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The effects of hepatitis C virus (HCV) proteins on anti-Fas (CD95/APO-1) antibody- and tumor necrosis
factor alpha (TNF-a)-mediated apoptosis in different human cell lines were investigated by magnetic concen-
tration of cells which transiently produced the exogenous protein. HepG2 cells, which produced whole HCV
proteins, became resistant to anti-Fas-induced apoptotic cell death. Furthermore, the core protein among HCV
proteins had a key role in protecting the various cells from apoptosis mediated by not only anti-Fas but also
TNF-a. We also found that the core functioned in the activation of nuclear factor kB (NF-kB) in all cells
examined. Deletion analysis of the core revealed that the region required for NF-kB activation was closely
correlated with that for its antiapoptotic function. In addition, we revealed in some cases that the antiapoptotic
effect of the core was restrained by coproduction of the inhibitor of NF-kB, IkB-a protein. These results
demonstrated that the core inhibits Fas- and TNF-a-mediated apoptotic cell death via a mechanism dependent
on the activation of NF-kB in particular cell lines.

Hepatitis C virus (HCV) is a major causative agent of
chronic liver disease including chronic hepatitis, liver cirrhosis,
and hepatocellular carcinoma worldwide (1, 7, 17, 18, 40). The
majority of individuals infected by HCV cannot resolve their
infection and suffer from persistent chronic hepatitis. This
chronic infection by HCV is suspected to be strongly associated
with the development of hepatocellular carcinoma.

Apoptotic cell death with viral infection can be induced by
the host immune response through the function of cytotoxic T
lymphocytes (CTL) and natural killer cells, or by viral proteins
themselves, and apoptosis has been suggested to be a common
pathway of virus clearance by host organisms (25, 29). On the
other hand, many virus genomes encode proteins which sup-
press apoptosis so as to escape from immune attack by the host
(41). For example, CrmA, a cowpox virus gene product, en-
codes a protease inhibitor of the caspase family and prevents
apoptosis caused by CTL, tumor necrosis factor alpha (TNF-
a), or Fas (CD95/APO1) signaling (23, 42). Adenovirus E1B
and human papillomavirus E6 proteins suppress p53-depen-
dent apoptosis by binding and inactivating wild-type p53 (8, 31,
36, 49). In the case of HCV infection, it was suggested that
apoptosis in hepatocytes, especially that mediated by Fas, plays
an important role as the main mechanism of viral clearance
(11, 15), which would result in the liver damage observed in
chronic hepatitis.

The HCV genome encodes a polypeptide precursor consist-
ing of about 3,010 amino acid (aa) residues, and this precursor
protein is cleaved by the host and viral proteases to generate at
least 10 functional protein units: the core, envelope 1 (E1), E2,
p7, nonstructural protein 2 (NS2), NS3, NS4A, NS4B, NS5A,
and NS5B (12–14, 19, 24). Ray et al. reported that the core
suppresses apoptosis induced by cisplatin in human cervical

epithelial cells, by c-myc overexpression in Chinese hamster
ovary cells, and by TNF-a in human breast carcinoma cell lines
(32, 33). Fujita et al. also suggested that NS3 protein inhibits
actinomycin D-induced apoptosis in NIH 3T3 cells (10). In a
different study, the core was proposed to sensitize HepG2 cells
to apoptosis mediated by the Fas signaling pathway (34). The
core was also suggested to enhance TNF-a-induced apoptosis
(56). Thus, these previous studies have demonstrated contro-
versial phenomena, and the discrepancies between these re-
sults might be partially due to the differences in cell lines or
apoptosis-inducing agents used. However, an alternative expla-
nation is that the cloned permanent transfectants differ in
characteristic responses from parental cell lines, irrespective of
exogenously introduced protein production, because all these
results were obtained with cloned permanent transfectant cells
producing the viral protein. To avoid this possibility, recent
reports showing the function of the exogenous proteins in
apoptosis have tended to include the results of transient-trans-
fection experiments in which transfection-positive cells were
detected by production of b-galactosidase or green fluorescent
protein originating from a cotransfected expression plasmid
(48, 53). Therefore, we used a magnetic concentration system
for transiently DNA-transfected cells to analyze the functions
of viral proteins in a population of cells expressing HCV pro-
teins. Using this system, we examined whether HCV proteins
affect apoptotic responses in various cells, especially those me-
diated by Fas and TNF-a, and directly analyzed the biochem-
ical characteristics of the concentrated cells.

Our results demonstrated that the core among HCV pro-
teins protected several types of cells from apoptotic cell death
induced by anti-Fas and TNF-a and that the activation of
NF-kB is an important pathway of the antiapoptotic effects of
the core in certain cells.

MATERIALS AND METHODS

Plasmid constructs. The plasmids used in this study were constructed to
produce several proteins under the control of the cytomegalovirus immediate-
early promoter and named the pCMV series. pCMV-3010, which expressed the
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whole HCV genome, was made by replacing the EcoRI-AvrII fragment of pC980
with the EcoRI-AvrII fragment of pCMV/729-3010 (14). pCMV-980, encoding
the core, E1, E2, p7, and the C-terminally truncated NS2, was constructed by
insertion of the EcoRI-HindIII fragment of pC980 (13) into the EcoRI-HindIII
sites of the pKS1/CMV vector (14). pCMV-Core, for expression of the core gene
encoding a polypeptide spanning from aa 1 to 191 of the HCV precursor polypro-
tein, was made by inserting the PCR product with oligonucleotide primers
(59-TGTGGATCCATGAGCACAAATCCTAAACC-39 [named core-s] and 59-
CTCGAATTCTCAAGCGGAAGCTGGGATGGTCA-39) into the BamHI-
EcoRI sites of pKS1/CMV. pCMV-FLAG-Core, encoding the core which was
N-terminally fused with FLAG epitope tag, was constructed by inserting the
amplified core sequences into the BglII-SalI sites of pCMV-Tag1 (Stratagene).
The expression plasmids of truncated core protein were also prepared as de-
scribed above by PCR with pCMV-Core as a template. The oligonucleotides
core-s and 59-TCTGAATTCTCAAGAGCAACCGGGCAGATTCC-39 were
used as primers for pCMV-DCore173, and core-s and 59-ACTGAATTCTCAC
AGGGCCCTGGCAACGCCTC-39 were used for pCMV-DCore151. The result-
ant expression plasmids, pCMV-DCore173 and pCMV-DCore151, encode C-
terminally truncated core proteins in which the C-terminal 18 and 40 aa, respec-
tively, were deleted. pCMV-E1E2, for expression of the C-terminal portion of
core, E1, E2, p7, and C-terminally truncated NS2, was produced by inserting the
EcoRI-HindIII fragment of pN124 (13) into EcoRI-HindIII-digested pKS1/
CMV.

The cDNA fragment of human Bcl-2 was excised from pB4 Bcl-2 (kindly
supplied by Y. Tsujimoto, Osaka University). The EcoRI fragment of pB4 Bcl-2
was inserted into pKS1/CMV, and the Bcl-2 expression plasmid pCMV-Bcl-2
was obtained. The expression plasmid for NF-kB-inducing kinase, pcDNA3-
NIK, was kindly provided by David Wallach (Weizmann Institute of Science,
Rehovot, Israel). The cDNA fragment of human IkB-a was synthesized by
reverse transcription-PCR with mRNA from Jurkat cells as a template. After
reverse transcription with the oligonucleotide primer (59-CAAGTCCATGTTC
TTTCAGC-39), PCR was performed with oligonucleotides 59-ATAGGATCCA
GCTCGTCCGCGCCATGTTC-39 and 59-TTAGGATCCGTTCTTTCAGCCC
CTTTGCA-39 as primers. After digestion with BamHI, the PCR product was
then cloned into the BamHI site of pKS1/CMV. The sequence of the resultant
plasmid, pCMV-IkB, was verified by sequencing. The reporter plasmid, pNF-kB
(Mut)-Luc, was constructed by inserting the synthetic oligonucleotide for the
mutated element of NF-kB binding sequences (51) into the pGL3 promoter vec-
tor (Promega).

Cell culture. HepG2, HeLa, and Saos-2 cells were cultured in Dulbecco’s
modified Eagle medium (Nissui) with 10% fetal bovine serum (FBS) and L-
glutamine. Jurkat cells (a generous gift from S. Yonehara, Kyoto University)
were grown in RPMI 1640 (Nissui) supplemented with 10% FBS. Huh-7 cells
were grown in RPMI 1640 with L-glutamine, lactalbumin, and 2.5% FBS. MCF-7
cells were grown in Eagle’s minimum essential medium with nonessential
amino acids (GIBCO BRL) and 10% FBS.

Transfection of cells. For plasmid transfection into the adherent cells, we used
the FuGENE 6 transfection reagent (Boehringer Mannheim). The DNA trans-
fection procedure for Jurkat cells was performed with SuperFect transfection
reagent (Qiagen). All these experiments were performed essentially according to
the manufacturer’s protocols.

Concentration of cells transiently transfected with the expression plasmids.
We utilized the MACSelect system (Miltenyi Biotec) for specific concentration
of transiently DNA-transfected cells from the heterogeneous cell population.
The concentration of the plasmid-transfected cells was achieved by magnetic
isolation of the cells producing a trypsin resistance cell surface marker, a trun-
cated mouse H-2k molecule, which was expressed from the cotransfected plas-
mid, pMacsKk.

A total of 5 3 106 HepG2 or MCF-7 cells were cotransfected with 7.5 mg of an
expression plasmid together with 2.5 mg of pMacsKk with 15 ml of FuGENE 6.
After 18 h, cells were treated with 0.02% trypsin and dispersed by being pipetted
into single-cell suspensions after addition of trypsin inhibitor. The cells were
resuspended with 600 ml of PBE buffer (phosphate-buffered saline [PBS] sup-
plemented with 0.5% bovine serum albumin and 2 mM EDTA) containing 80 ml
of micromagnetic beads conjugated with a monoclonal antibody against mouse
H-2k and incubated for 15 min at room temperature. Thus, magnetically labeled
cells were recovered by the magnetic separation column. By this procedure, we
collected up to 2 3 105 to 5 3 105 transiently transfected cells and used them for
further analysis. In the case of Jurkat cells, we used the same procedure as
described above without treatment with trypsin.

Evaluation of cell death. Apoptotic cell death was evaluated by determining
the cell viability and caspase activation and by the detection of DNA fragmen-
tation. The cell viability was measured by scoring 200 cells in each experiment,
and the score of viable cell ratio represented the average of three independent
experiments. The cells transfected with several plasmids and concentrated mag-
netically were treated with anti-Fas antibody (CH-11; MBL, Nagoya, Japan) or
recombinant human TNF-a (Sigma). Anti-Fas and TNF-a were used at final
concentrations of 100 and 10 ng/ml, respectively. The minimum concentration of
cycloheximide (CHX) required for anti-Fas-induced apoptosis in HepG2 cells
was determined as a final concentration of 500 ng/ml, which was 1/20 less than
that generally used in the same assay (50). The number of dead cells was counted
as those stained with trypan blue dye within four microscopic fields after 14 or

48 h from the start of anti-Fas or TNF-a treatment, respectively. The apoptotic
cell death was also measured by cell detection enzyme-linked immunosorbent
assay (Boehringer Mannheim) according to the manufacturer’s protocol. This
assay is based on the specific determination of mononucleosomes and oligonu-
cleosomes in the cytoplasmic fraction of apoptosis-induced cells.

Caspase-8 activities in the anti-Fas- or TNF-a-treated cells were examined
with caspase colorimetric protease assay kits for caspase-8 (MBL). The assay was
based on spectrophotometric detection of the chromophore p-nitroanilide after
cleavage from the labeled substrates IETD (Ile-Glu-Thr-Asp) and p-nitroanilide
for caspase-8. The assays were performed according to the manufacturer’s pro-
tocol 3 or 6 h after addition of anti-Fas or TNF-a, respectively. The protein
concentration of the lysates was measured by using the bicinchoninic acid protein
assay reagent (Pierce, Rockford, Ill.).

Reporter plasmid assay. The reporter pNF-kB-Luc vector contained the
NF-kB binding elements upstream of the minimum promoter region driving the
luciferase reporter gene (Stratagene). The luciferase activities in the cells after
treatment or not with anti-Fas or TNF-a for 2 h were measured by a luminom-
eter with a luciferase assay kit (Promega) as recommended by the manufacturer.

Immunoblotting analysis. The preparation of cell lysates, sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis, and immunoblotting analysis
were performed with a polyvinylidene difluoride membrane as described previ-
ously (14). The antibodies used in this experiment were those against HCV core
protein (54) (515S; a generous gift from M. Kohara, Tokyo Metropolitan Insti-
tute of Medical Science), anti-NS5A protein (14), anti-Bcl-2 (MBL), anti-
caspase-8 (MBL), and anti-IkB-a (Santa Cruz). Immunocomplexes on the filters
were detected by enhanced chemiluminescence assay (Renaissance; NEN, Bos-
ton, Mass.). The densitometric analysis of detected protein by immunoblotting
was performed by using a Fluor-S multi-imager (Bio-Rad).

Immunofluorescence. The indirect immunofluorescence experiment was per-
formed as described previously (30). Briefly, HepG2 cells were fixed in 2%
paraformaldehyde for 1 h at room temperature. After being washed twice with
PBS, the fixed cells were permeabilized with 0.05% Triton X-100 for 15 min and
washed with PBS. Then, the cells were incubated with a 1:1,000 dilution of
anti-HCV core monoclonal antibody. After being washed with PBS, the cells
were incubated with rhodamine-conjugated secondary antibody and 49,6-dia-
midino-2-phenylindole (DAPI). After washing, the samples were mounted on
glass slides and observed by fluorescence microscopy.

RESULTS

Selective concentration of plasmid DNA-transfected cells. To
assess the efficiency of the transfection and selective concen-
tration method, two reporter plasmids were used: pEGFP-N1
(Clontech), which was designed to express a green fluorescent
protein in transfected cells; and pCMV-lacZ, for expression of
Escherichia coli b-galactosidase in mammalian cells, the pro-
duction of which can be easily monitored by staining with
X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) in
situ. Compared with other conventional methods, a relatively
high efficiency of plasmid transfection into HepG2 and MCF-7
cells (;10 and ;20%, respectively) was obtained with mini-
mum cytotoxicity with FuGENE 6 in this study. Almost the
same amount of plasmid was likely to be distributed to each
cell, as demonstrated by the intensity of the signals from the
reporter gene product (data not shown). In addition, the ex-
pression levels of transiently transfected plasmids in a single
cell obtained by our procedure were likely to be lower than
those obtained by using a conventional calcium phosphate
technique (data not shown). The SuperFect reagent also pro-
duced efficient transfection in Jurkat cells, although the trans-
fection efficiency remained at 2 to 3%. After concentration by
the magnetic separator, the ratio of transfected cells was mark-
edly increased in each case. We confirmed by the observation
of green fluorescent signals from transfected pEGFP-N1 that
more than 80% of collected cells were usually transfection
positive.

HepG2 cells that produced the whole HCV proteins showed
resistance against Fas-mediated apoptosis. To examine wheth-
er HCV proteins alter the fate of cells in which apoptotic cell
death is induced by anti-Fas, the expression plasmid pCMV-
3010, encoding all HCV proteins, was transfected into HepG2
cells and the enriched fraction of transfected cells was used as
a model of hepatocytes infected by HCV. The production and
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processing of each HCV protein in these cells were confirmed
by immunoblotting analysis (Fig. 1A and data not shown). As
a negative control, pKS1/CMV without any insert was used,
and pCMV-Bcl-2 encoding Bcl-2 protein, a well-known inhib-
itor of apoptosis (43, 46, 52), was used as a positive control.
Fourteen hours after treatment with anti-Fas, the numbers of
viable and dead cells in the enriched population were counted
after trypan blue staining, and the viability of the population
was determined. As shown in Fig. 1B, cell viability of control
HepG2 cells transfected with pKS1/CMV was 23.7% (64.0%
[standard error]). However, the viability of cells transfected
with pCMV-3010 was 35.9% (63.7%) under similar condi-
tions. The HepG2 cells expressing Bcl-2 protein were signifi-
cantly more resistant to anti-Fas-induced cell death (54.3% 6
3.1%) than were the HCV protein-producing cells. No change
in cell viability was observed following treatment with CHX
only or no treatment (data not shown). From these results, we
concluded that HepG2 cells which produced all the proteins of
HCV become resistant to apoptotic cell death induced by anti-
Fas despite the proapoptotic effect of CHX.

HCV core protein protected the cells from Fas- and TNF-
a-mediated apoptotic cell death. To investigate which HCV
protein might have this antiapoptotic effect, cells transfected
with plasmids for expression of several HCV protein units were
treated with anti-Fas after magnetic enrichment of the cells.
First, we examined the effects of HCV structural and nonstruc-
tural protein production in HepG2 cells on the Fas-mediated
apoptosis. As shown in Fig. 1B, cells transfected with pCMV-
980, which is for production of core, E1, E2, p7, and C-termi-
nally truncated NS2, showed resistance to anti-Fas-induced
cytotoxicity (the mean viability was 32.0% 6 5.2%) compared
with control cells. However, the viability of the cells transfected
with pCMV-N729/3010, which produced the C-terminal por-
tion of E2, p7, and all NS proteins of HCV, was the same as
that of negative controls (24.4% 6 1.4%). Then, HepG2 cells
transfected with pCMV-Core or pCMV-E1E2, for production
of the core or E1, E2, p7, and C-terminally truncated NS2,
respectively, were also analyzed to examine the ability of
each protein to resist the effects of anti-Fas (Fig. 1B). In-
creased viability was observed in the cells with core produc-
tion (39.0% 6 3.7%), whereas transfection with pCMV-E1E2
did not confer any protection against anti-Fas-induced cell
death (23.4% 6 1.4%). The suppressive effect of the core on
Fas-mediated apoptosis was also confirmed by measuring the
cytoplasmic histone-associated DNA fragments (Fig. 1C).
Taken together, the decreased sensitivity against Fas-mediated
apoptosis observed in whole-HCV protein-producing HepG2
cells was assumed to be due to the effect of the core protein.

To examine whether the core would also show this antiapo-
ptotic effect in other cell lines, Jurkat cells transfected with
pCMV-Core were assayed as described above except for the
absence of CHX. As shown in Fig. 1D, the Jurkat cells pro-
ducing the core protein also showed higher viability than did
the control cells (42.2% 6 3.6% versus 26.3% 6 1.8%, respec-
tively). Thus, the antiapoptotic effect of the core was observed
in different cell types treated with anti-Fas in either the pres-
ence or the absence of CHX. We also examined the effects
of the core on the TNF-a-mediated apoptotic cell death in
MCF-7 cells. The viability of MCF-7 cells transfected with
pCMV-Core or pKS1/CMV was assessed after 48 h of treat-
ment with TNF-a (Fig. 1D). As observed for HepG2 and
Jurkat cells, MCF-7 cells producing the core also showed a
high cell survival ratio in comparison with that of negative
control cells (68.0% 6 4.1% versus 49.5% 6 2.3%, respective-
ly) against TNF-a-induced apoptosis. We also observed that
expression of other plasmids expressing the HCV open reading

FIG. 1. Effects of HCV protein production on the sensitivity of various cell
lines to Fas- or TNF-a-mediated apoptosis. (A) Production levels of the HCV core
protein in HepG2 cells. HepG2 cells (4 3 105) were transiently transfected with
2.0 mg of pKS1/CMV, pCMV-3010, or pCMV-Core by using 3 ml of FuGENE
6. At 48 h posttransfection, the level of production of the core was analyzed by
SDS-polyacrylamide gel electrophoresis followed by immunoblotting analysis
with anticore antibody. Lane 1, pKS1/CMV; lane 2, pCMV-3010; lane 3, pCMV-
Core. (B) Cell viabilities of HepG2 cells producing various HCV proteins.
HepG2 cells (5 3 106) transfected with 7.5 mg of various HCV protein expression
plasmids and 2.5 mg of pMacsKk were enriched magnetically at 18 h posttrans-
fection. A total of 2 3 105 selected transfectants were propagated for 24 h and
then treated with anti-Fas (100 ng/ml) in the presence of CHX (500 ng/ml) for
14 h. A total of 200 cells were counted after staining with trypan blue in randomly
chosen fields. The cell viabilities are presented as percentages of living cells from
three independent experiments. (C) Suppressive effect on DNA fragmentation of
the core production in HepG2 cells. The enriched HepG2 cells transfected with
pKS1/CMV or pCMV-Core were treated with anti-Fas and CHX for 10 h. Then,
cells were lysed and the supernatant was assayed by a sandwich enzyme-linked
immunosorbent assay system with antihistone and anti-DNA-peroxidase anti-
bodies. The reaction was measured with a microplate reader at a 405-nm wave-
length. (D) Viabilities of Jurkat and MCF-7 cells producing the core protein. A
total of 2 3 106 Jurkat cells were transfected with 1.2 mg of pMacsKk and 3.6 mg
of pKS1/CMV or pCMV-Core with 20 ml of SuperFect reagent and enriched
magnetically at 18 h posttransfection. Then, the collected cells were propagated
for 24 h and treated with 100 ng of anti-Fas per ml for 24 h. MCF-7 cells pro-
ducing the core were also enriched according to the same protocol as that for
HepG2 cells and analyzed after treatment with 10 ng of TNF-a per ml for 48 h.
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frame, pCMV-3010, pCMV-980, pCMV/729-3010, and pCMV-
E1E2, resulted in cellular responses in MCF-7 and Jurkat cells
quite similar to those found for HepG2 cells (data not shown).
The apparent induction of cell death was not observed in
HepG2 and MCF-7 cells after the treatment with TNF-a and
anti-Fas, respectively.

From the above results, we concluded that the core was re-
sponsible for suppressing the apoptotic response mediated by
either Fas or TNF-a in different cell lines.

Caspase-8 activation was suppressed in HCV core protein-
producing cells. It has been suggested that the binding of Fas
ligand to Fas results in the activation of a cascade of caspases
including caspase-8 (FLICE) and caspase-3 (CPP32) (26, 27,
38). Therefore, to determine whether the core affects the
protease cascade, we examined the activation of caspase-8 in
HepG2 cells induced by anti-Fas under conditions of core
production. As shown in Fig. 2B, the activity of caspase-8,
which has been suggested to be located at the most upstream
site in the caspase cascade activated by anti-Fas (6, 9) and
TNF-a (48), was suppressed in the core-producing HepG2
cells after anti-Fas treatment (68.0% of that in negative con-
trols). Furthermore, anti-Fas-induced processing of caspase-8
was diminished in the core-producing HepG2 cells compared
with that in the control cells (Fig. 2A). As observed for HepG2
cells, the activation of caspase-8 induced by TNF-a was also
down-regulated in MCF-7 cells producing the core (55% of the
activity found in negative control cells, respectively). We con-

firmed that no activation of caspase-8 occurred after the mag-
netic concentration of the cells in the absence of anti-Fas or
TNF-a. These results indicated that the core plays a role in the
suppression of caspase activation induced by anti-Fas and
TNF-a in those cell lines and that the suppression was likely to
be achieved upstream of caspase-8 in the caspase cascade.

HCV core protein activates a cellular transcriptional factor,
NF-kB. In HepG2 cells, the antiapoptotic function of the core
was seen in the presence of a very low dose of CHX (500 ng/
ml). However, a higher dose of CHX, 10 mg/ml, which is gen-
erally used in several apoptotic assays, eliminated that ability
of the core despite no significant change in core production
detected by immunoblotting analysis (data not shown). From
these observations, we supposed that the core might protect
the cells from apoptotic cell death in response to anti-Fas
stimulation through a newly synthesized protein(s). Recently,
proteinsynthesis-dependentprotectivemechanismsagainstapo-
ptotic cell death have been reported to be associated with the
activation of NF-kB (2, 4, 5, 45, 47, 48). To determine whether
core production affects NF-kB activity in the cells, a reporter
plasmid assay, in which NF-kB-dependent reporter gene ex-
pression was monitored in the presence or absence of HCV
proteins, was performed with HepG2 cells cotransfected with
pNF-kB-Luc and pCMV-3010, pCMV-Core, and pKS1/CMV
for a negative control or pcDNA3-NIK for a positive control.
As shown in Fig. 3, at 48 h after transfection, we found two-
and threefold augmentation of relative luciferase activities in
whole-HCV protein- and core-producing cells, respectively,
compared to that in the negative control cells. In our experi-
ment, 12-fold augmentation of the luciferase activities in the
positive control cells producing NF-kB-inducing kinase was
found. Furthermore, the treatment of core-producing HepG2
cells with either TNF-a or anti-Fas for 2 h resulted in 22- and
17-fold increases in luciferase activity, respectively, while the
same treatments augmented the reporter activity by about 2- to
5-fold in the negative control cells. This activation of reporter
gene expression was likely to be NF-kB specific for two rea-
sons; one was that the transcription from either reporter plas-
mid which contained the mutated element of NF-kB binding

FIG. 2. Effects of HCV core production on caspase-8 activity after treatment
with anti-Fas or TNF-a. (A) The processing of caspase-8 in response to anti-Fas
in HepG2 cells. HepG2 cells were transfected with pKS1/CMV or pCMV-Core
in combination with pMacsKk. After magnetic concentration, cells were treated
with anti-Fas (100 ng/ml) and CHX (500 ng/ml) for the indicated time. Then, cell
lysates were collected and separated by SDS-polyacrylamide gel electrophoresis
and probed with anti-caspase-8 antibodies after transfer onto the polyvinylidene
difluoride membrane. The relative quantitation of detected proteins by immu-
noblotting by chemiluminescence assay was performed with a Fluor-S multi-
imager, and arbitrary units of each band were indicated. (B) HepG2 and MCF-7
cells transfected with pKS1/CMV or pCMV-Core were enriched and treated
with anti-Fas (100 ng/ml) for 3 h or TNF-a (10 ng/ml) for 6 h, respectively. The
relative activities of caspase-8, measured with the caspase colorimetric protease
assay kit, as described in Materials and Methods, are shown.

FIG. 3. Effects of HCV core production on NF-kB activity with and without
treatment with anti-Fas or TNF-a. HepG2 cells were transfected with 0.5 mg of
pNF-kB-Luc and 1.5 mg of various expression plasmids with 3 ml of FuGENE 6.
At 46 h posttransfection, cells were treated or not with anti-Fas (100 ng/ml) or
TNF-a (10 ng/ml) for 2 h as indicated. A whole-cell lysate was prepared and
assayed for luciferase activity. The data represent the means of the relative
luciferase activities in three independent experiments.
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sequence or cyclic AMP-responsive element was not affected
(data not shown), and another was that exogenous production
of IkB-a, a specific inhibitor of NF-kB, eliminated NF-kB
activation by the core as mentioned below. When the core was
produced in MCF-7 cells, both the basal and TNF-a-induced
levels of NF-kB-dependent transcriptional activities were in-
creased 5- and 15-fold, respectively, compared with that in the
negative control cells (Fig. 4C and data not shown). About
three- to sevenfold enhancement of NF-kB activities was also
observed for Jurkat, Huh-7, Saos-2, and HeLa cells producing
the core (data not shown).

Based on this and the results described above, we concluded
that the core has a function in the activation of NF-kB in all
cell lines examined in this study and that this activation is
synergistically enhanced in HepG2 cells by stimulation with
anti-Fas and in MCF-7 cells by TNF-a, under the apoptosis-
inducing conditions.

C-terminally truncated core had no effect on either NF-kB
activation or suppression of apoptotic cell death. The primary
structure of the final core product after secondary processing
in cells is still unknown. There have been some controversial
reports suggesting that its C-terminal end is located at around
151 or 173 aa based on the results of deletion analysis (21, 35).

It was also shown that the subcellular localization of the core
was shifted from the cytoplasm to the nucleus by these dele-
tions (20, 39). Therefore, to assess what type of core is func-
tional in the suppression of apoptosis, HepG2 cells transfected
with the expression plasmids for the two truncated core pro-
teins, pCMV-DCore173 and pCMV-DCore151, were analyzed
as described above. As shown in Fig. 4A, the molecular sizes of
the cores from pCMV-Core, pCMV-DCore173, and pCMV-
DCore151 were estimated to be similar to those previously re-
ported (54). We also observed differences in subcellular local-
ization of each core product by indirect immunofluorescence
analysis. As shown in Fig. 4B, the core which was designed to
be truncated as a polypeptide of 151 aa was detected mainly in
the nucleus, in contrast to the observation that the core which
was translated as a full-length protein of 191 aa was located
around the perinuclear region in the cytoplasm. In contrast,
the core which was produced primarily as a product of 173 aa
was distributed in the nucleus and perinucleic cytoplasm.

As shown in Fig. 4C (upper panels), the maximal effects
on suppression of the apoptosis induced by anti-Fas and
NF-kB activation were observed for HepG2 cells transfected
with pCMV-Core, whereas the cells producing the C-termi-
nally truncated core of 151 aa showed no resistance against

FIG. 4. Effects of C-terminally truncated core proteins on apoptotic cell death and NF-kB activation in HepG2 and MCF-7 cells. (A) Detection of the core protein
produced in HepG2 cells by immunoblotting analysis. HepG2 cells were transfected with expression plasmids for two types of the C-terminally truncated core protein
as well as full-size core protein as indicated. Then, cells were harvested for immunoblotting analysis 48 h after transfection. Products expressed from pCMV-Core,
pCMV-DCore173, and pCMV-DCore151 are shown. Negative control, cells transfected with pKS1/CMV. The molecular size markers are shown on the left of the panel.
(B) Subcellular localization of core proteins. HepG2 cells were transfected with expression vectors for three types of core constructs, i.e., full length (191 aa), N-terminal
173 aa (DCore173), and N-terminal 151 aa (DCore151) as indicated. After 48 h, the cells were fixed and stained with anticore antibody, and the immunocomplexes were
detected with rhodamine-conjugated secondary antibodies (left panels). The staining of the nucleus by DAPI in the same cells is shown in the right panels. (C)
Antiapoptotic effect and NF-kB activation abilities of the C-terminally truncated core proteins. HepG2 and MCF-7 cells were transfected with 2.5 mg of pMacsKk and
7.5 mg of pKS1/CMV, pCMV-Core, pCMV-DCore173, or pCMV-DCore151. After enrichment, HepG2 and MCF-7 cells were treated with anti-Fas and TNF-a,
respectively (left panels). Cell viabilities were assayed as indicated for Fig. 1. NF-kB activities in HepG2 and MCF-7 cells transfected with expression vectors for three
types of core constructs were assayed as indicated for Fig. 3.
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Fas-mediated apoptosis and no activation of NF-kB. In the
HepG2 cells transfected with pCMV-DCore173, intermediate
effects on both apoptotic cell death and NF-kB activation were
observed. Similar results were obtained for MCF-7 cells trans-
fected with each construct after stimulation with TNF-a (Fig.
4C, lower panels). These results indicated that the ability of
each construct to activate NF-kB paralleled its antiapoptotic
potential. Furthermore, we observed that the FLAG-core con-
struct, in which FLAG tag was fused with the N-terminal end
of the core, showed no antiapoptotic effect and no activation of
NF-kB in spite of the fact that the production level and sub-
cellular localization of this protein were similar to those of the
original when it was produced in HepG2 cells (data not shown).
This may suggest that a certain tertiary structure of the core
which was destroyed by the N-terminal fusion is important for
its biological activities.

The antiapoptotic effects of the core were restrained by in-
hibition of NF-kB activation. The above results suggested that
at least one of the antiapoptotic effects of the core is achieved
through the activation of NF-kB. Therefore, to assess this pos-
sibility, the sensitivity of MCF-7 cells cotransfected with pCMV-
Core and pCMV-IkB against TNF-a-induced apoptotic cell
death was evaluated after magnetic concentration as described
above. As expected, the resistance against apoptosis observed
for MCF-7 cells producing the core was completely abolished
by coproduction of the inhibitor of NF-kB, IkB-a, in the cells
(Fig. 5, middle panels). We also confirmed by reporter plasmid
assay that the NF-kB activity in the cells producing the core
was substantially inhibited by cotransfection of pCMV-IkB
either with or without treatment with TNF-a (Fig. 5, left pan-
els, and data not shown). When apoptotic cell death was in-
duced by anti-Fas, this suppressive effect of IkB-a on the anti-
apoptotic function of the core was also observed for HepG2
cells (Fig. 5, upper panels). In contrast to these two cell lines,
when IkB-a was coproduced in Jurkat cells with the core, the
cell viability after treatment with anti-Fas was only partially
reduced compared with that of the core-producing cells despite
the complete suppression of NF-kB activities (Fig. 5, lower
panels). Thus, the suppressive mechanism of apoptotic signal-
ing by the core was believed to differ in the case of Jurkat cells
from that for HepG2 and MCF-7 cells.

These results indicated that the antiapoptotic function of the
core is dependent on the activation of NF-kB in HepG2 and
MCF-7 cells. Moreover, our results suggested that the activa-
tion of NF-kB contributes to protection from Fas-mediated
apoptosis in certain cells.

DISCUSSION

As part of the defense mechanism of host organisms, cells
infected by viruses are induced to initiate apoptotic cell death
by signals delivered from CTL (25). On the other hand, a num-
ber of viruses have been reported to cause infected cells to
escape from this apoptosis to maintain persistent infection (29,
41). In this study, we investigated the effects of whole HCV
proteins produced in HepG2 cells on Fas-mediated apoptotic
cell death and found that these cells became resistant to apo-
ptosis. These collected cells are likely to be a good model of
HCV-infected cells because all HCV proteins were authenti-
cally produced from a precursor polyprotein encoded in a sin-
gle open reading frame. This antiapoptotic effect of HCV pro-
teins turned out to be a contribution of the core and was seen
for different cell lines treated with anti-Fas or TNF-a. Further-
more, we demonstrated that the antiapoptotic effect of the
core was exerted through enhanced activation of NF-kB, es-
pecially in HepG2 and MCF-7 cells.

Discrepancies regarding the effects of the core on the cellu-
lar apoptotic responses have been reported previously: the
core functions antiapoptotically according to some papers (32,
33) and proapoptotically according to others (34, 56). The rea-
son for the discrepancy among these reports is still unclear. It
may be that the core has bipotential roles in the apoptotic
signaling. This discrepancy may be, however, explained by the

FIG. 5. Coproduced IkB-a down-regulated NF-kB activities and antiapopto-
tic effects in core-producing cells. Combinations of 4.5 mg of pCMV-Core, 4.5 mg
of pCMV-IkB, and 1.5 mg of pMacsKk and pKS1/CMV were transfected into
HepG2 (upper panels) or MCF-7 (middle panels) cells with a total of 10.5 mg of
expression plasmids. In Jurkat cells (lower panels), a total of 2 3 106 cells were
transfected with a total of 4.9 mg of expression plasmids, including 2.1 mg of
pCMV-Core, 2.1 mg of pCMV-IkB, and 0.7 mg of pMacsKk and pKS1/CMV
with 20 ml of SuperFect reagent. After the concentration procedure, HepG2 and
Jurkat cells were treated with anti-Fas and MCF-7 cells were treated with TNF-a
(right panels). Cell viability was assayed as indicated for Fig. 1. HepG2 and
MCF-7 cells were cotransfected with 0.25 mg of pNF-kB-Luc and 0.75 mg of
pCMV-Core, pCMV-IkB, or pKS1/CMV with a total of 1.75 mg of expression
plasmids. In Jurkat cells, a total of 4.9 mg of expression plasmids, including 0.7 mg
of pNF-kB-Luc, and 2.1 mg of pCMV-Core, pCMV-IkB, or pKS1/CMV were
transfected. The luciferase activity was measured as described in the legend to
Fig. 3.
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possibility that it was caused by use of clonally selected per-
manent transfectant cells in the previous studies. As cultured
cell lines are likely to be mixed populations of certain cells, a
clonally selected cell population cannot be certified to have
characteristic features of the parental mixed population. To
decrease the chance of selecting particular cells from mixed
populations, we enriched the transfected cell population mag-
netically. Under these conditions, the cell populations which
were originally sensitive to the apoptosis mediated by Fas or
TNF-a gained the ability to resist such stimuli from the HCV
core protein production. During preparation of the manu-
script, Shrivastava et al. reported that the core suppressed
TNF-mediated NF-kB activation in MCF-7 cells (37). The
discrepancies between our findings and theirs might be derived
from the difference in cells used in the experiments as men-
tioned above. The other difference between transient-transfec-
tion and permanent transfectant systems seems to be the ex-
pression levels of exogenous genes: that is, a relatively higher
level of expression would be expected in the former case.
Furthermore, the production of exogenous proteins, not only
by transient but also by permanent transfection, may cause a
kind of nonspecific stress in the cells. Therefore, to try to
reduce the production level we chose the transfection method
that enabled us to produce a relatively small amount of exog-
enous protein in a single cell but in many cells. Moreover, as
shown in Fig. 1A, HepG2 cells transfected with pCMV-3010, in
which only less than 1/20 of the core production was seen
compared with that for pCMV-Core transfection, also showed
the effects on both suppression of apoptosis and NF-kB acti-
vation. In addition, we found that the production of FLAG-
core fusion protein did not show the above-reported biological
effects at all despite the similarity in expression patterns to that
of the wild-type core protein, including production level.
Taken together, the biological effects of the core reported here
should be attributable to the core-specific function irrespective
of its expression levels.

We showed here that one of the antiapoptotic effects of the
core was exerted through the activation of NF-kB in certain
cells. The fine structure of the core required for its ability to
activate NF-kB is not clear at this time. However, deletion
analysis indicated that at least the C-terminal region of the
core is important for that function. Although a simple expla-
nation for this is that the C-terminal portion of the core forms
the NF-kB activation domain, the real reason seems to be
more complicated. Deletions of the C-terminal hydrophobic
region of the core caused changes of subcellular localization of
those products (Fig. 4). As this region was suggested to act as
a signal peptide for E1 protein of HCV during processing of
the precursor polyprotein (13), this region is likely to function
as a primary topogenic signal of the core for the cytoplasmic
surface of the endoplasmic reticulum. From the nuclear local-
ization of the C-terminal deletion mutants, DCore173 and
DCore151, it is assumed that the decrease in and the loss of
NF-kB activation abilities of these mutants, respectively, are
due to the isolation of these products from cytoplasm by trans-
location into the nucleus. It is well known that the regulation of
NF-kB activation is based on its localization in the cell: NF-kB
is present as an inactive form in the cytoplasm as a complex
with IkB, but when the degradation of IkB is induced via
activation of several protein kinases, for example, IKK-a and
-b, NF-kB translocates into the nucleus as an active form (3,
22). Therefore, it seems reasonable that the core modulates
the pathway for NF-kB activation in the cytoplasm, as do
several other viral proteins (16, 28, 44, 55).

It is still unknown how NF-kB activation by the core leads to
suppression of Fas- and TNF-a-mediated apoptosis. However,

it was recently reported that NF-kB induces a group of gene
products such as TNF receptor-associated factors 1 and 2 and
inhibitor-of-apoptosis proteins 1 and 2, which suppress TNF-
a-mediated apoptosis, and blocks the activation of caspase-8
(48). We have not observed the induction of those factors in
the core-producing cells treated with anti-Fas or TNF-a. How-
ever, it may be possible that the core activating NF-kB acts on
not only the TNF-a- but also the Fas-mediated apoptotic path-
way by a similar mechanism, since we found that the activation
of caspase-8 in anti-Fas- and TNF-a-treated HepG2 and MCF-
7 cells, respectively, was diminished by production of the core.
In contrast to HepG2 and MCF-7 cells, the mechanism of the
suppressive effect on Fas-mediated apoptosis introduced by
the core in Jurkat cells is unknown so far, because this effect
was revealed to be independent of NF-kB activation.

We concluded from our results that HCV core protein in-
hibits the onset of apoptotic cell death, and at least one of the
important pathways for this includes NF-kB activation by the
core. This antiapoptotic effect introduced by the core might be
advantageous for HCV by allowing the host hepatocytes to
survive apoptosis, resulting in sustained infection. Further
studies are necessary to determine the molecular mechanism
by which the core enhances NF-kB activity and to find the
other antiapoptotic pathway mediated by the core indepen-
dently of NF-kB, because this might allow development of
effective strategies for the prevention of chronic sustained viral
infection.
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