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Background: Hepatitis C virus (HCV) infection is a major cause of human hepatocellular carcinoma (HCC).
The precise mechanism of hepatocarcinogenesis in humans by HCV is currently unclear. It was recently
shown, however, that transgenic mice with the HCV core gene often develop HCC, suggesting tumorigenic
activity of the HCV core protein. Further, the HCV core protein expressed in HepG2 cells transfected with
the core gene was shown to stimulate proliferation of transfectants through activation of nuclear factor-kB
(NF-kB). The downstream target molecule(s) of NF-kB activated by the HCV core protein to evoke cell
proliferation is not yet identified. Transforming growth factor (TGF) a, which is often overexpressed in
various tumour tissues such as HCC, has been shown to stimulate hepatocyte proliferation through
activation of the mitogen-activated protein kinase or extracellular signal-related protein kinase (MAPK/
ERK) cascade.
Aims: To explore the possibility that TGFa might be a target molecule for NF-kB activated by the HCV core,
and that TGFa participates in the growth promotion of the core transfectants in an autocrine manner,
activating the MAPK/ERK pathway.
Methods: A HCV core expression vector was transfected into human hepatoma Huh-7, HepG2 and Hep3B
cells. NF-kB activity was examined by an electrophoretic mobility shift assay. TGFa transcription was
assessed by a luciferase reporter assay. TGFa protein was determined by immunoblot and ELISA. MAPK/
ERK activity was examined by an in vitro kinase assay. Cell proliferation was assessed by a water-soluble
tetrazolium salt-1 assay.
Results: In the HCV core transfectants, NF-kB bound to the kB site in the TGFa proximal promoter region,
resulting in an increase in TGFa transcription. Immunoblot as well as ELISA showed increased TGFa
expression in the HCV core transfectants. SN50, a specific inhibitory peptide for NF-kB, cancelled HCV
core-induced TGFa expression. HCV core protein increased cell proliferation as well as ERK activity of the
HCV core transfectants as compared with the mock transfectants. The growth-promoting activity and
activation of ERK by the HCV core protein were negated by treatment with anti-TGFa antibodies.
Conclusions: These results suggest that the HCV core protein promotes proliferation of human hepatoma
cells by activation of the MAPK/ERK pathway through up regulation of TGFa transcription via activation of
NF-kB. Our finding provides a new insight into the mechanism of hepatocarcinogenesis by HCV infection.

H
epatitis C virus (HCV) infection is a major cause of
chronic hepatitis, liver cirrhosis and hepatocellular
carcinoma (HCC) worldwide.1 The precise mechanism

by which HCV infection results in the development of HCC
remains largely unknown.2 HCV is a member of the
Flaviviridae family, containing approximately 9.5 kb of posi-
tive-strand RNA.3 The viral genome encodes a large precursor
polyprotein, which is cleaved by both host and viral proteases
into functional proteins such as core, envelope (E1, E2) and
non-structural proteins (NS2–NS5).4–6

Recent extensive studies on transgenic mice showed that,
among these HCV proteins, the core protein may have a role
in hepatocarcinogenesis.7 It was also shown that, in these
transgenic mice, oxidative stress in hepatocytes was
increased, resulting in hepatic steatosis.8 This finding also
led us to speculate that longstanding oxidative DNA damage
may be the causative factor for hepatocarcinogenesis.

Other lines of study using HCV core gene transfectants
disclosed that the core protein had transforming activity as
well as anti-apoptotic activity, and that these activities were

linked to activation of nuclear factor-kB (NF-kB)9–13 or
mitogen-activated protein kinase or extracellular signal-
regulated kinase (MAPK/ERK) signalling.14–17 However, it is
presently unclear how these two signalling pathways are
integrated in the mechanism of increased proliferation of the
HCV core gene transfectants.

Transforming growth factor (TGF) a, a member of the
epidermal growth factor (EGF) receptor ligand family, has
been implicated in carcinogenesis and progression through
activation of the MAPK/ERK cascade in various tumour cells,
including HCC.18 19 In transgenic mice with the TGFa gene, a
high incidence of HCC has been observed.20 21 Furthermore,
increased expression of TGFa in the liver of patients with

Abbreviations: EGF, epidermal growth factor; ERK, extracellular
signal-regulated kinase; FBS, fetal bovine serum; HCC, hepatocellular
carcinoma; HCV, hepatitis C virus; MAPK, mitogen-activated protein
kinase; MEK, MAPK kinase; NF-kB, nuclear factor-kB; PBS, phosphate-
buffered saline; PCR, polymerase chain reaction; SDS-PAGE, sodium
dodecyl sulphate-polyacrylamide gel electrophoresis; TGFa,
transforming growth factor a; TNF, tumour necrosis factor
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chronic hepatitis C and HCV-related HCC has been reported.22

These findings suggest that hepatic overexpression of TGFa is
responsible for the hepatocarcinogenesis and progression of
HCC.

In this study, we attempted to explore the possibility that
TGFa might be a target molecule for NF-kB activated by the
HCV core protein and participate in the growth promotion of
the core transfectants in an autocrine manner, activating the
MAPK/ERK signalling pathway.

MATERIALS AND METHODS
Reagents
The peptide SN50 (Biomol, Plymouth Meeting, Pennsylvania,
USA), consisting of the nuclear localisation sequence of p50
(residues 360–369) fused to the hydrophobic region of the
signal sequence of Kaposi fibroblast growth factor to provide
cell permeability, specifically inhibits nuclear translocation of
NF-kB. SN50M (Biomol), a synthetic analogue with a
mutated nuclear localisation sequence, is inactive and served
as a negative control. Both reagents were used at a
concentration of 50 mg/ml.23 PD98059 (Sigma-Aldrich, St
Louis, Missouri, USA), inhibitor of MAP kinase kinase
(MEK) was dissolved in dimethylsulfoxide and used at a
concentration of 10 mM.24

Cell culture and transfection
The human hepatoma cell lines Huh-7, HepG2 and Hep3B
(Riken Cell Bank, Tsukuba, Japan) were cultured in
Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum (FBS). Cells were plated 24 h before
transfection. The plasmids were transfected by using
Lipofectamine 2000 (Invitrogen, Carlsbad, California, USA)
according to the manufacturer’s instructions.

Plasmid construction
The plasmid containing an infectious cDNA clone of the
genotype 1b strain of HCV, pCV-J4L6S25 (a gift from Dr Jens
Bukh, National Institutes of Health, Bethesda, Maryland,
USA), was used as a template in a standard polymerase chain
reaction (PCR) to amplify the HCV core (amino acids 1–191)
by using the oligodeoxynucleotides: sense primer 59-ATG
AGC ACG AAT CCT AAA CCT-39 and the antisense primer 59-
AG CGG AAG CTG GGA TGG TCA-39. The PCR product was
confirmed by direct sequencing and inserted into the TOPO
site of the pcDNA3.1TOPO vector (Invitrogen) using standard
cloning procedures, and the resulting plasmid was designated
as pcDNA3/core. To make a luciferase reporter plasmid for a
TGFa promoter assay, a fragment of the human TGFa
promoter region (21085 to +37) was amplified by PCR from

 

Figure 1 Enhancement of nuclear factor (NF)-kB DNA-binding activity by hepatitis C virus (HCV) core protein. (A) Schematic representation of the
NF-kB site in the transforming growth factor (TGF) a promoter region. We searched for the kB site in the promoter region of TGFa using a computer
program and found an element with about 90% homogeneity to the consensus kB sequence between2215 and2206. (B) Electrophoretic mobility shift
assay (EMSA) using NF-kB binding sequence in the promoter region of TGFa. Huh-7, HepG2 and Hep3B cells were transfected with the effector
plasmid (pcDNA3/core) or the mock plasmid. After 24 h of transfection, nuclear extracts were prepared and assayed for the NF-kB DNA-binding
activity by EMSA. Lane 1, 32P-labelled free oligonucleotide; lane 2, nuclear extract prepared from cells transfected with mock plasmid; lane 3, nuclear
extract prepared from cells transfected with pcDNA3/core; lane 4, competition assay (100-fold of unlabelled oligonucleotide); lanes 5 and 6,
supershift assay (lane 5, anti-p50 antibody; lane 6, anti-p65 antibody). Long arrows indicate DNA–NF-kB complex. Short arrows indicate DNA–NF-
kB–antibody complex.
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genomic DNA of HepG2 cells by using the sense primer
(21118 to 21085) 59-GTA GGC CAG AGG CAG GAG AAG
AGG GTC AGT-39 and the antisense primer (+6 to +37) 59-
CCC AAG CTT CTC CAG CCT GCC CTA CCT GCG GTG CCC
GA-39 (the underlined sequence represents the restriction
enzyme site for HindIII). Semi-nested PCR was carried out by
using the sense primer (TGF-SacI) 59-CGT GAG CTC CGG
GTA CCT GGA GAA CAT-39 (the underlined sequence
represents the restriction enzyme site for SacI) and the
antisense primer (+6 to +37). The amplified product was
subcloned into the SacI–HindIII site of the pGL3-basic vector
(Promega, Madison, Wisconsin, USA) to yield a pGL-NF-kB/
TP reporter plasmid.

Electrophoretic mobility shift assay
Electrophoretic mobility shift assay was carried out as
described previously.26 Briefly, 26106 cells were plated onto
a 10 cm dish and transfected with 15 mg of the effector
plasmid (pcDNA3/core) or the mock plasmid (pcDNA3.1) and
incubated for 24 h in the absence of FBS after transfection.
Their nuclear extracts were prepared according to mini-
nuclear extraction methods.27 The oligonucleotide used was
as follows: 59-CTC AGG GGG GCA CCC CCA TCG-39 for the
NF-kB-binding element. This oligonucleotide was end-
labelled with [32P]c ATP using T4 polynucleotide kinase
and incubated with 10 mg of the nuclear extracts for 20 min
at room temperature. For competition assay, unlabelled
oligonucleotide was added to the reaction mixture in 100-
fold molar excess over the labelled probe to examine the

binding specificity. For the supershift assay, each 2 mg of
antibody against NF-kB subunits, NF-kB p50 (c-19, Santa
Cruz Biotech, Santa Cruz, California, USA) and NF-kB p65
(A, Santa Cruz Biotech), were added and incubated at 4 C̊ for
1 h. Reaction mixtures were loaded onto a 4% polyacrylamide
gel for electrophoresis in a 0.56TRIS-borate/EDTA buffer (pH
7.0). Amounts of DNA–NF-kB complex were semiquantified
by scanning densitometry using NIH Image V.1.61 software
(National Institutes of Health, Bethesda, Maryland, USA).

Immunoblot
Cells were plated onto the wells of a six-well tissue-culture
plate (56105 cells/well) and transfected with indicated
amounts of the effector plasmid (pcDNA3/core) or mock
plasmid. Cells were washed twice with ice-cold phosphate-
buffered saline (PBS) and lysed by a lysis buffer containing
50 mM Tris hydrochloric acid (pH 7.4), 150 mM sodium
chloride, 1% Nonidet P-40 and a protease inhibitor cocktail
(Roche Diagnostic, Basle, Switzerland). Separation of pro-
teins was carried out by sodium dodecyl sulphate-polyacry-
lamide gel electrophoresis (SDS-PAGE). Transfer of protein
to Immobilon-P membranes (Millipore, Bedford,
Massachusetts, USA) from SDS-PAGE was accomplished
with a semi-dry blotting system (Advantec, Tokyo, Japan).
Membranes were then blocked with T-PBS (PBS with 0.1%
Tween-20) containing 10% skimmed milk for 1 h at 4 C̊.
Blots were probed with the primary antibody of interest at a
concentration of 1:500 to 1:5000 in T-PBS containing 5%
skim milk. Primary antibodies were directed against the HCV

Figure 2 (A) Phosphorylation and degradation of IkB in hepatoma cells transfected with hepatitis C virus (HCV) core plasmid. Huh-7, HepG2 and
Hep3B cells were transfected with the effector plasmid (pcDNA3/core) or mock plasmid. Whole cell lysates were collected 6 and 24 h after transfection
and analysed by western blotting using anti-IkB, anti-phospho-IkB and anti-b-actin antibodies. (B) Activation of transforming growth factor (TGF) a
gene transcription through nuclear factor (NF)-kB by HCV core protein. Huh-7, HepG2 and Hep3B cells were transfected with 0.5 mg of pGL-NFkB/TP
(black column) or pGL-NFkBm/TP (grey column) and an indicated amount of the effector plasmid (pcDNA3/core) or mock plasmid. After 24 h of
transfection, luciferase activity was measured. It was normalised by assigning the activity of cells transfected with mock plasmid alone a value of 1
(relative luciferase activity). Error bars represent the mean (standard deviation) from three independent experiments. *p,0.05. c, core transfectant; m,
mock transfectant; NT, no treatment.
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core (Austral Biologicals, San Ramon, California, USA), TGFa
(Calbiochem, San Diego, California, USA), IkBa, phospho-
IkBa and p42 MAP kinase (ERK1; all from Cell Signaling
Technology, Beverly, Massachusetts, USA) and b actin
(Sigma-Aldrich). After washing with T-PBS, blots were
incubated with horseradish peroxidase-conjugated anti-
bodies (Santa Cruz Biotech) for 1 h. Specific signals were
detected by ECL western blotting reagents (Amersham
Pharmacia Biotech, Uppsala, Sweden). Amounts of protein
were semiquantified by scanning densitometry using NIH
Image V.1.61 software.

Luciferase reporter assay
Luciferase reporter assay was carried out as previously
described.28 Briefly, 56105 cells were plated onto the wells
of a six-well tissue culture plate and transfected with a
reporter plasmid, pCMVb-gal, and indicated amounts of the
effector plasmid (pcDNA3/core) or mock plasmid. After 24 h
of transfection, cells were lysed directly in the well. Luciferase
activities were measured using a luminometer according to
the manufacturer’s protocols. An aliquot of the same cell
lysates was used for measurement of b galactosidase
activities to normalised luciferase results.

ELISA for TGFa
Cells were plated onto a 6 cm dish (16106 cells/dish) and
transfected with indicated amounts of the effector plasmid
(pcDNA3/core) or the mock plasmid. After 24 h of transfec-
tion, the culture media of transfectants were collected and
concentrated up to 10-fold using a Centriprep YM-3
Centrifugal Filter Device (Millipore). Sandwich ELISA for
TGFa was carried out using a TGFa ELISA kit (Oncogene
Science, Uniondale, California, USA) according to the
manufacturer’s protocol. Spectrophotometric absorbance at
490 nm was measured against a standard curve using known

amounts of lyophilised control TGFa peptide reconstituted in
double distilled water and then serially diluted in assay
buffer to concentrations of 250, 125 and 63 pg/ml. All assays
were carried out in triplicate.

In vitro kinase assay
The activity of ERK was determined using the p44/p42 MAP
kinase assay kit (Cell Signalling Technology) according to the
manufacturer’s protocol. Briefly, 26106 cells were plated onto
a 10 cm dish and transfected with 15 mg of the effector
plasmid (pcDNA3/core) or the mock plasmid and cell lysates
were immunoprecipitated with anti-p44/p42 MAPK (ERK1/
2) monoclonal antibody. The in vitro kinase assay was carried
out using Elk-1 protein as a substrate. The samples were
separated by 10% SDS-PAGE and transferred to Immobilon-P
membranes. Phosphorylated Elk-1 was detected by western
blotting.

Cell proliferation assay
The cell proliferation assay was carried out using a Premix
water-soluble tetrazolium salt (WST)-1 Cell Proliferation
Assay System (Takara Bio, Ohtsu, Japan). Cells were seeded
on 96-well plates at a density of 56103 cells/well in 100 ml
culture media with 10% FBS. After 24 h of incubation, cells
were washed and transfected with 0.3 mg of the effector
plasmid (pcDNA3/core) or the mock plasmid in the culture
media with 0.1% FBS in the presence or absence of anti-TGFa
neutralising antibody (Ab-3, Oncogene Science), SN50 and
PD98059. The media were replaced every other day. To
evaluate cell proliferation, cells were incubated for 1–3 days
after transfection and exposed to 10 ml of WST-1 reagent for
1.5 h. The absorbance of the treated samples against a blank
control was measured at 420 nm as the detection wavelength
and 650 nm as the reference wavelength for the assay.

Figure 3 Expression of transforming growth factor (TGF) a protein in hepatitis C virus (HCV) core-expressing cells. Huh-7, HepG2 and Hep3B cells
were transfected with indicated amounts of the effector plasmid (pcDNA3/core) or mock plasmid. After 24 h of transfection, whole cell lysates were
collected and analysed by western blotting. The b-actin was used as an internal control. The lower panels show densitometric analyses of the bands.
The values were normalised by assigning the intensity of cells transfected with mock plasmid alone a value of 1. Error bars represent the mean
(standard deviation) from three independent experiments.
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Statistical analysis
Data are presented as mean (standard deviation (SD)) unless
otherwise indicated. The results were analysed for statistical
significance using the two-tailed Student’s t test or analysis
of variation. The criterion for significance was p,0.05.

RESULTS
Activation of NF-kB in human hepatoma cells
transfected with HCV core gene
We first searched for transcription factor-binding sites in the
genomic promoter of the TGFa gene by using the computer
program Transcription Factor Search (http://www.cbrc.jp/
research/db/TFSEARCH.html). Figure 1A shows an element
identified between2215 and2206, which has about 90%
similarity as the consensus kB sequence (GGG GGT GCC C),
in the proximal promoter region of the TGFa gene, in addition
to the trefoil factor 1 and the activator protein-2-binding
sites, which have been reported to activate TGFa transcrip-
tion in HeLa cells and in rat kidney cells.29 30 We then
examined if NF-kB binds to this kB homologous sequence by
using an electrophoretic mobility shift assay. When the
nuclear extract from Huh-7 cells transfected with a mock
vector (pcDNA3.1) was incubated with a 32P-labelled kB DNA
probe, the band corresponding to the DNA–NF-kB complex
was faintly detected, and the density of the NF-kB band was
clearly enhanced in the pcDNA3/core transfectants (fig 1B).
Further, the NF-kB band was supershifted by the addition of
either antibodies to NF-kB subunits p65 and p50, suggesting
that NF-kB consisting of a p65 and p50 heterocomplex was
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Figure 4 Secretion of transforming growth factor (TGF) a from hepatitis
C virus (HCV) core-expressing cells analysed by ELISA. Huh-7 cells were
transfected with indicated amounts of the effector plasmid (pcDNA3/
core) or the mock plasmid. After 24 h of transfection, transforming
growth factor (TGF) a concentrations in the culture media were
measured by using a TGFa ELISA kit according to the manufacturer’s
protocol. Error bars represent the mean (standard deviation) from three
independent experiments. *p,0.05; **p,0.01.

Figure 5 Inhibition of transforming growth factor (TGF) a transcription and protein expression by SN50 in hepatitis C virus (HCV) core-expressing
hepatoma cells. (A) Huh-7, HepG2 and Hep3B cells were transfected with 0.5 mg of pGL-nuclear factor (NF)-kB/TP and indicated amounts of the
effector plasmid (pcDNA3/core) or the mock plasmid and incubated for 24 h in the presence or absence of SN50, an inhibitor of nuclear translocation
of NF-kB or SN50M (mutated and inactive form) at a concentration of 50 mg/ml. *p,0.05. (B) Cells were transfected with 2 mg of the effector plasmid
(pcDNA3/core) and incubated for 24 h in the presence or absence of SN50 or SN50M (50 mg/ml). After 24 h of transfection, whole cell lysates were
collected and analysed by western blotting. The result shown is representative of three independent experiments. NT, no treatment.
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activated in the HCV core transfectants. Similar results were
obtained in two other hepatoma cell lines (HepG2 and
Hep3B) in addition to Huh-7 (fig 1B). On the other hand,
neither activator protein 2 nor trefoil factor 1 were activated
in Huh-7 cells by transfection of the HCV core gene (data not
shown).

IkB has been shown to bind to NF-kB to inactivate it, and
activation of NF-kB is preceded by dissociation from IkB via
its phosphorylation and degradation.31 We thus conducted
western blot analyses for IkB and phospho-IkB in the
pcDNA3/core transfectants of three hepatoma cell lines
(Huh-7, HepG2 and Hep3B). As expected, the expression of
IkB decreased in the pcDNA3/core transfectants compared
with that of the mock transfectants 24 h after transfection. In
contrast, the expression of phospho-IkB increased 24 h after
transfection, suggesting that the HCV core protein activated
NF-kB through phosphorylation and degradation of IkB
(fig 2A).

Activation of TGFa gene transcription through NF-kB
in human hepatoma cells transfected with HCV core
gene
To examine whether the HCV core protein enhances the
transcriptional activity of the TGFa gene through this NF-kB
site, we carried out a luciferase reporter assay using
transfectants with a pcDNA3/core and pGL-NF-kB/TP encod-
ing the TGFa promoter including NF-kB site (fig 3). As
shown in fig 2B, after cotransfection of pcDNA3/core and
pGL-NF-kB/TP into Huh-7, HepG2 and Hep3B cells, the
luciferase activity considerably increased in a manner
dependent on the dose of pcDNA3/core plasmid transfected.
To test the specificity of NF-kB-dependent TGFa transcrip-
tion, we constructed a mutated form of pGL-NF-kB/TP, pGL-
NF-kBm/TP, in which there was a replacement of two bases
(GGRAA) in the kB site (GAA GGT GCC C). When pcDNA3/
core and pGL-NF-kBm/TP were cotransfected into cells, the
enhanced effect of the transcriptional activity of the TGFa
gene was negated (fig 2B), indicating that the HCV core
affected TGFa gene up regulation through this kB site.

Expression of TGFa protein induced by HCV core
protein in human hepatoma cells
Next, we investigated the effect of the HCV core protein on
the expression of TGFa protein in Huh-7, HepG2 and Hep3B.
After 24 h of transfection, expression of the TGFa protein
was assessed by western blot analyses in the 1 or 2 mg
pcDNA3/core transfectants. Western blot analyses showed
that cytoplasmic expression of pro-TGFa protein (about
30 kDa) remarkably increased in parallel to the expression
of the HCV core protein in the pcDNA3/core transfectants.
Further, we measured TGFa concentration in the culture
media in Huh-7 cells by ELISA. As shown in fig 4, TGFa
concentration in the culture media significantly increased in
a manner dependent on the dose of pcDNA3/core plasmid
transfected.

Effect of an NF-kB inhibitor (SN50) on TGFa
transcription and protein expression induced by HCV
core
To confirm whether NF-kB is required for TGFa transactiva-
tion, we treated cells with a specific inhibitor for nuclear
translocation of NF-kB, SN50 and its inactive mutated form,
SN50M. As shown in fig 5A, the luciferase activity decreased
considerably in the cells treated with SN50 compared with
cells with no treatment and SN50M. Furthermore, western
blot analyses showed that SN50 was able to inhibit
expression of the pro-TGFa, but SN50M was unable to do
so in HCV core transfectants, indicating that the nuclear

translocation of NF-kB is required for activation of the TGFa
expression (fig 5B).

Activation of MAPK/ERK pathway in HCV core-
expressing hepatoma cells
We assessed the kinase activity of MAPK/ERK in the cell
extracts of pcDNA3/core transfectants. The anti-ERK1/2
immunoprecipitate prepared from pcDNA3/core transfectants
effectively phosphorylated recombinant Elk-1 (a specific
substrate for MAPK/ERK) compared with those measured
in the mock transfectants (fig 6). Further, phosphorylation of
Elk-1 in the pcDNA3/core transfectants was abrogated by
treatment with anti-TGFa neutralising antibodies, suggesting
that TGFa stimulation enhanced MAPK/ERK activity in the
pcDNA3/core-transfected Huh-7, HepG2 and Hep3B cells.

Cell proliferation of HCV core transfectants
To investigate if TGFa secreted from hepatoma cells could act
as an autocrine or a juxtacrine growth factor, we carried out a
cell proliferation assay using Huh-7, HepG2 and Hep3B cells
that had been transfected with pcDNA3/core or mock
plasmid. As shown in fig 7A, the cell proliferation of the
pcDNA3/core transfectants considerably increased on days 2
and 3 compared with the mock transfectants. When the
pcDNA3/core transfectants were treated with anti-TGFa
neutralising antibody, SN50 and PD98059, the promoting
effects of the cell proliferation were cancelled, suggesting that
the HCV core promotes cell proliferation of TGFa expression
via the NF-kB and MAPK/ERK pathways.

DISCUSSION
In this study, using human hepatoma cell lines, we showed
that the HCV core protein activated NF-kB, which in turn

Figure 6 Activation of mitogen-activated protein kinase/extracellular
signal-regulated kinase (MAPK/ERK) pathway in hepatitis C virus (HCV)
core expressing hepatoma cells. The activities of ERK were determined
by an in vitro kinase assay. Cells were transfected with the effector
plasmid (pcDNA3/core) or the mock plasmid. Whole cell lysates
collected 48 h after transfection were immunoprecipitated with anti-
p44/p42 MAPK monoclonal antibody. In vitro kinase assay was carried
out using Elk-1 protein as a substrate. Phosphorylated Elk-1 was
detected by immunoblotting. Total ERK1 of the cell lysate was used as
control immunoblot. The results shown are representative of three
independent experiments.
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induced TGFa expression, thereby promoting cell prolifera-
tion through activation of the MAPK/ERK pathway.

The NF-kB signalling pathway has been recognised as ‘‘cell
survival and anti-apoptosis signalling’’ through up regulation
of several genes involved in cell proliferation and cell
transformation.32 However, until now, there has been no
report suggesting that TGFa is a target molecule for NF-kB.
Our study clearly discloses that NF-kB activated by the HCV
core protein up regulated TGFa gene transcription. However,
there have been some diverse reports regarding the role of the
HCV core on activation of NF-kB. You et al10 showed that
expression of the HCV core protein enhanced the tumour
necrosis factor (TNF) and that the lymphotoxin-b ligand
induced NF-kB activity in Huh-7 and HeLa cells. Yoshida et
al12 showed that NF-kB activity was enhanced through
activation of TNF receptor-associated factor 2/6 and IkB
kinase-b in HeLa cells. These are compatible with our results.
The findings by Shrivastava et al33 and by Zhu et al34 that the
HCV core protein suppressed TNF-dependent NF-kB activa-
tion does not necessarily contradict ours, as the experimental
attempt they aimed at was different from ours. They
examined the effect of the HCV core protein on TNF-induced
NF-kB activation, whereas we investigated the effect of the

HCV core protein itself on NF-kB. In other words, their
observation was made merely on the competitive effect of the
core protein with TNF on NF-kB activation. Puzzling results
were those by Tsutsumi et al,16 which showed that, in the liver
of HCV core transgenic mice, NF-kB was not activated. The
only plausible explanation for the discrepancy would be the
difference in experimental conditions. The effect of a
transgene on cellular events in transgenic mice may be
different from those in somatic cells transiently transduced
with an exogenous gene. Detailed elucidation on this issue is
certainly needed before we implicate our findings in in vivo
hepatocarcinogenesis.

Erhardt et al15 showed cell proliferation induced by the HCV
core protein as in our study. They suggested that the HCV
core protein activated the MAPK/ERK cascade, resulting in
the promotion of cell proliferation. The MAPK/ERK pathway
is one of the major downstream-signalling pathways from
the EGF receptor, which is stimulated by the EGF ligand
family, including TGFa. In our study, the anti-TGFa
neutralising antibody abrogated the almost promoting effect
of cell proliferation as well as activation of MAPK/ERK
phosphorylation, suggesting that TGFa is a major growth
factor produced from hepatoma cell lines transfected with the

a

Figure 7 Cell proliferation of hepatitis C virus (HCV) core-transfected cells and inhibition of cell growth by SN50, anti-transforming growth factor
(TGF) a antibody and PD98059. (A) Huh-7, HepG2 and Hep3B cells were transfected with pcDNA3/core (square symbols) or mock plasmid (circle
symbols). A WST-1 assay was carried out daily for 3 days and the relative absorbance was plotted. Mean (standard deviation) were determined from
four independent experiments. At each time point, the statistical significance between the HCV core and mock transfectants were analysed by the two-
tailed Student’s t test. *p,0.05 (B) Huh-7 cells were transfected with the pcDNA3/core (open column) or the mock plasmid (filled column) and cultured
for 24 h. Then, cells were further incubated for 24 h in the presence or absence of SN50 (50 mg/ml), SN50M (50 mg/ml), anti-TGFa antibody (10 mg/
ml) and PD98059 (10 mM). Cell proliferation was then analysed by the WST-1 assay. Mean (SD) were determined from three independent
experiments. *p,0.05.
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HCV core gene. Further, our results have suggested that the
NF-kB pathway activated by the HCV core is closely linked
with the MAPK/ERK cascade through TGFa stimulation.

Incidentally, however, another functional protein of HCV,
NS5A alone or the HCV subgenomic replicon lacking the core
gene was also recently found to activate NF-kB through IkB
phosphorylation.35 Thus, it is plausible that in the clinical
setting where HCV infection is persistent, several non-
structural proteins encoded by the HCV genome that include
NS5A may play a part in hepatocyte growth in concert with
core protein. Future studies using full-length replicons that
delete or include the sequence coding each viral protein may
elucidate the whole scheme of growth promotion of HCV
proteins.

In conclusion, chronic stimulation by TGFa that is
autocrined or paracrined from HCV-infected hepatocytes
seems to contribute to the progression of cancer cells.
Further studies are necessary to know whether activation of
the NF-kB–TGFa pathway actually occurs in the liver of
patients with chronic HCV infection, but data in this study
may provide a new insight into a mechanism of hepatocarci-
nogenesis by HCV infection.
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