expres-
sion for the first time. Our findings suggest that
G3BP1 may serve as a potential target for ther-
apy of HCC and a valuable predictor for poor
prognosis.
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