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Abstract The core protein of hepatitis C virus (HCV) has

been implicated in HCV-induced liver pathogenesis. Pre-

vious data have shown that the HCV core protein has

pleiotropic functions, including transcriptional regulation

of a number of cellular genes, although the mechanism of

gene regulation remains unclear. Wnt/b-catenin signaling

is also involved in hepatocellular carcinoma (HCC)

tumorigenesis. To elucidate the molecular mechanism of

HCV pathogenesis, we examined whether HCV core pro-

tein activates Wnt/b-catenin signaling in the hepatoma cell

line SMMC-7721. The effects of core protein on Wnt/b-

catenin signaling cascades were investigated by luciferase

reporter gene assay, immunofluorescence, western blot and

RT-PCR analysis. Here, we demonstrate that HCV core

protein plays an essential role in activating b-catenin/Tcf-

4-dependent transcriptional activity and increases active

b-catenin expression and nuclear accumulation in SMMC-

7721 cells. An RT-PCR assay indicated that core protein

upregulates gene expression of canonical Wnt ligands, such

as Wnt2, Wnt3, Wnt3a, Wnt8b, Wnt10a, Wnt10b, frizzled

receptors Fzd1, 2, 5, 6, 7, 9, and LRP5/6 co-receptors.

However, Wnt antagonists SFRP3, 5 and Dkk1 were

moderately repressed. Furthermore, ectopic expression of

core protein markedly promoted cell proliferation. The

soluble Fzd molecule FrzB or the b-catenin inhibitor siBC

efficiently blocked cell growth stimulation by the core

gene. Our present findings demonstrate that the HCV core

protein activates canonical Wnt signaling through tight

regulation of several important molecules upstream of

b-catenin and presumably results in promotion of cell

proliferation in the SMMC-7721 cell line. Taken together,

these data suggested that the core protein may be directly

involved in Wnt/b-catenin-mediated liver pathogenesis.

Introduction

Hepatitis C virus (HCV) infection is a public health

problem worldwide. It is estimated that up to 175 million

individuals are infected HCV, and two-thirds of cases

become chronic hepatitis, liver cirrhosis, even hepatocel-

lular carcinoma (HCC) [1, 2]. However, the molecular

events that lead to chronic liver diseases during HCV

infection are poorly understood [3]. HCV belongs to the

genus Hepacivirus, family Flaviviridae, and has a positive-

sense, single-stranded RNA genome of 9.6 kb. Its genome

encodes a single polyprotein precursor containing approx-

imately 3010 amino acids, which is processed by host and

viral proteases into 10 mature proteins: the structural

proteins (Core, E1, E2/p7), and the nonstructural proteins

(NS2, NS3, NS4A, NS4B, NS5A, NS5B) [4]. Among them,

HCV core protein, a multifunctional protein, has not

only been shown to be involved in RNA replication, viral
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particle assembly and release [5–7], but it also interferes

with the host’s physiological defense and metabolism by

interacting with various cellular proteins, such as NF-jB,

pRb, p53, TGF-b and DEAD box protein [8–12]. In addi-

tion, evidence exists that the core protein regulates diverse

cell signaling pathways involved in HCV-related patho-

genesis. For instance, core protein may lead to cellular

transformation and insulin resistance by interacting with

STAT3 and MAPK cascades [13, 14].

Wnt signaling is divided into two pathways: the

canonical pathway and a noncanonical pathway, which

is closely associated with many facets of human biol-

ogy, such as embryogenesis, organogenesis, and tissue

homeostasis [15, 16]. Most studies have been focused on

canonical Wnt/b-catenin signaling, as it is involved in

regulating key physical and pathological processes

including cellular proliferation, differentiation and trans-

formation [17]. In its inactivated state, b-catenin, the main

protein of this signaling cascade, is phosphorylated at its

serine-threonine residues by binding the adenomas pol-

yposis coli (APC)/Axin/glycogen synthase kinase-3b
(GSK-3b) complex and then degraded by proteosome. In

its activated state, Wnts bind to frizzled (Fzd) receptors

and LDL-related protein (LRP) 5/6 co-receptors, which

prevents GSK-3b from carrying out b-catenin phosphor-

ylation via hyperphophorylation of disheveled (Dvl).

b-catenin is released from the APC/Axin/GSK-3b com-

plex and then translocates into the nucleus and associates

with T cell factor (Tcf)/lympocyte enhancer factor (Lef),

which results in controlling the transcription of down-

stream genes such as c-myc [18], cyclin D1 [19], and

survivin [20]. Wnt antagonists, as negative regulators,

inhibit canonical Wnt/b-catenin signaling and are divided

into two categories: soluble Fzd-related proteins (SFRPs),

which compete with Wnt ligands for binding to Fzd

receptors, and Dickkopf proteins (Dkks), which prevent

formation of the Fzd-Wnt-LRP5/6 complex in response to

Wnt [21].

Recent studies have indicated that approximately 26%

of mutations in b-catenin have been found in hepatocellular

carcinoma (HCC) associated with HCV infection [22].

Mutations in Axin [23], APC deletion [24], GSK-3b
inactivation [25], dephosphorylation of b-catenin [26] and

upregulation of frizzled 7 [27] are involved in activation of

Wnt/b-catenin signaling. Furthermore, Fukutomi and

coworkers recently showed, using microarray analysis, that

HCV-core-transfected Huh7 cells upregulated Wnt-1 and

WISP-2 transcription [28], and these cells demonstrated

increased proliferation, DNA synthesis and cell cycle

progression. In this context, we hypothesized that core

protein is involved in the oncogenic transformation

process, possibly through activation of Wnt/b-catenin

signaling.

As expected, our present findings have demonstrated

that the HCV core protein activates canonical Wnt

signaling through tight regulation of molecules upstream of

b-catenin, consequently resulting in acceleration of cell

proliferation, and this activity may play an important role

in HCV pathogenesis.

Materials and methods

Cell culture and chemicals

HEK293 cells and the human hepatoma cell line SMMC-

7721 [29, 30] were cultured in complete Dulbecco’s

modified Eagle’s medium (DMEM) containing 10% fetal

bovine serum (FBS, Hyclone), 100 units/ml penicillin, and

100 lg/ml streptomycin at 37�C in 5% CO2. Unless indi-

cated otherwise, all chemicals were purchased from Sigma-

Aldrich.

Construction of recombinant adenoviruses expressing

HCV core, Wnt3A, FrzB and siBC

In order to generate adenoviral vectors expressing HCV

core protein, the full-length gene for the HCV core protein

(genotype 1a) was amplified by PCR from plasmid HFL

(provided by Dr. Charles M. Rice of Rockefeller Univer-

sity, USA) and cloned into the shuttle vector pAdTrack-

TO4 (provided by Dr. T.-C He of the University of

Chicago, USA) and subsequently used to generate the

adenoviral recombinant AdCore. Adenoviruses were pro-

duced and amplified in HEK293 cells. For construction of

the adenoviral vectors expressing Wnt3A, the coding

region of mouse Wnt3A (kindly provided by Roel Nusse of

Stanford University) was amplified by PCR and subcloned

into pAdTrack-CMV, resulting in pAdTrack-Wnt3A.

These shuttle vectors were used to generate recombinant

adenovirus AdWnt3A as described previously [31, 32].

Adenoviruses expressing the soluble Fzd molecule FrzB

and b-catenin inhibitor siBC were generated previously

using the AdEasy system [34]. AdCore, AdFrzB and Ad-

Wnt3A also express GFP as a marker for monitoring

infection efficiency. An analogous adenovirus expressing

only GFP (AdGFP) was used as a control [33].

Luciferase assay

Cells were seeded in 25-cm2 flasks and transfected with

2 lg of b-catenin/Tcf4-responsive luciferase reporter

pTOP-Luc [34] per flask using Lipofectamine 2000

(Invitrogen) according to the manufacturer’s instructions.

At 16 h after transfection, cells were replated to 24-well

plates and infected with AdGFP, AdCore or AdWnt3A. At
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24 h postinfection, cells were lysed, and cell lysates were

collected for luciferase assays using Promega’s Luciferase

Assay Kit. Each assay was performed in triplicate.

RNA isolation and RT-PCR analysis

Total RNAs were extracted from cultured cells using

TRIzol Reagent (Invitrogen) according to the manufac-

turer’s protocol, and all RNA samples were treated with

DNase to exclude DNA contamination. Total RNA was

used to generate cDNA templates by reverse transcription

reaction with random hexamer and MMLV RT (Promega).

The first-strand cDNA products were further diluted 5- to

10-fold and used as PCR templates. The primer sequences

used to identify Wnt, Wnt receptor and Wnt antagonist

gene expression are listed in Table 1. Endogenous GAPDH

expression was used as a control.

Western blotting and antibodies

Whole-cell extracts of exponentially growing cells were

prepared in lysis buffer (Promega) containing the complete

cocktail of proteases inhibitors (Roche), and protein con-

centrations were determined using the BCA protein assay

reagent (Pierce). Immunoblot analysis for b-catenin (Santa

Cruz, sc-7199), active b-catenin (Millipore, 05-665) and

HCV Core (Abcam, ab2740) were performed with

50-70 lg of proteins run on 10% SDS polyacrylamide gels

and transferred to PVDF membranes (Millipore). Second-

ary antibodies coupled to HRP were purchased from

Jackson ImmunoResearch Laboratories. Detection was

performed with SuperSignal West Pico Chemilumine-

scencent Substrate Kits (Pierce). Equal protein loading was

verified by western blot assay with GAPDH antibody.

Immunofluorescence

SMMC-7721 cells infected with AdCore, AdWnt3A or

AdGFP control were fixed with 4% formaldehyde, per-

meabilized with 0.3% Triton X-100 and incubated with

b-catenin (Santa Cruz, sc-7199) overnight. After washing,

cells were incubated with Alexa Fluor 594-labeled

secondary antibody (Invitrogen) for 1 h. Cells were coun-

terstained with DAPI to label nuclei. The presence of

b-catenin was visualized under a confocal fluorescent

microscope.

MTS proliferation assay

MTS assays were performed with a Cell Titer 96 AQ One

Solution Cell Proliferation Assay (Promega) at the indicted

time points. Twenty ll of MTS reagent was added to each

well of a 96-well assay plate containing 0.59104 cells in

culture medium, and the plate was incubated for 2 h at

37�C in 5% CO2. The absorbance at 490 nm was recorded

every 24 h in triplicate until day 4 by using a microplate

reader (Synergy HT Multi-mode Microplate Reader, Bio-

Tek). Each assay was repeated at least three times.

Crystal violet staining

The staining procedure was carried out as described pre-

viously [35]. Briefly, cells were fixed for 20 min in 10%

buffered formalin and then stained with 0.5% crystal violet

solution at room temperature for 30 min with gentle

shaking. The plates were washed by submersion in flowing

tap water. Microplates were allowed to air dry and incu-

bated with 0.2% Triton X-100 for 30 min at room tem-

perature with gentle shaking to dissolve the dye. Then,

100 ll of sample from each well was transferred into a

fresh 96-well microplate, and the OD at 570 nm was

measured in a microplate reader (Synergy HT Multi-mode

Microplate Reader, Bio-Tek).

Statistical analysis

For the luciferase reporter assay, MTS and quantitative cell

viability assay, data are shown as mean ± SDs. Student’s

t-test was used for quantitative analysis of crystal violet

staining. The significance level was defined as p\0.05.

Results

HCV core protein activates Wnt/b-catenin signaling

in hepatoma cell line SMMC-7721

Previous data have shown that when the canonical Wnt

pathway is in an active state, b-catenin accumulates in

the cytoplasm, is transferred to the nucleus and then

binds to transcriptional factor T-cell factor (Tcf4) to

drive activation of specific target genes, including c-Myc

[18], cyclin D1 [19] and WISP-2 [36], which have been

shown to be important for carcinogenesis. Therefore, we

asked whether HCV core protein plays an important role

in activating canonical Wnt/b-catenin signaling in hepa-

toma cells lines. Since the endogenous b-catenin/TCF

activity was maintained at a basal level in SMMC-7721

cells (Fig. 1C blank control), we chose this cell line to

perform Tcf-4-dependent transcriptional activity assays.

First of all, we confirmed effective infection of SMMC-

7721 cells with AdCore, AdWnt3A or AdGFP control

(Fig. 1A) and the expression of HCV core protein or

Wnt3a in SMMC-7721 cells by RT-PCR (Fig. 1B, panel

a) and western blot assay (Fig. 1B panel b). Then, we

detected b-catenin/Tcf4-dependent transcriptional activity

Activation of Wnt/b-catenin signaling by HCV core protein 1015
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Table 1 List of primers used for RT-PCR analysis

Primer Nucleotide sequence Expected size (bp)

HCV core Forward GGGCCCTAGATTGGGTGT 186

Reverse GGGGAGACAGGAGCCATC

Wnt1 Forward CGGCGTTTATCTTCGCTATC 244

Reverse GCCTCGTTGTTGTGAAGGTT

Wnt2 Forward CGGGAATCTGCCTTTGTTTA 218

Reverse TTCCTTTCCTTTGCATCCAC

Wnt3 Forward GGCTGTGACTCGCATCATAA 245

Reverse CAGCAGGTCTTCACCTCACA

Wnt3a Forward CTGTTGGGCCACAGTATTCC 227

Reverse ATGAGCGTGTCACTGCAAAG

Wnt8a Forward TGTGATGGGTCAAACAATGG 162

Reverse GGCCCTGTTGTTGTGAAGAT

Wnt8b Forward AGAAACTGCAGCCTTGGAGA 192

Reverse GTTGTTGTGCAGGTTCATGG

Wnt10a Forward AAGCTGCACCGCTTACAACT 209

Reverse ATTCTCGCGTGGATGTCTCT

Wnt10b Forward GAAAACCTGAAGCGGAAATG 245

Reverse GGGTCTCGCTCACAGAAGTC

Fzd1 Forward ATTTGGTCAGTGCTGTGCTG 250

Reverse TCATGAAGAGGATGGTGCAG

Fzd2 Forward ACATCGCCTACAACCAGACC 237

Reverse ACTTGTTCATGAGGGCTTCG

Fzd3 Forward CTCTCTTTGGCCCTTGACTG 223

Reverse ACAAAGAAAAGGCCGGAAAT

Fzd4 Forward AACTTTCACACCGCTCATCC 230

Reverse TGTGGTTGTGGTCGTTCTGT

Fzd5 Forward TTCTGGATAGGCCTGTGGTC 214

Reverse CGTAGTGGATGTGGTTGTGC

Fzd6 Forward TTGTTGGCATCTCTGCTGTC 222

Reverse CCATGGATTTGGAAATGACC

Fzd7 Forward CGACGCTCTTTACCGTTCTC 247

Reverse GCCATGCCGAAGAAGTAGAG

Fzd8 Forward TCTTGTCGCTCACATGGTTC 245

Reverse GGTGCCGATGAAGAGGTAGA

Fzd9 Forward AGACCATCGTCATCCTGACC 231

Reverse CCATGAGCTTCTCCAGCTTC

Fzd10 Forward TCTTTATGCTGCTGGTGGTG 208

Reverse GACTGGGCAGGGATCTCATA

LRP5 Forward GGACTGAGGAACGTCAAAGC 197

Reverse CAGAACAGTGTCCGGCTGTA

LRP6 Forward CCCATGCACCTGGTTCTACT 192

Reverse CTGGAACTGGGACTCTGAGC

SFRP1 Forward CGAGTTTGCACTGAGGATGA 190

Reverse GAAGTGGTGGCTGAGGTTGT

SFRP2 Forward ACGGCATCGAATACCAGAAC 186

Reverse GCTGGATGGTCTCGTCTAGG

SFRP3 Forward GCAAGCAGTGAACGCTGTAA 214

Reverse GGCAGCCAGAGCTGGTATAG
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by luciferase reporter gene assay. The reporter plasmid

pTOP-Luc construct contains six repeats of the Tcf-4

sequence recognized by b-catenin. As illustrated in Fig. 1C,

compared with the GFP control, Tcf-4-dependent tran-

scriptional activity was increased 3-4-fold by overexpres-

sion of HCV core protein alone. In other words, ectopic

expression of HCV core protein resulted in activation of

b-catenin/Tcf-4-dependent transcriptional activity in

SMMC-7721 cells.

The hallmark of canonical Wnt signaling activation is

cytoplasmic accumulation and nuclear translocation of

stabilized b-catenin protein. To examine active and total

b-catenin expression in hepatoma cells, we measured the

levels of these proteins by immunoblot assay in core-

expressing cells. As shown in Fig. 1D, both the active

form of b-catenin, which is dephosphorylated at Ser 37

or Thr41 [37], and total b-catenin accumulated in core-

expressing cells. Quantitative analysis showed that the

expression level of active b-catenin increased approxi-

mately 1.5-fold in AdCore-infected cells compared to

GFP control cells (Fig. 1E). We then examined the

subcellular localization of b-catenin using confocal

immunofluorescent microscopy. As expected, stabiliza-

tion of cytosolic b-catenin was significantly enhanced

and some of it was translocated to the nucleus in Ad-

Core-infected cells (Fig. 2, panels D to F) but not in

GFP control cells (Fig. 2, panels A to C). These results

indicated that the Tcf-4-dependent transcriptional activity

observed in core-expressing cells was due to cytosolic

accumulation and consequently nuclear translocation of

b-catenin.

Collectively, these results indicate that HCV core pro-

tein plays an important role in activation of the Wnt/b-

catenin pathway in hepatoma cell line SMMC-7721.

HCV core protein regulates the level of expression

of Wnt ligands, Fzd receptors and Wnt antagonists

in SMMC-7721 cells

Although activation of the canonical Wnt/b-catenin path-

way by core protein was observed, the underlying molec-

ular mechanism was not clear. We postulated that the core

protein activates the b-catenin pathway, possibly by mod-

ulating its upstream genes and expression of antagonists.

To test this, semi-quantitative PCR analysis was used to

examine the expression profile of Wnt ligands, Fzd

receptors and Wnt antagonists in core-expressing cells. We

found that, compared with the GFP control, the expression

level of Wnt3, 3a, and 10b were moderately increased in

SMMC-7721 cells infected with AdCore, and expression of

Wnt2, 8b and 10a was slightly increased in these cells.

Among the eight canonical Wnt ligands, neither Wnt1 nor

Wnt8a was readily detectable (Fig. 3A).

Wnt proteins execute their diverse biological functions

through binding to their receptors Fzd and co-receptors

LRP5/6. We next studied the expression pattern of Wnt

receptors and co-receptors using a semi-quantitative PCR

assay in the SMMC-7721 cell line. As shown in Fig. 3B

and C, the expression levels of Fzd1, 2, 5, 6, 7, 9 and the

two co-receptors, LRP5 and 6, were significantly upregu-

lated after ectopic expression of core protein, whereas no

obvious change in Fzd3, 4 and 10 expression was observed.

It is interesting to note that Fzd8 expression was down-

regulated in core-expressing cells. These results indicated

that core protein activates Wnt/b-catenin signaling, possi-

bly through upregulation of both canonical Wnt ligands

(Wnt2, 3, 3a, 8b, 10a, 10b) and their corresponding Friz-

zled receptors (Fzd1, 2, 5, 6, 7, 9) as well as co-receptors

LRP5/6, and then executes their biological functions.

Table 1 continued

Primer Nucleotide sequence Expected size (bp)

SFRP4 Forward CTTGCCAGTGTCCACACATC 192

Reverse CGGCTGTTTTCTTCTTGTCC

SFRP5 Forward GTGCTGCACATGAAGAATGG 180

Reverse GCAGGGGTAGGAGAACATGA

Dkk1 Forward CATCAGACTGTGCCTCAGGA 167

Reverse TATCCGGCAAGACAGACCTT

Dkk2 Forward AGTACCCGCTGCAATAATGG 243

Reverse GAAATGACGAGCACAGCAAA

Dkk3 Forward CTGTGTGTCTGGGGTCACTG 205

Reverse CTAGCTCCCAGGTGATGAGG

GAPDH Forward CGACCACTTTGTCAAGCTCA 237

Reverse AGGGGTCTACATGGCAACTG

Activation of Wnt/b-catenin signaling by HCV core protein 1017
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We next sought to investigate whether Wnt antagonists

are implicated in regulating canonical Wnt signaling

activity in core-expressing cells. RT-PCR analysis was

again used to examine the expression levels of five known

SFRPs and three Dkk molecules [38]. Not surprisingly, the

results demonstrated that the expression level of SFRP3, 5

and Dkk1 were significantly decreased in the presence of

core protein (Fig. 3D). These data, together with the

upregulation of several of important Wnt ligands and Fzd

receptors by core protein, suggested that core activates the

canonical Wnt pathway through tight regulation of mole-

cules upstream of b-catenin.

Fig. 1 HCV core protein activates Wnt/b-catenin signaling in
hepatoma cell line SMMC-7721. (A) Effective infection of SMMC-

7721 cells with AdGFP, AdWnt3A or AdCore. SMMC-7721 cells

were infected with AdGFP, AdWnt3A or AdCore, and the infection

efficiency was examined under a fluorescence microscope. BF: blank

field. Magnification, 9200. (B) Expression of HCV core or Wnt3A in

SMMC-7721 cells. Cells were infected with AdGFP control,

AdWnt3A or AdCore for 24 h. Total RNA was isolated for RT-

PCR analysis using primers specific for HCV core or the Wnt3A gene

(panel a), and protein expression was determined by western blotting

using anti-core antibody (Abcam) (panel b). Endogenous GAPDH

expression was used as a control. (C) HCV core induces b-catenin/

Tcf4-mediated transactivation. SMMC-7721 cells were transfected

with Tcf4/LEF1 reporter pTOP-Luc and infected with AdGFP,

AdCore and AdWnt3A. At 24 h postinfection, cells were collected for

luciferase assays. Error bars show standard deviation for at least three

independent experiments performed in triplicate. Data are present as

mean ± S.D. *P\0.05 (vs GFP). (D) Active b-catenin levels are

increased in core-expressing cells. SMMC-7721 cells were infected

with AdGFP control, AdCore, or AdWnt3A for 24 h, and then, a total

cell lysate was prepared and immunoblotted with anti-b-catenin

antibody (Santa Cruz Biotechnology) or anti-active-b-catenin anti-

body (Millipore). GAPDH was used as a loading control. Experiments

were performed in triplicate, and representative results are shown.

(E) Quantitative analysis of the western blotting results in D. The

signal intensities were determined by ImageJ software. Fold change

was calculated by dividing signal intensities of active b-catenin with

total b-catenin. Data are present as mean ± S.D. *P\0.05 (vs GFP)

1018 J. Liu et al.
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Wnt antagonists partially inhibit cell growth stimulation

by the core gene

Previous data have demonstrated that increased b-catenin

translocation to the nucleus usually correlates with an

increase in cell proliferation. Since our study indicated that

core protein enhanced b-catenin accumulation and nuclear

translocation, we presumed that core protein may promote

cell proliferation through activation of the Wnt/b-catenin

pathway. To test the notion, SMMC-7721 cells were

infected with AdCore, AdWnt3A or AdGFP, and the cell

proliferation rate was measured by MTS assay. Consistent

with our hypothesis, when core protein was expressed in

SMMC-7721 cells, the cell proliferation rate was signifi-

cantly increased (Fig. 4A).

Using the crystal violet staining method, we explored

cell proliferation further in core-expressing cells. As shown

in Fig. 4B, overexpression of core protein or Wnt3a led to

a marked increase in SMMC-7721 cell proliferation. Fur-

ther quantitative analysis demonstrated the colorimetric

value in core-expressing cells is approximately twofold of

that in the GFP control (Fig. 4C). These findings strongly

suggested that ectopic expression of core protein confers

on cells the ability to accelerate cell proliferation. To fur-

ther understand the role of the canonical Wnt pathway in

core-dependent cell growth stimulation, SMMC-7721 cells

were coinfected with AdCore plus b-catenin inhibitor

AdsiBC or the soluble Fzd molecule AdFrzB [34]. MTS

analysis indicated that overexpression of siBC or FrzB

efficiently blocked cell growth stimulated by the core gene

(Fig. 4D). The similar inhibitory effects of siBC or FrzB on

core-stimulated cell proliferation were also observed by

using crystal violet staining (Fig. 4E and F). Taken toge-

ther, these data strongly suggest that ectopic expression of

core protein observably increases cell proliferation through

activation of the Wnt/b-catenin-dependent pathway.

Discussion

Over the last several years, ample evidence has made it

clear that HCV core protein is involved in HCV-associated

diseases, such as chronic hepatitis, hepatic steatosis, and

HCC, through interaction with diverse cellular signaling

Fig. 2 Cytosolic accumulation
and nuclear translocation of
b-catenin induced by HCV
core. SMMC-7721 cells were

infected with AdGFP (panels

A to C), AdCore (panels D to F)

or AdWnt3A (panels G to I) for

24 h. Cells were fixed and

stained with an anti-b-catenin

antibody and a fluorescence-

labeled secondary antibody.

Cells were counterstained with

4’, 6-diamidino-2-phenylindole

(DAPI) to label nuclei. The

presence of b-catenin was

visualized under a confocal

immunofluorescence

microscope. Nuclear

translocation of b-catenin is

indicated by arrows
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pathways. On the other hand, Wnt/b-catenin signaling

closely correlates with HCC development and progression.

To investigate the molecular mechanism of HCV-induced

pathogenesis, we explored the potential involvement of the

HCV core protein in activation of the Wnt/b-catenin

pathway. Our study demonstrated that HCV core protein

alone can elevate Tcf-4-dependent transcriptional activity

and then induce active b-catenin accumulation and partial

nuclear translocation in SMMC-7721 cells. These findings

are supported by earlier reports in which, in contrast to the

high level of nuclear b-catenin staining, strong cytoplasmic

or whole-mount cell staining was seen much more com-

monly in some tumor types, such as gastrointestinal stro-

mal tumors [39], liposarcoma [40], malignant fibrous

histiocytoma and osteosarcoma [41].

We also found that not only Wnt3, Fzd6 and Fzd7 were

moderately increased, but also Wnt2, 3a, 8b, 10a, 10b and

Fzd1, 2, 5, 9 as well as two co-receptors, LRP5 and 6, were

upregulated in SMMC-7721 cells infected with AdCore.

As positive modulators, all of these important upstream

molecules eventually lead to activation of b-catenin sig-

naling by repressing the effect of GSK-3b on phosphory-

lation of b-catenin [42], whereas the expression of Wnt1

and Wnt8a is almost undetectable in SMMC-7721 cells.

The reason for this result is that a distinct expression pat-

tern of Wnt ligands is observed in HCC cells [15]. In

SMMC-7721 cells, Wnt1 and Wnt8a may not be involved

in activation of canonical Wnt/b-catenin signaling. More

interestingly, one class of Frizzled receptors, Fzd8, was

even downregulated in core-expressing cells. These find-

ings may have several implications. First, previous data

showed that, unlike the defined canonical (Fzd1, Fzd5,

Fzd7 and Fzd9) and noncanonical Fzds (Fzd2, Fzd3, Fzd4

and Fzd6), Fzd8 and Fzd10 are classified as an atypical Fzd

subgroup [15]. Responsiveness to the Wnt signaling path-

way in HCC cells is determined by the highly complex

interaction of Wnts and Fzds receptors and complicated

crosstalk among downstream cellular events, of which only

some are medicated by canonical Wnt pathways. The

expression pattern of Fzd8 in core-expressing cells indi-

cates that this type of Frizzled receptor may not be

involved in the activation of the canonical Wnt pathway.

Secondly, it has been reported that the balance of ubiqui-

tylation and deubiquitylation of Fzds determines the cel-

lular responsiveness to Wnt signaling, both in mammalian

cells and in Drosophila [43]. Thus, the ubiquitylation status

of Fzd8 may determine its recycling to the plasma mem-

brane and finally control its expression level. Further

studies should be done to explore the molecular mechanism

behind core-induced downregulation of Fzd8.

Meanwhile, we confirmed that the expression level of

co-receptors LRP5 and 6 was clearly enhanced, as Dkk1-

promoted degradation of LRP5/6 [44] was obviously

repressed by core protein. In addition, previous data have

shown that other Wnt antagonists-sFRPs genes are inacti-

vated by promoter methylation in the course of activation

of the Wnt/b-catenin pathway in HCC [45]. Likewise, in

our study the expression of sFRP3, sFRP35 and Dkk1

decreased significantly or even became undetectable in the

presence of core protein. These observations indicate that

the core protein activates the canonical Wnt pathway

through tight regulation of molecules upstream of b-cate-

nin, including Wnt ligands, frizzled receptors, co-receptors

and mRNA expression of their antagonists.

Aberrant activation of b-catenin signaling results in

abnormal cellular functions, such as enhanced cell growth

and malignant cell transformation. The importance of

aberrant Wnt signaling in colorectal cancer is clear.

However, aberrant Wnt signaling may play a role in many

other types of malignancies, even those in which the

classical mutations associated with the pathway (i.e., APC

truncations, b-catenin mutations) are not present. In human

breast cancer, there are many reports of inactivation of

negative regulators of the Wnt signaling pathway. For

example, Frizzled-related protein 1 (FRP1/ FRZB), a

secreted Wnt inhibitor, is frequently deleted in human

Fig. 3 HCV core protein regulates the expression level of Wnt
ligands, Fzd receptors and Wnt antagonists in SMMC-7721 cells.

Wnt ligands (A), Frizzled receptors (B), LRP5/6 co-receptors (C) and

Wnt antagonists (D) involved in canonical Wnt signaling were tested

for expression by RT-PCR assay. Cells were infected with AdGFP

control, AdWnt3A or AdCore for 24 h and used for RT-PCR analysis.

All samples were normalized with GAPDH as shown in E. PCR

results were confirmed in three sets of independent experiments
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breast cancers [46]. Similarly, there are numerous studies

that have documented the amplification or overexpression

of positive regulators of components of this pathway.

Upregulation of Dvl has been reported in ductal breast

cancers [47]. In HCC, mutation of the proto-oncogene

b-catenin, upregulation of frizzled-7 and dephosphoryla-

tion of b-catenin are frequently observed [48]. Here, we

demonstrate that ectopic expression of the HCV core leads

to a marked increase of SMMC-7721 cells proliferation.

On the other hand, overexpression of the b-catenin inhib-

itor siBC or the soluble Fzd molecule FrzB suppresses

core-dependent cell growth, suggesting that HCV core

promotes cell proliferation through the Wnt/b-catenin-

dependent pathway. There are two ways in which core

protein might enhance cell growth. First, nuclear accumu-

lation of b-catenin could form a transcriptional complex

with Tcf and activate downstream target genes, such as

c-Myc, Cyclin D1 and WISP-2, which dictate cell growth

and cell-cycle progression. Terris and colleagues have

clearly demonstrated Wnt-1-mediated b-catenin/Tcf-4

transcription-enhanced cell proliferation and reduced

apoptosis in human HCC cell lines [49]. Second, core

protein has been shown to decrease the amount of the

cyclin-dependent inhibitor p21WAF1 through interaction

with the p53 protein [50, 51]. This may result in an

unbalance between cell proliferation and apoptosis, ulti-

mately contributing to malignant cellular transformation.

In general, our results strongly suggest that in SMMC-

7721 cells, HCV core protein activates canonical Wnt/b-

catenin signaling through tight regulation of several

upstream molecules of this signaling pathway, which leads

to an increase in cell growth rate. These observations offer

a new insight into the pathogenesis of HCV-related dis-

eases and might aid in the development of a potent thera-

peutic strategy.
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