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Resveratrol inhibits hepatocellular carcinoma progression driven
by hepatic stellate cells by targeting Gli-1
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Abstract Hepatocellular carcinoma (HCC) is character-
ized by hypervascularity. Hepatic stellate cells (HSCs) play
very important roles in HCC malignant progression, as
these cells facilitate HCC tumorigenesis and metastasis.
We demonstrated that HSCs induce angiogenesis in HCC
by upregulating the expression of Gli-1, which stimulates
reactive oxygen species (ROS) production and potentiates
increases in HCC cell invasiveness. Resveratrol abolished
HSC-induced angiogenesis and suppressed ROS produc-
tion and IL-6 and CXCR4 receptor expression in HepG2
cells by down-regulating Gli-1 expression. These findings
indicate that Gli-1 may be a target for the prevention of
angiogenesis in HCC and that resveratrol may have bene-
ficial effects with respect to preventing HCC progression.
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Introduction

Hepatocellular carcinoma (HCC), one of the most lethal
human cancers, is the third-leading cause of cancer-related
death worldwide [1]. HCC is a highly vascularized tumor that
requires angiogenesis to grow, invade, and metastasize [2]. As
a result of advances in technology and clinical practice, the
patient survival rates associated with tumor resection have
improved within the last three decades. However, approxi-
mately 70% of patients with HCC present with tumor recur-
rence within 5 years after resection, and most of these patients
present with recurrence within the first 2 years after resection
[3]. Transarterial chemoembolization and sorafenib are sys-
temic chemotherapy options for patients who are not suit-
able candidates for surgical resection. However, several
clinical trials have shown that these therapies have marginal
anti-cancer effects and are non-beneficial with respect to
improving patient survival [3, 4]. Elucidating the mechanisms
underlying HCC progression and identifying new therapeutic
targets for the treatment of the disease may contribute to
improvements in disease control.

The tumor microenvironment has been shown to play a
critical role in liver carcinogenesis [5]. Hepatic stellate
cells (HSCs) are important components of the normal liver,
and their activation, which subsequently leads to pheno-
typic changes, is a key event in fibrosis. HSCs can also
influence HCC initiation and evolution. Recent studies
have shown that HSCs promote tumor cell proliferation
and migration by secreting growth factors and cytokines
[6]. HSC-mediated extracellular matrix production also
modulates tumor growth. In addition, HSCs function in
angiogenesis regulation and immune evasion.

Aberrant hedgehog (Hh) pathway activation has also been
linked to HCC. Intrinsic Hh signaling in tumor cells is asso-
ciated with hepatitis B virus X protein-induced carcinogenesis
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[7], and paracrine Hh signaling involving ligand-secreting
tumor cells [8] and Hh-responsive HSCs are also well-char-
acterized phenomena [9-11]. Gli-1 is a key Hh pathway
transcription factor [12]. Resveratrol, or 3,4,5 trihydroxy-
trans-stilbene, is a natural polyphenol with multiple proper-
ties. Resveratrol is a phytoalexin produced by vines and is
widely found in plants (such as grapes, blackberries, black-
currants, and blueberries) and some traditional Chinese
medicines (such as Polygonum cuspidatum) [13, 14].
Resveratrol has been shown to exert anti-cancer effects by
sensitizing cancerous tumors to chemotherapy [15]. For
example, in chronic myeloid leukemia (CML), resveratrol
inhibited Hh signaling in both imatinib mesylate-sensitive
cells and imatinib mesylate-resistant cells [16].

Here, we evaluated whether Gli-1 plays a vital role in
HCC progression and investigated the potential protective
effects of resveratrol on HSC-induced HCC angiogenesis
and invasiveness. We showed that resveratrol suppressed
HSC-induced HCC angiogenesis and invasion by inhibiting
Gli-1 expression.

Materials and methods
Cell lines and cell culture

The indicated HCC cell lines (HepG2) were obtained from
American Type Culture Collection (USA), and human
umbilical vein endothelial cells (HUVECs) were purchased
from the Shanghai Institution for Biological Science. Human
HSC lines were obtained from ScienCell Research Labora-
tory (Carlsbad, CA, USA). All cell lines were maintained in
Dulbecco’s modified Eagle medium (DMEM, Gibco, Grand
Island, NY, USA) containing 10% fetal bovine serum (FBS,
Gibco), 100 U/mL penicillin, and 100 pg/mL streptomycin
supplemented with 2 mmol/L L-glutamine in a humidified
atmosphere at 37 °C with 5% CO..

Reagents

Anti-CXCR4 was purchased from Bioworld, St. Louis
Park, MN, USA, and the other antibodies, namely, anti-Gli-
1, anti-MMP-9, anti-uPA, and anti-B-actin, were obtained
from Santa Cruz Biotechnology, Santa Cruz, CA, USA.
DCF-DA was obtained from Molecular Probes (Eugene,
OR, USA), and resveratrol was obtained from Sigma-
Aldrich (St. Louis, MO, USA).

Real-time quantitative PCR (RT-qPCR)
Total RNA was isolated using TRIzol reagent, and first-

strand cDNA was synthetized using a PrimeScript™ Syn-
thesis Kit (Takara Bio, Inc., Dalian, China). The sequences
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for the primers used in the experiments are as follows. RT-
gPCR was performed on an Applied Biosystems 7500 Real-
Time PCR system (Applied Biosystems, White Plains, NY,
USA). Fold changes in gene expression were determined
using the AACT method, and gene expression levels were
normalized to those of GAPDH. The following PCR primers
were used in the study: MMP-9, forward: 5'-GAAC
CAATCTCACCGACAGG-3' and reverse: 5'-GCCACCC
GAGTGTAACCATA-3; uPA, forward: 5'-GGAATGGTC
ACTTTTACCGAG-3' and reverse: 5-GGGCATGGTAG
TTTGCTG-3'; VEGF, forward: 5-TGCAGATTATGCG
GATCAAACC-3' and reverse: 5'-TGCATTCACATTT GT
TGTGCTGTAG-3'; Gli-1, forward: 5-GGGATGATCC
CACATCCTCAGTC-3' and reverse: 5'-CTGGAGCAG
CCCCCCCAGT-3'; IL-6, forward: 5-AGTTCCTGCA
GTCCAGCCTGAG-3' and reverse: 5-TCAAACTGCA
TAGCCACTTTC C-3’; and GAPDH, forward: 5-ACCA
CAGTCCATGCCATCAC-3' and reverse: 5-TCCACCA
CCCTGTTGCTGAT-3'.

Western blot analysis

Total cellular protein was isolated and heated for 5 min at
100 °C. The same amount of protein (20 pg per well) was
subjected to 10% SDS-PAGE before being transferred to a
PVDF membrane, which was blotted with the following
primary antibodies: anti-CXCR4, anti-Gli-1, anti-MMP-9,
and anti-uPA. The membrane was subsequently stripped
and re-probed with anti-B-actin, which served as a loading
control.

Cell invasion assay

Eight micrometer pore Millicell (Millipore, Billerica, MA,
USA) inserts were coated with 25 mL of Matrigel. HepG2
cells (5 x 10 from the indicated groups were added to
the top chamber and incubated in serum-free media for
20 h, after which the non-invading cells were removed
from the top of the Matrigel, and the invading cells on the
bottom surface of the filter were fixed with methanol and
stained with crystal violet. We subsequently evaluated cell
invasion ability by counting the number of migrated cells
in ten randomly selected fields under a light microscope
at x 100 magnification.

HUVEC tubule formation assay

Each well of a 24-well plate was coated with 200 pL of
Matrigel. HUVECs (2 x 10*) from each group were
resuspended in 200 pL of conditioned media (CM) in each
well and cultured in an atmosphere containing 5% CO, for
24 h at 37 °C. Images were captured under a light
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microscope at a magnification of 100x, and we counted the
number of capillary tubes that had formed by measuring
the total length of each image. Briefly, three different fields
per well were randomly chosen and photographed using a
light microscope. Images were captured using Adobe
Photoshop, and the data were imported as a TIFF file into
ImagelJ software. After calibration with a stage micrometer,
the total length of all tubing with each field was measured,
and the data were analyzed using Prism 5 software
(GraphPad Software, San Diego, CA, USA). Experiments
were performed a minimum of three times.

Assay of intracellular ROS

Previous publications have described the assay in which
intracellular H>O, production is assessed [17]. Briefly, the
cells from the indicated groups were incubated in 5 pg/mL
DCF-DA for 5 min and then washed with PBS before
being lysed with 1 mL of RIPA buffer. H,O, concentra-
tions were subsequently detected by fluorimetric analysis at
510 nm. Total protein content was used to normalize the
data.

Enzyme-linked immunosorbent assay (ELISA)

HCC cells from the indicated groups were cultured with
serum-free medium for 72 h. We detected the concentra-
tions of IL-6 and VEGF in the CM using an Enzyme-
Linked Immunosorbent Assay (ELISA) Kit (R&D),
according to the manufacturer’s instructions.

RNA interference

ShRNAs against Gli-1 (sc-37911-SH) and a negative con-
trol shRNA (sc-108060) were purchased from Santa Cruz
Biotechnology and were used to transfect the HCC cells.
Lipofectamine (Invitrogen) was used during RNA inter-
ference, according to the manufacturer’s instructions. After
transfection, the silenced cells were selected using pur-
omycin. Then, to avoid clonal selection, we selected the
stably transfected cells for further use.

Statistical analysis

The data are presented as the mean =+ standard deviation.
Statistical comparisons between two samples were per-
formed using the Student’s  test. Statistical comparisons of
more than two groups were performed using one-way
analysis of variance with Bonferroni’s post hoc test. Sig-
nificance was defined as p < 0.05. Each experiment was
performed at least three times.

Results

Resveratrol inhibits HCC angiogenesis induced
by HSCs by targeting Gli-1

To examine the role of resveratrol in HSC-induced
angiogenesis, we used HUVECs to perform a tube forma-
tion assay. HepG2 + HSC cell-derived CM significantly
enhanced tube formation compared with HepG2 cell-
derived CM. However, resveratrol significantly abrogated
HSC-mediated enhancements of angiogenesis (p < 0.05;
Fig. 1). To evaluate whether Gli-1 plays a key role in HCC
angiogenesis, we silenced Gli-1 in HepG2 cells using
shRNA. We found that Gli-1 interference significantly
inhibited tube formation (Fig. 1). There was no significant
difference in the number of tubes formed among the three
groups (sh-Gli-1-HepG2, sh-Gli-1-HepG2 + HSC, and sh-
Gli-1-HepG2 + HSC + Res). Taken together, these find-
ings indicate that HSC enhanced HCC angiogenesis
through Gli-1 and that resveratrol suppresses HSC-induced
angiogenesis in HCC by targeting Gli-1.

Resveratrol abolishes VEGF and IL-6 expression
and ROS production in HCC by targeting Gli-1

Oxidative stress and inflammation have been shown to be
related to tumor progression and enhanced malignancy
[18-20]. VEGF and IL-6 expression levels in HepG2 cells
were significantly increased after the cells had been cul-
tured in HSC-derived CM (Fig. 2a—d). However, shRNA-
mediated silencing of Gli-1 in HepG2 cells, as well as co-
culturing HepG2 cells with resveratrol, could abrogate the
increases in VEGF and IL-6 expression induced by HSC-
derived CM (Fig. 2a—d), indicating that Gli-1 and resver-
atrol have significant effects on the inflammatory and
angiogenic responses of HepG2 cells exposed to HSC-
derived CM. Moreover, we found that the reactive oxygen
species (ROS) production in HepG2 cells was increased
after these cells had been exposed to HSCs (Fig. 2e) and
that resveratrol and Gli-1 knockdown abolished HSC-in-
duced ROS production in HepG2 cells.

However, resveratrol could not suppress VEGF and IL-6
expression or ROS production when Gli-1 was silenced by
shRNA in HepG2 cells, indicating that the effects of
resveratrol are facilitated by Gli-1 downregulation
(Fig. 2e).

Resveratrol suppresses HCC invasion induced
by HSCs by targeting Gli-1

The tumor microenvironment has been shown to play a
critical role in liver carcinogenesis [1]. Here, we investigated
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Fig. 1 Resveratrol inhibited HSC-induced angiogenesis mediated by
Gli-1 upregulation. HUVECs were incubated with CM from the
HepG2, HepG2 + HSC, HepG2 + HSC + Res, sh-Gli-1-HepG2, sh-
Gli-1-HepG2 + HSC, and sh-Gli-1-HepG2 + HSC + Res groups.
Res stands for Resveratrol. 80 pM resveratrol were added into the
medium for 24 h in HepG2 + HSC + Res group or sh-Gli-1-
HepG2 + HSC + Res group. a Angiogenesis was evaluated based
on tube formation (indicated by arrows). b Tube numbers were

whether resveratrol could inhibit HSC-induced HCC inva-
sion. We treated HepG2 cells with CM from HSCs in the
presence of resveratrol and evaluated the expression of the
indicated invasion-related proteins (e.g., CXCR4, MMP-9,
and uPA) in HepG2 cells. Additionally, we assessed the
invasive ability of the cells using a chamber invasion assay.
We observed that resveratrol could abolish the increases in
CXCR4, MMP-9, and uPA expression induced by HSC-
derived CM in HepG2 cells (Fig. 3). However, we also
observed that resveratrol could not suppress the upregula-
tions in CXCR4, MMP-9, and uPA expression driven by
HSC-derived CM in HepG2 cells when Gli-1 was silenced by
shRINA in those cells (Fig. 3). We observed similar results in
our studies of HepG2 cell invasion ability. The effects of
HSC-derived CM on HepG2 cell invasiveness could be
abrogated by resveratrol (Fig. 4). However, when Gli-1 was
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counted. *p < 0.05 versus HepG2 group (n = 6), *p < 0.05 versus
HepG2 + HSC (n = 6). ¢ Gli-1 in HepG2 cells was silenced by
shRNA. Gli-1 and B-actin expression levels were determined by
immunoblotting. *p < 0.05, sh-control-HepG2 versus sh-Gli-1-
HepG2, n = 3. d HepG2 cells were treated as in C, and Gli-1 and
B-actin expression levels were determined by qRT-PCR. *p < 0.05,
sh-control-HepG2 versus sh-Gli-1-HepG2, n = 3. All data are
representative of at least three independent experiments

silenced by shRNA in HepG2 cells, HepG2 cell invasiveness
was not suppressed by resveratrol (Fig. 4). These findings
suggest that resveratrol suppresses HSC-induced HCC
invasion by targeting Gli-1.

Discussion

The fifth-most common cancer, HCC is also the third-most
common cause of cancer-related mortality worldwide and
is a particularly important cause of cancer-related mortality
in China [11]. A main characteristic of HCC is hypervas-
cularity, which is predictive of a poor prognosis [11].
However, the molecular mechanisms underlying angio-
genesis remain poorly understood [21]. Tumor angiogen-
esis results from an imbalance between proangiogenic
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Fig. 2 Resveratrol suppressed HSC-induced IL-6 and VEGF expres-
sion and ROS production by targeting Gli-1. ELISA was assayed to
assess IL-6 (a) and VEGF (b) expression in the CM of the indicated
groups. IL-6 (¢) and VEGF (d) mRNA expression was detected
by qRT-PCR, as described in “Materials and methods”

factors, including vascular endothelial growth factor
(VEGF) family members, and anti-angiogenesis agents,
such as endostatin, angiostatin, and other related molecules
[22]. Sorafenib, an angiogenesis inhibitor, has been
demonstrated to improve survival in HCC patients [23, 24].
Although the outcomes of studies investigating the efficacy
of sorafenib treatment were not satisfactory, the results of
those studies implied that angiogenesis was an important
target for the treatment of HCC. In this study, we found
that HSCs increased tube formation and VEGF expression
through Gli-1 upregulation, indicating that Gli-1 is a
promising target for HCC therapy. Moreover, our data
showed that resveratrol suppressed tube formation and
VEGF expression and that Gli-1 interference abolished
these effects, indicating that resveratrol exerts significant
therapeutic effects on HCC by targeting Gli-1.

HCC develops mostly in the setting of chronic liver
disease and fibrosis. HSC activation, which is facilitated by
the transition of these cells into myofibroblast-like cells, is
a key event in liver fibrosis. Moreover, activated HSCs
have been linked to HCC progression through various
biological processes. Here, our data showed that HSCs
enhanced HCC invasion through Gli-1 upregulation and
that resveratrol can abolish the effects of HSCs on HCC by
inhibiting Gli-1 expression. Several tumors are surrounded
by many stromal fibroblasts, which can differentiate into
activated fibroblasts and influence tumor progression
[25-28]. Tumor cells can in turn secrete several cytokines,

section. e Hydrogen peroxide production was determined using
DCF-DA, and total protein content was used to normalize the data.
#p < 0.05 versus HepG2 group (n=6), "p <005 versus
HepG2 + HSC (n = 6). All data are representative of at least three
independent experiments

which are able to convert fibroblasts into so-called acti-
vated CAFs [29]. For example, prostate carcinoma cells
secrete IL-6 to stimulate CAF activation [30]. It has pre-
viously been shown that CXCR4, which is associated with
chemotaxis in cancer cells and endotheliocytes, and IL-6,
which is associated with the inflammatory response, are
downstream effectors of Gli-1 [31]. As shown in a study on
pancreatic cancer, activated pancreatic cancer stellate cells
can secrete stromal cell-derived factor 1 (SDF-1) and IL-6
to drive EMT in pancreatic cancer [31]. Our study showed
that exposing HepG2 cells to HSCs boosts IL-6 and
CXCR4 expression in HepG2 cells, indicating that HCC
cells surrounded by HSCs may more easily metastasize to
other sites than other cells. Therefore, the HCC stroma may
exert crucial effects to accelerate the metastasis of HCC
cells to other organs and trigger the satellite metastasis of
HCC cells.

ROS play an important role in tumor aggression through
several pathways. They can modulate the activity of tran-
scription factors by causing DNA damage and genome
instability and can also induce changes in gene expression.
In prostate cancer, MAOA-induced upregulation of mito-
chondrial ROS production has been shown to be associated
with EMT [32]. We illustrated that silencing Gli-1 reverses
the increases in ROS production induced by exposing
HepG?2 cells to HSC-derived CM. Our findings suggest that
Gli-1 plays an essential role in the regulation of HSC-
induced ROS production.
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Fig. 3 Resveratrol abolished HSC-induced increases in Gli-1, 1, CXCR4, MMP-9, uPA, and B-actin mRNA expression levels were

CXCR4, MMP-9, and uPA expression in HepG2 cells by targeting
Gli-1. a Gli-1, CXCR4, MMP-9, uPA, and B-actin protein expression
levels were evaluated by immunoblotting. *p < 0.05 versus HepG2
group (n = 6), *p < 0.05 versus HepG2 + HSC (n = 6). (B&C) Gli-

Resveratrol, a natural polyphenol, exerts many beneficial
effects. Resveratrol exerts its anti-inflammatory effects by
suppressing the expression of pro-inflammatory factors
(such as prostaglandins and interleukins) and by inhibiting
immune cell chemo-attraction and the accumulation of
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determined by qRT-PCR *p < 0.05 versus HepG2 group (n = 3),
#p < 0.05 versus HepG2 + HSC (n = 3). All data are representative
of at least three independent experiments

immune cells at inflammation sites [33-36]. Moreover,
resveratrol increases the accumulation of ROS and antioxi-
dant enzymes, such as superoxide, catalase, heme oxyge-
nase-1 (HO-1), and dismutase-1 (SOD-1) [37, 38]. Our data
showed that resveratrol inhibits IL-6 and CXCR4 expression
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Fig. 4 Resveratrol abrogated HSC-induced invasion in PC3 cells by
targeting Gli-1. The cells were placed in a Matrigel-coated invasion
chamber for 20 h. a, b We evaluated invasion ability by counting the
numbers of migrated cells in ten randomly selected fields under a light

and ROS production and suppresses HCC invasion. More-
over, previous studies have shown that resveratrol can
decrease VEGF expression and suppress vascular endothe-
lial cell migration and proliferation [39, 40]. Our results
indicate that resveratrol suppresses VEGF expression to
attenuate HCC angiogenesis. Intriguingly, resveratrol could
not inhibit VEGF or IL-6 expression or ROS production
when Gli-1 was silenced by shRNA in HepG2 cells, which
indicated that Gli-1 is a key factor in resveratrol-mediated
suppression of HCC progression.
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