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Persistent hepatitis C virus (HCV) infection is a major cause of chronic liver dysfunction in humans and is
epidemiologically closely associated with the development of human hepatocellular carcinoma. Among HCV
components, core protein has been reported to be implicated in cell growth regulation both in vitro and in vivo,
although mechanisms explaining those effects are still unclear. In the present study, we identified that
members of the 14-3-3 protein family associate with HCV core protein. 14-3-3 protein bound to HCV core
protein in a phosphoserine-dependent manner. Introduction of HCV core protein caused a substantial increase
in Raf-1 kinase activity in HepG2 cells and in a yeast genetic assay. Furthermore, the HCV core–14-3-3
interaction was essential for Raf-1 kinase activation by HCV core protein. These results suggest that HCV core
protein may represent a novel type of Raf-1 kinase-activating protein through its interaction with 14-3-3
protein and may contribute to hepatocyte growth regulation.

The molecular cloning of the hepatitis C virus (HCV) ge-
nome established that persistent HCV infection is the most
important mediator for non-A, non-B chronic liver disease (2,
7). A significant number of primary liver cancer (hepatocellu-
lar carcinoma [HCC]) cases in humans has a high positive
correlation with HCV infection (40, 44). Hepatitis C virus
proteins are composed of putative structural and nonstructural
proteins, encoded by a single open reading frame from approx-
imately 9,500 bases of RNA genome. Among the processed
HCV polyprotein, the core protein of 191 amino acids is a
central component of virion and is necessary for nucleocapsid
formation. Antibodies to HCV core protein are frequently
detected in patients with chronic active hepatitis C (6). Be-
sides, HCV core protein is thought to regulate the expression
of various genes in vitro (19, 36, 37) and to be implicated in
Fas-mediated apoptotis both in vitro and in vivo (13, 39).
Overexpression of HCV core protein resulted in transforma-
tion of rat embryonic fibroblasts to the tumorigenic phenotype
(4, 35). More interestingly, constitutive expression of HCV
core protein induced HCC in transgenic mice; the expression
level of HCV core protein in the liver in these mice was similar
to that in patients with chronic hepatitis C (31). Thus, evidence
that HCV core protein may contribute to mammalian cell
growth regulation has now accumulated, although detailed mo-
lecular mechanisms explaining these effects remain unknown.

Identification of the cellular targets for virus protein is a
potential approach to better understanding the pathogenesis of
the virus. Several HCV core-binding proteins such as apoli-
poprotein AII (3), cytoplasmic tails of lymphotoxin-b receptor
(5, 27), tumor necrosis factor receptor (52), heterogeneous
nuclear ribonucleoprotein K (15), and cellular putative RNA
helicases (25, 50) have been reported. Nonetheless, the func-
tional significance of these interactions with HCV core protein
has not yet been fully defined in the context of the mitogenic

and/or oncogenic effect of HCV core protein. We reasoned
that additional HCV core-binding proteins that would further
elucidate mitogenic pathways in hepatocytes expressing HCV
core protein might exist. To identify the additional HCV core-
binding protein(s), we performed a yeast two-hybrid screen by
using the interaction trap system (9) with the HCV core pro-
tein fused to the DNA-binding protein LexA (termed LexA-
Core) as a bait. One group of positive interactors was identi-
fied as an epsilon isoform of 14-3-3 protein (14-3-3ε). The
14-3-3 protein family is known to associate with components of
several signal transduction pathways, including the Raf-1 ki-
nase cascade. We also demonstrated that HCV core protein
activated the Raf-1 kinase through the HCV core–14-3-3 in-
teraction, suggesting that HCV core protein may play an im-
portant role in regulating hepatocyte growth, senescence, and
differentiation through its interaction with 14-3-3 protein.

MATERIALS AND METHODS

Yeast two-hybrid system. The cDNAs encoding the various lengths of HCV
core protein were generated by PCR amplification using a plasmid pSC11 con-
taining genotype 1b of HCV core cDNA (32) (gift from A. Nishizono) as a
template and primers incorporating appropriate restriction sites. The bait plas-
mid (pLexA-Core) was made by insertion of cDNA encoding the 128 amino acids
of HCV core protein (without C-terminal 63 amino acids to ensure translocation
to the nucleus) into pEG202 (obtained from Clontech) (9). A human liver cDNA
library cloned into pJG4-5, lacZ reporter plasmid pSH18-34, and yeast reporter
strain EGY48 (9) were obtained from Clontech. The two-hybrid screen and
interaction assays were performed essentially as described previously (9) in the
presence of 2% galactose and 80 mg of 5-bromo-4-chloro-3-indolyl-b-D-galacto-
pyranoside (X-Gal) per liter. Introduction of nucleotide changes in HCV core
cDNA, corresponding to the residue mutations serine-53 to alanine (S53A)
and/or serine-56 to alanine (S56A) within HCV core protein, were carried out
with the Gene Editor in vitro site-directed mutagenesis system (Promega). The
PCR-generated human Ha-Ras, Raf-1, p53, lamin C, and deletion mutants of
14-3-3 cDNAs were cloned into pJG4-5. All the PCR products were sequenced.

GST pull-down experiments. The glutathione S-transferase (GST) fusion con-
structs (termed pYEX-Core and pGEX-Core) were made by inserting cDNA
encoding the genotype 1b of wild-type HCV core protein (without C-terminal 18
amino acids for efficient recombinant protein production) into pYEX-4T-1 yeast
expression vector (Clontech) or pGEX-4T-1 bacterial expression vector (Amer-
sham Pharmacia Biotech). The bacterial expression vector pGEX-Core (S53A)
was made by introducing the S53A mutation in pGEX-Core as described above.
GST-HCV core fusion proteins [yeast-produced GST-Core, bacterially produced
GST-Core, and GST-Core (S53A)] and yeast or bacterially produced GST pro-
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teins were expressed in Saccharomyces cerevisiae DY150 (Clontech) induced by
0.5 mM copper sulfate for 2 h at 30°C or in Escherichia coli BL21 (Stratagene)
induced by 0.1 mM isopropyl-1-thio-b-D-galactopyranoside (IPTG) for 3 h at
25°C. Cells were resuspended in lysis buffer (1% Triton X-100 in phosphate-
buffered saline) and sonicated on ice. The bacterially produced GST-Core and
GST-Core (S53A) proteins were treated with or without recombinant protein
kinase A (PKA; Promega) or protein kinase C (PKC; Promega) essentially as
described previously (41). The soluble GST proteins were immobilized on glu-
tathione 4B-Sepharose (Amersham Pharmacia Biotech) and washed three times
with ice-cold lysis buffer.

For in vitro translation, PCR-generated 14-3-3 cDNAs were cloned into
pGEM-7Zf(1) (Promega). [35S]Methionine-labeled 14-3-3 proteins were trans-
lated in vitro by using the TNT reticulocyte lysate system (Promega). Five
microliters of 35S-labeled 14-3-3 proteins was incubated with immobilized GST
proteins (2 mg of GST-Core, 2 mg of GST-Core (S53A), and 4 mg of GST
protein) in 0.1 ml of binding buffer (125 mM NaCl, 50 mM Tris-HCl [pH 7.4], 1
mM EDTA, 10% [vol/vol] glycerol, 0.5% [vol/vol] Nonidet P-40, 5 mg of apro-
tinin per ml, 1 mM phenylmethylsulfonyl fluoride) for 2 h at 4°C, washed five
times with binding buffer, and then analyzed by 15% sodium dodecyl sulfate
(SDS)–polyacrylamide gel electrophoresis (PAGE) and with a Fujix BAS2000
image analyzer (Fuji Photo Film).

Coprecipitation assay. The plasmid pCAHA-14-3-3ε was made by insertion of
human 14-3-3ε cDNA into the mammalian expression vector pCAHA, a deriv-
ative of pCAGGS (33) (gift from J. Miyazaki) with a hemagglutinin (HA)
epitope tag at the 59 end of the polylinker.

HepG2 cells were purchased from the American Type Culture Collection
(ATCC) and maintained in Earle’s minimal essential-nonessential amino acid
(MEM-NEAA) medium (GIBCO BRL) supplemented with 10% fetal bovine
serum. The HepDNCTH cell is a HepG2 cell stably expressing HCV core protein
(genotype 1b) under the control of the elongation factor 1a promoter (43) (gift
from T. Wakita and K. Tokushige). The plasmid p/3EFproDNCTH is a mam-
malian expression vector carrying the wild-type HCV core gene (genotype 1b)
driven by the elongation factor 1a promoter (43) (gift from T. Wakita and K.
Tokushige). The p/3EFproDNCTH (S53A) vector was made by introducing an
S53A mutation into p/3EFproDNCTH as described above. The HepDNCTH
(S53A) cell, a HepG2 cell stably expressing mutant HCV core protein, was
established as described previously (43) by transfection with the p/3EF
proDNCTH (S53A) vector by using Tfx-20 (Promega) and by selection in MEM-
NEAA medium supplemented with 10% fetal bovine serum and G418 (Geneti-
cin [Sigma]; final concentration, 1 mg/ml).

In 60-mm-diameter culture dishes, 5 3 105 HepDNCTH cells and HepDNCTH
(S53A) cells were transiently transfected with 5 mg of pCAHA-14-3-3ε or
pCAHA empty vector by using Tfx-20. Immunoprecipitation and Western blot
analysis were performed as described previously (48) with anti-HCV core mono-
clonal antibody C7-50A (43) (gift from T. Wakita) or anti-HA monoclonal
antibody 12CA5 (Boehringer Mannheim), and probed proteins were detected by
chemiluminescence (ECL kit; Amersham Pharmacia Biotech).

In vitro-coupled kinase assay. Cell extracts (500 mg) from serum-deprived
HepG2 cells, HepDNCTH cells, HepDNCTH (S53A) cells, or TPA (12-O-tetra-
decanoyl phorbol 13-acetate)-treated (at 100 nmol/ml for 30 min) HepG2 cells
were immunoprecipitated by using anti-Raf-1 polyclonal antibody C-12 (Santa
Cruz Biotechnology). Prior to immunoprecipitation using anti-Raf-1 antibody,
one aliquot of cell extract from HepDNCTH cells was subjected to preabsorption
of HCV core protein by using 4 mg of C7-50A antibody and protein A1G
agarose (Oncogene Research) for 1 h at 4°C. The washed immunoprecipitates
were assayed for Raf-1 kinase activity in a two-stage incubation as described
before (23) with recombinant MEK-1 (Santa Cruz Biotechnology) and kinase-
inactive recombinant ERK-2 (New England Biolabs). The reaction was termi-
nated by the addition of SDS-PAGE sample buffer, separated on a 10% SDS–
PAGE gel, and transferred to an Immobilon-P membrane (Millipore). 32P
incorporation into ERK-2 was quantified with a BAS2000 image analyzer. The
amounts of immunoprecipitated Raf-1 were detected by Western blot analysis.

Mammalian Raf-1 activation assay in yeast. PCR-generated cDNAs [from
full-length HCV core, HCV core (S53A), HCV core (1-128), human 14-3-3ε, and
wild-type human Ha-Ras proteins] were cloned into pVT102-L (gift from K.
Yano) carrying an ADH1 promoter and a leu2-d nutritional marker (46). The S.
cerevisiae strain SY1984RP, a SY1984 (MATa ste11D pep4D his3D FUS1::HIS3
ura3 trp1 can1) strain expressing mammalian Raf-1 and yeast Ste7P368 (16) (gift
from K. Matsumoto), was transformed with these pVT102-L derivatives by elec-
troporation. Raf-1-dependent activation of the FUS1::HIS3 reporter gene was
monitored by growth on a histidine-deficient synthetic complete medium (SC)
plate for 3 days with incubation at 30°C.

RESULTS

Screening for proteins that interact with HCV core protein.
A plasmid library representing the normal human liver was
screened with LexA-Core bait in a yeast reporter strain. Of 106

independent clones screened, 95 clones with a Leu1 LacZ1

phenotype were obtained. The representative plasmids from

each group of positives were retransformed back into yeast to
confirm their correct phenotype. Finally, of nine true positives
obtained, two independent clones were identified as the por-
tion of cDNA encoding 14-3-3ε protein. The remaining seven
true positives were identified as follows: two independent
clones encoding the portion of myotonic dystrophy kinase-
related Cdc42-binding kinase a (24) and five unknown clones.
Since the biochemical functions of the 14-3-3 protein family
have been well characterized, we decided to concentrate upon
the analysis of the physical and functional interactions of HCV
core protein and 14-3-3 proteins in the present study. In the
two-hybrid system, HCV core protein specifically bound to
14-3-3ε protein but not to Ha-Ras, Raf-1, p53, or lamin C (data
not shown).

Determination of essential domains for HCV core protein–
14-3-3 protein interaction. To determine the essential domains
for HCV core–14-3-3 interaction, we performed two-hybrid
analysis using deletion mutants. We mapped the HCV core-
binding domain on 14-3-3 protein to amino acids 165 to 234
(Fig. 1A).

In the next step, we mapped the 14-3-3 binding domain on
HCV core protein to amino acids 49 to 97 (Fig. 1B). We found

FIG. 1. Interaction of HCV core protein with 14-3-3 protein in the yeast
two-hybrid system. (A) Determination of binding domain within 14-3-3 protein.
Various activation hybrid mutants were expressed in the yeast strain EGY48 with
LexA-Core protein (amino acids 1 to 128). A schematic of these 14-3-3 deletion
mutants is shown with thick bars. Protein interaction was monitored by activation
of the lacZ reporter gene (determined by colony color; blue colony represents a
positive interaction) on an SC plate containing 2% galactose and 80 mg of X-Gal
per liter with 3 days of incubation at 30°C. (B) Determination of binding domain
within HCV core protein. LexA fusion proteins containing the indicated se-
quences of HCV core protein were expressed with an activation domain hybrid
of 14-3-3 protein, 14-3-3ε (amino acids 140 to 255), in the yeast strain EGY48.
Interactions were monitored as described for panel A. (C) HCV core protein
interacts with 14-3-3 protein in a phosphoserine-dependent manner in yeast.
LexA fusion proteins containing wild-type and S53A, S56A, and S53A/S56A
mutants of HCV core protein (amino acids 1 to 128) were expressed with 14-3-3ε,
an activation hybrid of 14-3-3 protein (amino acids 140 to 255), in the yeast strain
EGY48, and the phosphoserine-dependent interaction was monitored by activa-
tion of leucine reporter gene and by colony color on a leucine-deficient SC plate
containing galactose and X-Gal for 3 days. The putative 14-3-3 binding motifs
(underlined) within HCV core proteins are indicated on the right. Substituted
alanine residues are indicated by boldface type. Asterisks indicate phosphoryla-
tion sites for PKA and PKC.
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that one motif, RKTpSER (residues 50 to 55) (pS, phospho-
serine), whose serine residue at position 53 (serine-53) is likely
phosphorylated by PKA and/or PKC (41), was embedded in
this region (Fig. 1C). Interestingly, this motif was similar to the
mode 1 14-3-3 protein binding motif [R-(S/Ar)-(1/Ar)-pS-(L/
E/A/M)-P] (where Ar indicates an aromatic residue and “1”
indicates a basic residue) (49). Furthermore, this RKTpSER
motif was highly conserved among HCV strains (data not
shown).

HCV core protein interacts with 14-3-3 protein in a phos-
phoserine-dependent manner in yeast. Since 14-3-3 protein
has been demonstrated to be a specific phosphoserine-binding
protein (49), we tested whether serine-53 within residues 50 to
55 (RKTpSER) of HCV core protein was critical for their
interaction. The introduction of a mutation of serine-53 to
alanine (S53A) but not serine-56 to alanine (S56A) within
HCV core protein abolished its binding to 14-3-3 protein (Fig.
1C), suggesting that HCV core protein might interact with
14-3-3 protein in a phosphoserine-dependent manner.

HCV core protein interacts with several 14-3-3 protein iso-
forms in vitro. In the yeast two-hybrid system, we mapped
HCV core-binding domain on 14-3-3 protein to its C-terminal
70 amino acids (Fig. 1A). This minimal binding domain is
highly conserved among all 14-3-3 protein species (1). To ex-
tend the interaction of HCV core protein to other 14-3-3
isoforms, we performed in vitro GST pull-down experiments.
The budding yeast-produced HCV core protein fused to GST

protein (GST-Core), but not GST alone, was able to bind
directly to several species of 14-3-3 protein (human 14-3-3ε, rat
14-3-3b, and S. cerevisiae Bmh1) (Fig. 2A, top panel, lanes 2, 4,
and 6).

Phosphorylation of serine-53 by PKA or PKC is essential for
HCV core–14-3-3 interaction. In our preliminary experiments,
bacterially produced GST-Core protein was not able to bind to
14-3-3 proteins in vitro (data not shown), suggesting that HCV
core protein might be phosphorylated on serine-53 by a PKA
or PKC homolog in budding yeast. To test whether phosphor-
ylation of serine-53 by PKA or PKC was essential for HCV
core–14-3-3 interaction, further GST pull-down experiments
were performed with bacterially produced wild-type GST-Core
protein and its mutant GST-Core (S53A) protein. Prior to the
binding reaction, bacterially produced GST-Core proteins
were treated with recombinant PKA or PKC. The wild-type
GST-Core protein treated with recombinant PKA or PKC was
able to bind to 14-3-3 protein (Fig. 2B, lanes 2 and 3 of top
panel), although untreated wild-type GST-Core protein was
not (Fig. 2B, lane 1). In contrast, GST-Core (S53A) protein
was not able to bind to 14-3-3 protein regardless of PKA or
PKC treatments (Fig. 2B, lanes 4, 5, and 6). These results
suggest that phosphorylation of serine-53 by PKA or PKC was
essential for HCV core–14-3-3 interaction.

HCV core protein interacts with 14-3-3 protein in mamma-
lian cells. To confirm that association of HCV core protein and
14-3-3 protein can occur in mammalian cells, we performed

FIG. 2. Interaction of HCV core protein with 14-3-3 protein in vitro and in mammalian cells. (A) HCV core protein interacts with several 14-3-3 protein isoforms
in vitro. Three isoforms of 35S-labeled 14-3-3 proteins were subjected to a GST pull-down experiment using budding yeast-produced GST-Core protein (top panel, lanes
2, 4, and 6) and GST alone (top panel, lanes 1, 3, and 5). Positions of molecular weight standards (in kilodaltons) are shown at the left. Input of 35S-labeled 14-3-3
proteins (14-3-3ε, 14-3-3b, and Bmh1) are shown in lanes 7, 8, and 9, respectively. Coomassie blue-stained GST and GST-Core from the same gel are aligned to show
protein content (bottom panel, lanes 1 to 6). (B) Phosphorylation of serine-53 by PKA or PKC is essential for HCV core–14-3-3 interaction in vitro. Bacterially produced
GST-Core proteins (wild type and the S53A mutant) were treated with or without recombinant PKA or recombinant PKC and subjected to GST pull-down experiments
using 35S-labeled 14-3-3ε protein. (C) HCV core protein interacts with 14-3-3 protein in mammalian cells. HepDNCTH cells expressing wild-type (wt) HCV core protein
and HepDNCTH cells expressing the S53A mutant of HCV core protein (S53A) were transiently transfected with pCAHA-14-3-3ε [HA14-3-3(1)] or pCAHA empty
vector [HA14-3-3(2)]. After 48 h, cell lysate was subjected to immunoprecipitation (IP) and Western blot (blot) with the antibodies indicated above the upper panels.
The presence of HCV core protein and HA14-3-3 protein in extracts was verified by reprobing the same membranes with antibodies for immunoprecipitation (bottom
lanes). Positions of molecular mass standards (in kilodaltons) are shown at the right.
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coprecipitation assays using HepDNCTH cells (43), the human
hepatoma line HepG2 cells stably expressing wild-type HCV
core protein, and HepDNCTH (S53A) cells stably expressing
the S53A mutant of HCV core protein. HepDNCTH cells and
HepDNCTH (S53A) cells were transiently transfected with an
expression plasmid producing an HA-tagged 14-3-3 protein
(HA14-3-3); immunoprecipitates were then subjected to West-
ern blot analysis. As shown in Fig. 2C, HCV core protein could
specifically bind to HA14-3-3 protein, and this interaction was
confirmed reciprocally. However, the S53A mutant of HCV
core protein was not able to bind to HA14-3-3 protein (Fig.
2C).

HCV core protein activates the Raf-1 kinase in HepG2 cells.
The 14-3-3 protein family has been reported to associate with
several signaling proteins in eukaryotes (1, 29), including pro-
tein kinase Raf-1, a central component of the mitogen-acti-
vated protein (MAP) kinase pathway in mammalian cells (14,
21). We therefore tested whether HCV core protein modu-
lated Raf-1 kinase activity through its interaction with 14-3-3
protein. In coupled kinase assay in vitro, an anti-Raf-1 immu-
noprecipitate prepared from HepDNCTH cells (expressing
wild-type HCV core protein) efficiently phosphorylated recom-
binant MEK-1, which in turn phosphorylated kinase-inactive
recombinant ERK-2 (3.6-fold) as compared to those analyzed
with parental HepG2 cells or TPA-treated HepG2 cells (2.6-
fold) (Fig. 3A). However, an anti-Raf-1 immunoprecipitate
prepared from HepDNCTH (S53A) cells (expressing the S53A
mutant of HCV core protein) phosphorylated lesser amounts
of MEK-1 and ERK-2 (0.3-fold 32P incorporation) (Fig. 3B,
middle lane) as compared to that analyzed with HepDNCTH
cells (Fig. 3B, left lane). These results suggest that the binding

of HCV core protein to 14-3-3 protein was essential for Raf-1
kinase activation. In addition, preabsorption of HCV core
protein by anti-HCV core antibody reduced the kinase ac-
tivity of Raf-1 to a basal level (Fig. 3B, right lane), suggest-
ing that activation of Raf-1 kinase in HepDNCTH cells was
observed specifically in the presence of wild-type HCV core
protein.

HCV core protein activates the mammalian Raf-1 kinase in
budding yeast. To verify these phenomena by an alternative
approach, we employed the yeast genetic assay that was de-
signed for detecting the activation of mammalian Raf-1 kinase.
This in vivo system is composed of S. cerevisiae SY1984RP, a
SY1984 (MATa ste11D pep4D his3D FUS1::HIS3 ura3 trp1
can1) strain expressing mammalian Raf-1 and Ste7P368, a gain-
of-function mutant of yeast MAP kinase kinase Ste7 (16).
Introduction of a component that functions in Raf-1 activation
enhances Raf-1 activity, which in turn activates a yeast mating
pheromone-induced MAP kinase pathway, including a mating
pathway-responsive reporter gene (FUS1::HIS3), and eventu-
ally allows SY1984RP cells to grow without histidine (16). As
expected, introduction of full-length wild-type HCV core pro-
tein could activate Raf-1 in this system, as well as known
positive controls (Ha-Ras or mammalian 14-3-3) (Fig. 3C).
The C-terminally truncated version of HCV core protein (Core
1-128), which showed no preferential submembranous accu-
mulation unlike the full-length HCV core protein (3), also
could activate the kinase activity of Raf-1. However, mutant
full-length HCV core protein (S53A), which was incapable of
binding to 14-3-3 protein, could not activate Raf-1 in this
system (Fig. 3C).

FIG. 3. HCV core protein activates the kinase Raf-1. (A) An in vitro-coupled kinase assay for Raf-1 was performed with extracts from HepG2 (untreated or treated
with TPA) or HepDNCTH [HCV core (1)] cells. Phosphorylated MEK-1 and ERK-2 are indicated (top panel, arrows). The levels of immunoprecipitated Raf-1 are
shown (bottom panel, arrows). Relative Raf-1 activities (fold induction; the 32P incorporation into ERK-2) shown are the means for duplicate determination and are
representative of three experiments. (B) Extracts from HepDNCTH cells expressing wild-type HCV core protein (wt) and HepDNCTH (S53A) cells expressing the S53A
mutant of HCV core protein (S53A) were subjected to an in vitro-coupled kinase assay. (Top panel) In the right lane, HCV core protein in cell extract was preabsorbed
by using anti-HCV core antibody. (Bottom panel) The presence of HCV core protein in precleared lysates was verified by Western blot analysis. (C) Mammalian Raf-1
activation assay in yeast. Yeast strain SY1984RP cells were transformed with plasmids expressing wild-type [Core (wt)] or S53A mutant [Core (S53A)] of full-length
HCV core protein, truncated HCV core protein (Core 1-128), Ha-Ras, 14-3-3ε, and pVT102-L empty vector (Control). Activation of Raf-1 was monitored by growth
on a histidine-deficient SC plate with 3 days of incubation at 30°C.
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DISCUSSION

In the present study, 14-3-3 proteins were identified as in-
teracting with HCV core protein. On the basis of studies of the
association of 14-3-3 protein with a large number of proteins,
it has been suggested that 14-3-3 protein may play an organi-
zational role in mitogenic signal transduction. In terms of the
association between viral protein and 14-3-3 protein, the mid-
dle tumor antigen (MT) of murine polyomavirus has been
described previously (34). The MT interacts with 14-3-3 pro-
tein in NIH 3T3 cells and activates ADP ribosylation, suggest-
ing that regulation of 14-3-3 protein function by MT may
contribute to cell proliferation, including neoplasia (34). In this
context, interaction of HCV core protein with 14-3-3 proteins
may play some physiological role in growth regulation of hu-
man hepatocytes. Recently, several studies demonstrated that
development of HCCs might be associated with activation of
the Ras/Raf/MAP kinase pathway in humans (17) and rodents
(18, 28). Raf-1 kinase activity was increased in mouse liver
tumors about fourfold, in comparison to that in normal liver
tissue (18). Ito et al. (17) argued that 1.1- to 3.1-fold enhanced
activation of MAP kinase (ERK-1 and ERK-2) in human
HCCs, as compared with that in adjacent noncancerous le-
sions, might contribute to the development and progression of
HCCs. It is striking that HCV core protein was able to activate
Raf-1 kinase activity (about 3.6-fold) in HepG2 cells and
downstream effector molecules of Raf-1 (e.g., ERKs) in
HepG2 cells and NIH 3T3 cells (10). It was demonstrated that
constitutive expression of HCV core protein in MCF-7 cells
resulted in a high basal activity of MAP kinase kinase, as
determined by immunodetection of hyperphosphorylated
ERK-1 and ERK-2 (42). This data supports our findings that
constitutive expression of HCV core protein might be involved
in the activation of the Ras/Raf/MAP kinase pathway in mam-
malian cells. Importantly, as has been reported, HCV core
protein transforms mammalian cells, including hepatocytes, in
vitro (4, 35) and in vivo (31). Taken together, we suppose that
HCV core protein may play a key role in HCV-mediated hu-
man liver disease, including the development and progression
of HCCs, through its activation of the MAP kinase cascade.
Although the intrahepatic expression level of HCV core pro-
tein may vary in cases of chronic hepatitis C or HCV-related
HCCs, it is also likely that HCV core protein acts in concert
with other factors, such as loss of tumor suppressors or
genomic instability associated with chronic active hepatitis (11,
12).

Like HCV core protein, hepatitis B virus X protein (HBx)
can also increase MAP kinase activity (8, 20) through the
activation of the Src family of tyrosine kinases and/or effectors
of Ras (20), although the direct cytoplasmic target for HBx
involved in this phenomenon is still unknown. Here we have
clearly demonstrated that HCV core–14-3-3 interaction was
essential for Raf-1 activation in cells expressing HCV core
protein (Fig. 3B and C). In contrast, Bad, a distant Bcl-2 family
member that selectively dimerized with Bcl-XL and Bcl-2 but
not with itself, was able to interact with 14-3-3 protein but
could not activate Raf-1 kinase in vitro or in SY1984RP cells
(51).

Since the HCV core protein homodimerized or multimer-
ized (26), we propose the possibility that HCV core protein
might work as a bridging molecule. Although we can only
speculate as to how the HCV core–14-3-3 interaction promotes
activation of Raf-1 kinase, HCV core protein might form a
ternary complex with 14-3-3 or Raf-1, thereby creating a Raf-
Raf homo-oligomer with homodimerization or multimeriza-
tion of HCV core protein or stabilizing an active conformation

of Raf-1 (30, 45). In this regard, HCV core protein might be a
novel type of Raf-1-activating protein that uses different mech-
anism than known Raf-1-activating protein Ras (22) and Bcl-2
interacting protein Bag-1 (47).

We also propose another possibility, as follows: when Raf-1
is maintained in an inactive state by the binding of 14-3-3
dimer to a phosphorylated Ser-259, HCV core protein might
displace several portions of the 14-3-3 dimer from phosphor-
ylated Ser-259 instead of Ras-GTP (which displaces 14-3-3
from phosphorylated Ser-259 within Raf-1) (30, 38).

In conclusion, we identified that HCV core protein is able to
interact with 14-3-3 protein and to activate the kinase Raf-1.
This model may incorporate most of the available biochemical
evidence concerning the mitogenic function of HCV core pro-
tein and may provide new insight in understanding the molec-
ular mechanism of hepatocyte growth regulation and, at least
in part, development of human HCC mediated by chronic
HCV infection. The precise step in the Raf-1 activation path-
way mediated by HCV core protein is currently under investi-
gation.
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