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Aim:  The  aim  of  this  study  is  to  investigate  the  role of glypican-3(GPC3)/wnt/�-catenin  signaling  pathway
and  autophagy  in  the  regulation  of  hepatocellular  carcinoma  (HCC)  growth  mediated  by  curcumin.
Methods:  HepG2  cells  were  treated  with  various  concentrations  of  curcumin  and/or  GPC3-targeting  siRNA
in  the  presence  or absence  of  3-MA.  Cell  proliferation  and apoptosis  were  determined  by  MTT  and  TUNEL
assay,  respectively.  Expression  of  GPC3,  �-catenin,  c-myc,  LC3, and  Beclin1  was  determined  by  western
blotting.  In addition,  curcumin  was  tested  in tumor  xenografts  mice  model,  Caliper  IVIS Lumina  II was
used  to  monitor  the  tumor  growth,  and  GPC3/wnt/�-catenin  signaling  proteins  were determined  by
western  blotting.
Results: Curcumin  treatment  led  to proliferation  inhibition  and  apoptosis  induction  in HepG2  cells  in  a
concentration-dependent  manner,  and  suppressed  HCC  tumor  growth  in vivo.  Further  analysis  showed
nt/�-catenin that  curcumin  treatment  inactivated  Wnt/�-catenin  signaling  and  decreased  GPC3  expression,  silencing
of  GPC3  expression  promoted  the  effects  of curcumin  on  Wnt/�-catenin  signaling.  In addition,  inhibiting
autophagy  by  3-MA  relieved  curcumin-dependent  down-regulation  of  GPC3.
Conclusion: Curcumin  suppressed  HCC  tumor  growth  through  down-regulating  GPC3/wnt/�-catenin  sig-
naling  pathway,  which  was  partially  mediated  by activation  of  autophagy.

© 2018  Editrice  Gastroenterologica  Italiana  S.r.l.  Published  by Elsevier  Ltd.  All  rights  reserved.
. Introduction

Hepatocellular carcinoma (HCC) is the most common liver
alignancy, ranking as the fifth common cancer worldwide and the

hird common cause of cancer-related death [1]. It is estimated that
here were 782,500 new cases of liver cancer in 2012 worldwide,
nd death rates of HCC have increased by 2.3% in men  and 1.4% in
omen from 2006 to 2010, of which 466,100 new liver cases and
22,100 liver-related deaths occurred in China [2]. Even with the
uidance of a treatment algorithm, treatment of patients with HCC
s complicated. Surgical resection is the primary choice for treating

∗ Corresponding author at: Taihe Hospital, Hubei University of Medicine, No. 32,
outh Renmin Road, Shiyan 442000, Hube Province, China.

E-mail address: zhongji.meng@taihehospital.com (Z. Meng).

ttps://doi.org/10.1016/j.dld.2018.06.012
590-8658/© 2018 Editrice Gastroenterologica Italiana S.r.l. Published by Elsevier Ltd. All
HCC, but this treatment is often futile because patients with HCC
are generally diagnosed at a late stage. Therefore, pharmaceutical
drugs are indispensable for HCC treatment, especially for advanced
HCC patients. Unfortunately, there are few drugs that are effective
for clinical use, and thus, more efficient therapeutic agents remain
to be developed.

Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione] is the primary active constituent extracted
from the plant Curcuma longa. It is well documented that curcumin
is endowed with anti-inflammatory, antioxidant and anti-tumor
effects with low cytotoxicity to normal cells [3]; hence, curcumin
is widely studied for treating various diseases, including HCC. It

has been demonstrated that curcumin inhibits HCC growth by
inhibiting cell proliferation and inducing apoptosis in vitro and
in vivo, and an array of signaling pathways and molecular targets
have been identified to be involved in its anti-tumor effects [4–9],
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Fig. 1. Curcumin inhibited HepG2 cell proliferation and induced cell apoptosis. A,
HepG2 cells were treated with various concentration of curcumin for 24–72 h, cell
proliferation was  determined by MTT  assay (n = 3). B and C, HepG2 cells were treated
with various concentration of curcumin for 24 h, cell apoptosis was determined
by TUNEL assay (n = 3). a, 0 �M; b, 5 �M; c, 10 �M; d, 20 �M.  *p < 0.05 vs. 0 �M;
**p  < 0.01 vs. 0 �M.
P. Hu et al. / Digestive and 

uch as PI3K/Akt, Wnt/�-catenin, IGF, and VEGF. In addition, cur-
umin has also been shown to inhibit the epithelial–mesenchymal
ransition, migration and invasion of HCC cell lines [10–12].
owever, the mechanism by which curcumin exerts its effects on
CC was still not clearly elucidated.

Glypican-3 (GPC3) is newly regarded as a potential biomarker
or HCC diagnosis since it is highly expressed in HCC tissues but
ilenced in adult tissues. Recent studies have shown that GPC3
lays an important role in regulating proliferation, apoptosis, inva-
ion and metastasis in HCC cells [13–16] and that silencing GPC3
eads to inhibition of HCC cell proliferation and induction of apopto-
is. Further investigation revealed that the Wnt  signaling pathway
s critical for GPC3-mediated cell growth [14,17,18]. However,

hether GPC3 is involved in the regulation of HCC tumor growth
nduced by curcumin remains unknown. In the present study,
he effects of curcumin on GPC3/wnt/�-catenin signaling and the
otential mechanism were investigated in vitro and in vivo.

. Materials and methods

.1. Chemicals and reagents

Curcumin, rapamycin and 3-MA were purchased from
igma–Aldrich (St. Louis, MO,  USA). Primers and siRNAs for
APDH and GPC3 were synthesized by Sangon Biotech (Shanghai,
hina). FastStart Universal SYBR Green Master and protease

nhibitor were purchased from Roche (Mannheim, Germany).
ouse anti-human polyclonal antibody against GPC3 was  pur-

hased from R&D Systems (Minneapolis, USA). Mouse anti-human
onoclonal antibody against c-myc was purchased from Santa

ruz Biotechnology (CA, USA). Rabbit anti-human monoclonal
ntibodies against from LC3, Beclin-1, �-catenin, and cyclin D1
ere obtained from Cell Signaling Technology (Boston, USA). Rab-

it anti-human �-actin monoclonal antibody and RIPA lysis buffer
ere purchased from Google (USA). d-Luciferin was purchased

rom Cayman Chemical (USA).

.2. Cell culture

HepG2 cells were purchased from ATCC (Manassas, USA) and
aintained in DMEM with 10% FBS (Gibco, America), 1% penicillin-

treptomycin (10,000 U/ml penicillin, 10 mg/ml  streptomycin) at
7 ◦C in a humidified atmosphere containing 50 ml/l CO2, and 0.25%
rypsin was used for cell passage.

.3. MTT  assay

HepG2 cell viability was measured by MTT  assay using a Cyto-
oxicity Detection kit (Beyotime, China). Briefly, HepG2 cells were
lated in 96-well plates at a density of 2 × 104 cells/well and
ere allowed to adhere and grow for 24 h. The medium was

hen replaced with 100 �l/well of fresh medium containing vari-
us concentrations (0, 5, 10, 20 �mol/l) of curcumin for 24–72 h.
hen, 20 �l of 5 mg/ml  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
H-tetrazolium bromide (MTT) was added and incubated at 37 ◦C
or 4 h. Next, the medium was removed, and 150 �l of DMSO
as added to each well. After the crystals were fully dissolved,

bsorbance was measured at 490 nm with Microplate Reader.

.4. TUNEL apoptosis assay
Various concentrations of curcumin and siRNA-induced apo-
tosis of HepG2 cells was determined using a One Step TUNEL
poptosis Assay Kit (Beyotime, China) according to the manufac-

urer’s instructions. Briefly, curcumin-treated cells were washed
twice with ice-cold PBS and fixed with Immunol Staining Fix Solu-
tion (Beyotime, China), and after permeabilizing with 0.5% Triton
X-100 for 5 min, the cells were incubated with TUNEL detection
reagent at 37 ◦C for 1 h, cellular fluorescence was observed under a
fluorescence microscope.
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ig. 2. Curcumin inhibited GPC3 expression and Wnt/�-catenin signaling in Hep
0  �M.  GPC3 mRNA levels were determined by real-time RT-PCR (n = 3). B and C, Pr
xpression of �-catenin, c-myc, and cyclin D1 were determined by Western blottin

.5. Real-time PCR

Cells were washed twice with ice-cold PBS, and 1 ml  TRIzol
as added into each 6-well plate. Total RNA was extracted using

RIzol reagent according to the manufacturer’s instructions. RNA
urity and concentration were measured using a UV spectropho-
ometer. Approximately 1 �g of total RNA from each sample was
sed to synthesize cDNA using a High-Capacity cDNA Reverse
ranscription Kit (Waltham, MA,  USA). Then, real-time PCR was
erformed by using a FastStart Universal SYBR Green Master kit
n a StepOne Plus instrument (ABI, USA) using the following
rogram: 30 s at 95 ◦C, 60 s at 60 ◦C, for 40 cycles. Primers used for
CR were as follows: GAPDH-F: 5′-CTGGGCTACACTGAGCACC-
′; GAPDH-R: 5′-AAGTGGTCGTTGAGGGCAATG-3′;
PC3-F: 5′-ATTGGCAAGTTATGTGCCCAT-3′; GPC3-R: 5′-
TCGGCTGGATAAGGTTTCTTC-3′, and the sizes of the products
ere 130 bp and 101 bp, respectively.

.6. Western blot analysis

After treatment with curcumin, HepG2 cells were washed twice
ith ice-cold PBS, harvested in RIPA lysis buffer containing protease
nhibitors and then lysed for 30 min  on ice. Lysates were centrifuged
t 12,000 rpm for 15 min  at 4 ◦C, and the supernatant was  collected.
rotein concentration was determined by BCA (bicinchoninic acid,
eyotime, China) analysis. Equal amounts of protein extracts were
lls. A, HepG2 cells were treated with curcumin at concentrations of 0, 5, 10, and
levels of GPC3 induced by curcumin were determined by western blotting. D and E,

 0.05 vs. 0 �M; **p < 0.01 vs. 0 �M.

separated by SDS-PAGE and then transferred onto a nitrocellu-
lose membrane. The membranes were incubated with 5% non-fat
milk for 1 h and then incubated with primary antibodies overnight
at 4 ◦C; all antibodies were diluted 1:1000 with 3% non-fat milk.
After washing with tris-buffered saline with Tween-20, the mem-
branes were incubated with HRP-conjugated secondary antibodies
at room temperature (RT) for 2 h. Immunoreactive proteins were
visualized using an ECL kit (Millipore, Billerica, USA).

2.7. siRNA transfection

siRNA for GPC3 (sense: 5′-CCAGUGGUCAGUCAAAUUATT-3′ and
antisense: 5′-UAAUUUGACUGACCACUGGTT-3′) and negative con-
trol siRNA (si-NC) were purchased from Shanghai Sangon Biotech
(Shanghai, China). HepG2 cells were seeded into six-well plates
and were cultured overnight. The cells at 70% confluence were
then transfected with 20 nmol/L siRNA using Lipofectamine 2000
according to the manufacturer’s protocol.

2.8. Tumor xenografts

Six 4-week-old BALB/c nude female mice were purchased from

SJA Laboratory Animal Center (Hunan, China) and housed in SPF
Animal Center in Hubei University of Medicine. Sterilized food and
water were accessible ad libitum. All 6-week-old nude mice were
randomly divided into one of two groups: a control group and cur-



P. Hu et al. / Digestive and Liver Disease 51 (2019) 120–126 123

Fig. 3. Silencing of GPC3 inhibited wnt/�-catenin signaling in HepG2 cells. A, GPC3 mRNA level in HepG2 cells transfected with 20 nM siRNA for 12 h was  determined by
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eal-time PCR (n = 3). **p < 0.01 vs. si-NC. B and C, GPC3 protein level in HepG2 cells
s.  si-NC. D and E, Expression of GPC3, �-catenin, c-myc and cyclinD1 in HepG2 ce
on:  control. Cur: curcumin. *p < 0.05 vs. Con; #p < 0.05 vs. Cur.

umin group. A HepG2 cell line with stable luciferase expression
HepG2-luc) was generated, cultured, and then resuspended in PBS
t 107 cells/ml. Next, 106 HepG2-luc cells in 0.1 ml  of PBS were sub-
utaneously injected into both lower limbs of mice one day prior
o curcumin treatment. Mice in the curcumin group were treated
ith 200 mg/kg curcumin per day by intraperitoneal injection for

ne month, while mice in the control group were injected with an
qual volume of the solvent. Tumor species were obtained from
he mice after they were anethetized with persistent isoflurane. All
xperiments were approved by the Institutional Animal Care and
se Committee of Hubei University of Medicine, and all animals

eceived humane care and that study protocols comply with the
nstitution’s guidelines and animal research laws.

.9. Caliper IVIS Lumina

Tumors were imaged by IVIS 200. Before imaging, 450 �l
f 10 mg/ml  d-luciferin dissolved in PBS was intraperitoneally
njected into each mouse, and 15 min  later, the mice were anes-
hetized with isoflurane and imaged by the IVIS 200 imaging
ystem.

.10. Statistics
Statistical analysis was conducted using SPSS, Version 22.0
SPSS, Inc., Chicago, IL, USA). Each experiment was  performed at
east 3 times. Data are presented as the mean values ± standard
ected with 20 nM siRNA for 24 h was determined by Western blot (n = 3). **p < 0.01
nsfected with 20 nM siRNA in the presence or absence of 20 �M curcumin (n = 3).

deviation and were analyzed using Student’s t-test. P < 0.05 was
considered a statistically significant difference.

3. Results

3.1. Curcumin inhibited HepG2 cell proliferation and induced
apoptosis by down-regulating GPC3 expression and
wnt/ˇ-catenin signaling

To investigate the role of curcumin in HCC cells, we initially
examined the proliferation and apoptosis induced by various con-
centrations of curcumin (0, 5, 10, and 20 �mol/l) in HepG2 cells for
24–72 h by MTT  and TUNEL assay, respectively. OD values represent
cell viability or cell numbers. As shown in Fig. 1A, cell viability was
significantly inhibited by curcumin in a dose- and time-dependent
manner, and a considerable decrease of cell number was observed
in the HepG2 cells treated with 20 �mol/l curcumin. This finding
suggests a pro-apoptotic effect of curcumin in HepG2 cells, which
was confirmed with increased cellular fluorescence by TUNEL assay
(Fig. 1B, C).

To identify the effect of curcumin on the expression of GPC3,
HepG2 cells were cultured in the presence of various concentra-
tions of curcumin (0, 5, 10, and 20 �mol/l) for 24 h. As showed
in Fig. 2A–C, curcumin treatment significantly decreased the

expression of GPC3 at both the mRNA and protein levels in a
dose-dependent manner. Furthermore, the expression levels of �-
catenin, c-myc and cyclin D1 were also significantly reduced upon
curcumin treatment (Fig. 2D, E).
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Fig. 4. Silencing of GPC3 promoted apoptosis induced by curcumin. A, After trans-
fected with siRNA for 12 h, HepG2 cells were incubated for another 24 h in the
presence or absence of 20 �M curcumin, cell proliferation was  assessed by MTT
(n  = 3). B and C, Apoptosis of HepG2 cells transfected with siRNA in the presence
24 P. Hu et al. / Digestive and 

.2. GPC3 silencing enhanced curcumin-induced HepG2 cell
poptosis

To further explore the role of GPC3 in the anti-tumor effect
nduced by curcumin, GPC3-targeting siRNA was transfected into
epG2 cells in the presence or absence of curcumin. Using 20 nmol/l

iRNA, GPC3 expression was decreased at both the mRNA and pro-
ein levels (Fig. 3A–C). It has been revealed that the cell surface
ttachment of GPC3 is required for Wnt  signaling and to stabilize �-
atenin in HCC cells [14]. In the present study, GPC3 silencing was
hown to significantly reduce the expression levels of �-catenin,
-myc and cyclin D1 (Fig. 3D, E). Since curcumin inhibited GPC3
xpression and the Wnt  signaling pathway, we further examined
hether the inhibitory effect of curcumin on Wnt  signaling is
PC3-dependent. As a result, combined treatment with siGPC3 and
urcumin led to a more profound inhibition of the expression levels
f GPC3, �-catenin, c-myc and cyclin D1 than siGPC3 or curcumin
reatment alone (Fig. 3D, E). In addition, a more potent inhibition
f HepG2 cell proliferation (Fig. 4A) and enhanced apoptosis were
ocumented in the case of combined treatment with siGPC3 and
urcumin (Fig. 4B, C).

.3. Curcumin suppressed HCC tumor growth by inhibiting
PC3/Wnt/ˇ-catenin signaling

To verify the role of curcumin in HCC tumor growth in vivo,
umor xenografts were established. After curcumin administration
or one month, the area of region of interest (ROI) and tumor sizes
f the mice were significantly reduced than those in the control
roup (Fig. 5), suggesting a potent anti-HCC effect of curcumin in
ivo. The western blotting analysis also demonstrated an inhibited
xpression of GPC3, �-catenin, c-myc and cyclin D1 (Fig. 5E, F), con-
rming that curcumin suppressed HCC tumor growth by inhibiting
PC3/Wnt/�-catenin signaling.

.4. Autophagy mediated curcumin-induced inhibition of GPC3
rotein expression

Our previous study showed that activation of autophagy could
educe GPC3 protein levels and down-regulate GPC3/Wnt/�-
atenin signaling in HepG2 cells [19]. Given that autophagy plays
n important role in tumor growth, we speculated that curcumin-
ependent decreased expression of GPC3 may  be partially
ediated by activation of autophagy. To examine curcumin-

nduced autophagy, the two autophagy biomarkers LC3 and Beclin1
ere analyzed by Western blot. Under the stimulation of cur-

umin for 12 h, the expression levels of both LC3 and Beclin1
ere significantly up-regulated in HepG2 cells (Fig. 6A, B), indi-

ating an inducible role of curcumin in autophagy. Next, 3-MA, the
ost common autophagy inhibitor, was used to disrupt autophagy.
s expected, 3-MA pretreatment could maintain GPC3 protein

evels in curcumin-treated HepG2 cells, suggesting that blocking
utophagy counteracts curcumin-induced GPC3 down-regulation
Fig. 6C, D).

. Discussion

Curcumin is one of the most widely used spice ingredients and
s the primary active polyphenolic compound in C. longa. For cen-
uries, curcumin has been extensively used in Ayurvedic medicine
n India and South Asia because it is nontoxic to normal cells and
xhibits several beneficial properties, such as anti-inflammatory,

ntioxidant and antiseptic activities [20]. It has been reported that
dministration of curcumin at 8000 mg  per day for 3 months is
olerable for human beings, and thus, curcumin is widely used to
reat a range of disease such as rheumatism, cataracts [21], skin
or  absence of 20 �M curcumin was  assessed by TUNEL (n = 3). a, control; b, cur-
cumin; c, siGPC3; d, curcumin + siGPC3. Con: control; Cur: curcumin. *p < 0.05 vs
Con; **p < 0.01 vs siGPC3.

diseases [3], and cancers, including HCC [22,23]. Several studies
have shown that curcumin has a positive effect on the treatment of
HCC, and potential molecular mechanisms for this effect have also
been extensively reported. It has demonstrated that curcumin sup-
presses proliferation and induces apoptosis in HCC cells through
several pathways [24] and was  also shown to have a synergistic
effect on the treatment of HCC when used in combination with
other drugs, such as bevacizumab [25].

GPC3 is a member of heparan sulfate proteoglycan family and
attaches to the cell membrane by its interaction with glycosyl phos-
phatidylinositol. A previous study showed that GPC3 is one of the
first transcripts to be expressed during malignant hepatocyte trans-
formation, and GPC3 protein could be detected in approximately

50% of high-grade dysplastic macronodules in cirrhotic liver [26].
A panel of studies showed that GPC3 is highly expressed in most
HCC tissues using genomics or histopathological detection methods
[27–29], and the level of GPC3 in HCC was significantly associated
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Fig. 5. Curcumin suppressed HCC tumor growth by inhibiting GPC3/Wnt/�-catenin signaling. A and B, Tumor-transplanted nude mice were treated with PBS as control (a,
control  group) or curcumin (b, curcumin treatment group) for one month, region of interest (ROI) in each mouse was monitored by IVIS. C and D, Tumors were imaged after
resection from each mouse and tumor sizes were measured with rulers. D and E, Total protein lysates were prepared from tumor tissues resected from nude mice with
xenografts; the levels of GPC3, �-catenin, c-myc, and cyclin D1 were determined by Western blot analysis. Con, control; Cur, curcumin. *p < 0.05; **p < 0.01.

Fig. 6. Curcumin reduced GPC3 expression partially by autophagy activation. A and B, HepG2 cells were treated with curcumin at concentrations of 0, 5, 10, and 20 �M,
a is. *p <
p ere de
C

w
a
a
s
a

w

nd  expression levels of Beclin1 and LC3 were determined by Western blot analys
resence or absence of 5 mM 3-MA, the expression levels of GPC3, Beclin1 and LC3 w
ur,  curcumin.

ith tumor size, histopathological differentiation, and intrahep-
tic metastasis [30]. Recent studies have reported that GPC3 plays
n important role in HCC tumor growth, invasion and metasta-
is. GPC3-silenced cells exhibited reduced proliferation in vitro and

ttenuated capacities in developing HCC tumors in nude mice [31].

In the present study, we demonstrated that GPC3 and
nt/�-catenin signaling was involved in the inhibitory effects
 0.05 vs. 0 �M. C and D, HepG2 cells were stimulated with 20 �M curcumin in the
termined by Western blot analysis. *p < 0.05 vs. Con; #p < 0.05 vs. Cur. Con, control;

induced by curcumin. In addition, knockdown of GPC3 inhib-
ited Wnt/�-catenin pathway in HepG2 cells. Further analysis
showed that GPC3 silencing enhanced curcumin-directed apo-
ptosis and proliferation inhibition and led to further inhibition

of the expression of �-catenin, c-myc and cyclin D1, suggesting
that GPC3 was a potential therapeutic target for HCC treat-
ment.



1 Liver D

h
m
t
H
H
a
s
d
r
t
s
o
a
d
r
o

r
G
p
i
G

C
N

F

C
T
I
P
M

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[31] Ruan J, Liu F, Chen X, et al. Inhibition of glypican-3 expression via RNA inter-
ference influences the growth and invasive ability of the MHCC97-H human
26 P. Hu et al. / Digestive and 

Autophagy is an important mechanism for maintaining cellular
omeostasis in mammals by degrading unnecessary or abnor-
al  organelles and proteins. Increasing studies have confirmed

hat autophagy plays a critical role in hepatocarcinogenesis and
CC development. It has been reported that GPC3 expression in
CC tissues was positively correlated with p62, which functions
s an autophagy adapter for substrate degradation, suggesting a
ignificant association between GPC3 expression and autophagy
eficiency [32]. Our previous study revealed that GPC3 is negatively
egulated by autophagy and that activation of autophagy inhibited
he proliferation of HepG2 cells by inhibiting GPC3/Wnt/�-catenin
ignaling [19]. In the present study, both mRNA and protein levels
f GPC3 were decreased upon curcumin treatment, while block-
ge of autophagy by 3-MA counteracted curcumin-induced GPC3
own-regulation, suggesting that curcumin-directed GPC3 down-
egulation may  probably, at least partially, occur through activation
f autophagy; however, other mechanisms remain to be elucidated.

In conclusion, the present study demonstrated that curcumin
epresses HCC tumor growth in vitro and in vivo by inhibiting
PC3/Wnt/�-catenin signaling pathway and that this effect was
artially mediated by autophagy. Therefore, curcumin may  be clin-

cally applied as a treatment or as an adjuvant in HCC treatment, and
PC3 might be an alternative therapeutic target for HCC treatment.
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