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The hepatitis C virus (HCV) core protein is believed to be
one of viral proteins that are capable of preventing virus-
infected cell death upon various stimuli. But, the effect of
the HCV core protein on apoptosis that is induced by
various stimuli is contradictory. We examined the
possibility that the HCV core protein affects the ceramide-
induced cell death in cells expressing the HCV core protein
through the sphingomyelin pathway. Cell death that is
induced by C2-ceramide and bacterial sphingomyelinase
was analyzed in 293 cells that constitutively expressed the
HCV core protein and compared with 293 cells that were
stably transfected only with the expression vector. The
HCV core protein inhibited the cell death that was induced
by these reagents. The protective effects of the HCV core
protein on ceramide-induced cell death were reflected by
the reduced expression of p21WAF1/Cip1/Sid1 and the sustained
expression of the Bcl-2 protein in the HCV core-expressing
cells with respect to the vector-transfected cells. These
results suggest that the HCV core protein in 293 cells plays
a role in the modulation of the apoptotic response that is
induced by ceramide. Also, the ability of the HCV core
protein to suppress apoptosis might have important
implications in understanding the pathogenesis of the
HCV infection.
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Introduction

The Hepatitis C virus (HCV) has been identified worldwide as
a causative agent of non-A, non-B hepatitis (Choo et al.,

1989; Aach et al., 1991), which frequently leads to liver
cirrhosis and hepatocellular carcinoma (Saito et al., 1990; Di-
Bisceglie et al., 1994; Shimotohno, 1995). The details of the
molecular processes that are involved in HCV pathogenesis
are poorly understood. As an enveloped virus, HCV contains a
single-stranded positive-sense RNA genome of approximately
9.5 kilobases (Kato et al., 1990; Inchauspe et al., 1991). The
HCV proteins are initially produced as a precursor protein of
approximately 3010 amino acids, which is cleaved into at
least ten viral proteins (core, E1, E2, p7, NS2, NS3, NS4A,
NS4B, NS5A, and NS5B) by both the cellular and viral
proteases (Hijikata et al., 1991; Grakoui et al., 1993; Lin et
al., 1994; Manabe et al., 1994; Park et al., 2000). The core
and envelope proteins (E1, E2, and p7) are the structural
proteins, while the remainders are nonstructural proteins.

The HCV core protein, as a major component of viral
nucleocapsids consisting of 191 amino acids, is a
multifunctional protein. Previous studies demonstrated that
the HCV core protein is able to regulate many cellular events
by interaction with cellular factors, transcriptional regulation
of various cellular genes, and control of signal transduction
pathways, which may have significant implications in HCV
pathogenesis (reviewed in Ray and Ray, 2001). The HCV core
protein activates the c-myc promoter, Rous sarcoma virus long
terminal repeat, and simian virus 40 early promoter in human
hepatocellular carcinoma cells (Ray et al., 1995). It also
suppresses the promoters for c-fos, p21WAF1/Cip1/Sid1, p53 tumor
suppressor gene, and the human immunodeficiency virus
(HIV) long terminal repeat (Ray et al., 1995; Ray et al., 1997;
Ray et al., 1998). Furthermore, the HCV core protein exerts
its oncogenic property in cooperation with ras oncogene in
either primary rat embryo fibroblasts (Ray et al., 1996) or the
Rat-1 cell line (Chang et al., 1998).

Apoptosis is one of the key elements in the host defense
mechanism against the spread of infectious agents. Upon virus
infection, the host cells produce various substances, such as
TNF-α, INF-γ as a defense mechanism to eliminate virus-

*To whom correspondence should be addressed.
Tel: 82-33-248-2116; Fax: 82-33-256-3420
E-mail: jinpark@hallym.ac.kr



Inhibition of Ceramide-induced Apoptosis by HCV Core 193

infected cells. To escape these cellular responses, many
viruses evolved their gene products to suppress or delay
apoptosis (Teodoro and Branton, 1997). Although the
mechanisms by which HCV establishes viral persistence is
unclear, it is believed that the HCV core protein is one of these
gene products, since it can prevent virus-infected cell death
upon various stimuli. At present, the effect of the HCV core
protein on apoptosis that is induced by various stimuli is
contradictory. The HCV core protein inhibited apoptosis that
was mediated by cisplastin or the inappropriate expression of
c-myc (Ray et al., 1996). The HCV core protein also inhibited
the TNF-α-induced apoptotic cell death of human breast
carcinoma cells (MCF7) (Ray et al., 1998) and HepG2 cells
(Marusawa et al., 1999). On the other hand, the HCV core
protein sensitized the TNF-α-induced apoptosis in murine
BC10ME, HepG2, and HeLa cells (Zhu et al., 1998). In
addition, a recent study showed that the HCV core protein
induced apoptosis in Chinese hamster ovarian cells when
accompanied by an increased expression of p53, p21Wafl, and
Bax (Honda et al., 2000). These discrepancies in the
functional outcome of the HCV core protein in apoptosis may
be due to different cell lines or different stimuli.

Ceramide is a sphingosine-based lipid signaling molecule
that regulates various cellular responses to a variety of
apoptotic stimuli. Diverse kinds of stresses (ultraviolet,
irradiation, heat shock, and hypoxia) and biological factors
(TNF-α, IFN-γ, and Fas antibody) generate cellular ceramide
that is able to induce apoptosis (Hannun, 1996). For example,
TNF-α induces apoptosis and is known to stimulate the
hydrolysis of sphingomyelin to form the lipid mediator,
ceramide (Hannun, 1994). The functional outcome of
ceramide to specific signaling cascades is both stimulus and
cell-type specific. Therefore, ceramide action is determined
within the context of other stimuli and by the subcellular
topology of its production (Kolesnick and Kronke, 1998).

Our research goal was to determine whether the HCV core
protein played a role in ceramide-mediated cell death. We
determined that ceramide itself was able to induce apoptosis
in 293 cells and the effect of the HCV core protein on
apoptosis induced by ceramide. We report here that the core
protein of human hepatitis C virus was able to protect 293
cells from apoptotic death that was induced by ceramide. The
rescue from apoptosis by the HCV core was reflected by the
reduced expression of p21 and the sustained expression of the
Bcl-2 protein in the HCV core-expressing cells.

Materials and Methods

Materials The chemicals were obtained from the Sigma
Chemical Co. (St. Louis, USA). N-Acetyl-D-sphingosine (C2-
ceramide) was prepared as a stock solution in ethanol and diluted to
working concentrations with a culture medium. Bacterial
sphingomyelinase from streptomyces sp. was solubilized in a
culture medium.

Cell culture and stable cell lines expressing the HCV core
protein The human embryonic kidney (HEK) 293 cells were
grown in Dulbecco’s modified Eagle’s medium that was
supplemented with 10% fetal bovine serum (FBS). The pcDEF-
core plasmid, which contained the full-length HCV core gene
downstream of the human elongation factor 1α (EF) promoter, was
constructed as previously described (Park et al., 2001). Briefly, the
HCV core-encoding region (aa 1-191) of genotype 1b was
amplified by PCR using the Korean isolate of HCV (Cho et al.,
1993). The HCV core gene was flanked with BamHI sites and
inserted into the corresponding site of the pcDEF plasmid
(Matsumoto et al., 1997). To obtain stable cells that expressed the
HCV core protein, the pcDEF-core was transfected into the HEK
293 cells by the calcium phosphate method. The HEK 293 cell
lines, containing either the pcDEF control or pcDEF-core plasmid,
were selected in the presence of 0.5 mg/ml of G418 (Life
Technologies Inc., Rockville, USA) by single-cell dilution (Park et
al., 2001). The positive clones were identified by Western blot
analysis using either a rabbit anti HCV core antibody (Lo et al.,
1995) or a HCV patients’ sera. Both cell types were maintained
under 0.5 mg/ml of G418 (Kim et al., 2002).

Cell viability Cell viability was measured using trypan-blue
exclusion methods (Kim et al., 2001). Stably-transfected cells were
treated with C2-ceramide or bacterial sphingomyelinase for the
indicated periods. The cells were harvested from wells and pelleted
at 300 × g for 10 min, then resuspended in phosphate-buffered
saline (PBS). A 0.4% solution of trypan-blue was added to the cells
and the trypan-blue stained cells were counted with the aid of a
hemacytometer.

Analysis of DNA fragmentation The cell lysate was prepared by
lysing the cells in a solution containing 0.5% SDS, 100 mM EDTA,
10 mM Tris-HCl (pH 8.0), 20 µg of RNase A per ml, and 100 µg of
protease K per ml, then incubated at 37oC for 1 h with gentle
shaking. The DNA was then extracted twice with phenol/
chloroform and precipitated in ethanol. The DNA was
electrophoresed on an 1.4% agarose gel. The gel was stained with
ethidium bromide and photographed under UV light (Shim et al.,
2002).

Cell extract preparation and Western blot analysis The cell
extract was prepared by incubation with the lysis buffer (125 mM
Tris-HCl, pH 6.8, 2% SDS, 10% (v/v) glycerol) at 4oC for 30 min
(Lee et al., 2002). The protein concentration was determined by
Bradford’s method using bovine serum albumin as a standard
(Bradford, 1976). Fifty µg of protein were electrophoresed in a
10% sodium dodecyl sulfate-polyacrylamide gel. The proteins were
then electrotransferred to a nitrocellulose membrane, which was
then blocked with 10% dry milk in PBS. The membrane was
probed with primary antibodies, followed by incubation with
horseradish peroxidase-conjugated secondary antibodies. The
bound antibodies were then visualized by enhanced
chemiluminescence according to the manufacturer’s instructions
(ECL; Amersham, Piscataway, USA). For detection of the HCV
core protein, the membrane was probed with pooled sera from
HCV-infected patients, followed by incubation with horseradish
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peroxidase-conjugated anti-human immunoglobulin G (Sigma
Chemical Co., dilution 1 : 10,000). For detection of the cellular
proteins, primary antibodies against procaspase-3 (rabbit polyclonal
antibody), PARP (mouse monoclonal antibody, Biomol, Plymouth
Meeting, USA), Bcl-2 (mouse monoclonal antibody, Santa Cruz
Biotechnology, Santa Cruz, USA), p53 (mouse monoclonal
antibody, Santa Cruz Biotechnology), and p21 (mouse monoclonal
antibody, Pharmingen, San Diego, USA) were used.

Results

Analysis of HCV core protein expressed in the HEK 293
cells Human embryonic kidney 293 cells were stably
transfected with a plasmid vector containing the cDNA of the
core gene from the Korean isolate of HCV under the control
of the human elongation factor 1α promoter (Cho et al.,
1993). The expression of the HCV core protein in the stably-
transfected 293 cells was analyzed by Western blotting (Fig.
1). The proteins, separated by SDS-PAGE, were transferred to
a nitrocellulose membrane by electroblotting, and followed by
incubation with pooled sera from HCV-infected patients. In
the 293 cells, expressing the HCV core protein, the p21 core
protein was evident, while no HCV specific protein was
detected from the cells that were stably transfected with the
control vector without the HCV core open-reading frame.
Previously, we reported that the HCV core protein potentiates
c-Jun N-terminal kinase activation through a signaling
complex that involves TRADD and TRAF2 in the 293 cell

lines expressing the HCV core that were used in this study
(Park et al., 2001).

Effect of C2-ceramide and exogenous SMase on cell death
of the 293 cell lines The effect of the HCV core protein on
ceramide-induced cell death was analyzed in the 293 cells that
constitutively expressed the HCV core protein. The cells were
treated with C2-ceramide at increasing concentrations and the
number of dead cells was determined after 24 h of treatment
(Fig. 2A). Ceramide caused cell death of the control 293 cells
in a dose-dependent manner. In the control cells that were
treated with 50 µM C2-ceramide for various periods, time-
dependent cell death was observed (Fig. 2B). However,
ceramide-mediated cell death was significantly reduced in the
293 cells that expressed the HCV core protein (Figs. 2A and
B). The effects that were caused by ceramide were similarly
determined by the administration of bacterial
sphingomyelinase, which is known to generate the lipid second
messenger ceramide (Figs. 3A and B). Cell death that was
induced by the sphingomyelinase treatment was significantly
inhibited in the cells that expressed the HCV core protein as
compared to the control cells. These data demonstrate that the
expression of the HCV core protein is able to rescue cells from
cell death that is induced by ceramide.

Fig. 1. Expression of the HCV core protein in the stably-
transfected 293 cells. The cell lysates were prepared from stably-
transfected 293 cells. The total proteins were electrophoresed in
10% sodium dodecyl sulfate gels. The expression of the HCV
core proteins in the stably-transfected 293 cells was analyzed by
Western blot using a mouse anti-HCV core antibody. Lane 1,
cells transfected with control vector; lane 2, cells transfected with
HCV core-expressing vector.

Fig. 2. Effect of HCV core protein expression on cell death
induced by C2-ceramide. (A) The stably-transfected 293 cells
were incubated with various concentrations of C2-ceramide for
24 h. Cell death was measured by trypan blue exclusion
methods. (B) The cells were incubated with 50 µM C2-ceramide
in a complete medium for various times, and cell death was
measured as indicated in Materials and Methods. �, cells
transfected with control vector; � , cells transfected with HCV
core-expressing vector. The results are presented as mean ± SD
in triplicate, and the bar represents the standard deviation.
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Analysis of apoptotic cell death induced by ceramide in
the 293 cell lines expressing the HCV core
protein Apoptotic cell death was evaluated by the detection
of DNA fragmentation. The DNA that was extracted from the
C2-ceramide-treated cells was analyzed by agarose gel
electrophoresis (Fig. 4A). As shown, exposure of the control
cells to 50 µM C2-ceramide for 24 h resulted in a classical
pattern of DNA fragmentation which is typical of apoptotic
cell death. However, the DNA fragmentation that was induced
by C2-ceramide was markedly reduced in the 293 cells that
expressed the HCV core protein. A similar pattern of
suppressive effect on DNA fragmentation that was induced by
500 mU bacterial sphingomyelinase was obtained in the 293
cells that expressed the HCV core protein when compared to
the control cells (data not shown). These results indicate that
expression of the HCV core protein alters the cell death
process that is induced by ceramide, suggesting a role of the
HCV core protein in apoptosis that is induced by ceramide.

To further investigate the effect of the HCV core protein on
the apoptotic signaling pathway, activation of the caspase-3
and Bcl-2 expression were analyzed in the control 293 cells
and the 293 cells expressing the HCV core protein (Fig. 4B).
Treatment of the control cells with C2-ceramide (50 µM and

100 µM) for 4 h resulted in a gradual decrease in the level of
precursor pro-caspase-3 in a dose-dependent manner.
However, the pro-caspase-3 level was not significantly
reduced in the 293 cells that expressed the HCV core protein.
A similar inhibitory effect of the HCV core protein on the
activation of caspase-3 was observed in the HCV core-
expressing 293 cells that were induced by 500 mU bacterial
sphingomyelinase (data not shown). Next, we determined the
Bcl-2 protein level, which regulates the apoptotic cascade and
protects the cells from apoptosis. In the control cells that were
treated with C2-ceramide, the Bcl-2 protein level decreased in
a dose-dependent manner (Fig. 4B). However, the Bcl-2
protein level was not significantly reduced in the 293 cells that
expressed the HCV core protein under the same experimental
conditions. These results, therefore, suggest that the HCV core
protein inhibits pro-caspase-3 activation and sustains the Bcl-2
protein level in the cells that are treated with ceramide.

Effect of C2-ceramide on the p53 and p21 protein
expressions in the 293 cell lines Previous studies reported
that the HCV core protein can regulate the transcriptional
machinery of diverse cellular and viral genes (Ray and Ray,
2001). For example, the HCV core protein is able to repress

Fig. 3. Effect of HCV core protein expression on cell death
induced by bacterial sphingomyelinase. (A) The cells were treated
with bacterial sphingomyelinase at increasing concentrations, and
the number of dead cells was determined after 24 h of treatment.
(B) The effects caused by ceramide were similarly determined by
the administration of 500 mU bacterial sphingomyelinase for
various times. �, cells transfected with the control vector; �,
cells transfected with the HCV core-expressing vector. Smase,
bacterial sphingomyelinase. The results are presented as
mean ± SD in triplicate, and the bar represents the standard
deviation.

Fig. 4. Biochemical analysis of cell death induced by C2-
ceramide in the stably-transfected 293 cells. (A) The stably-
transfected 293 cells were incubated with 50 µM ceramide for 24
h. Fragmentation of the DNA that was extracted from the cells
was analyzed by agarose gel electrophoresis. (B) The stably-
transfected 293 cells were incubated with various concentrations
of C2-ceramide for 4 h. The extracts that were prepared from the
cells were analyzed by Western blot using a mouse anti-Bcl-2 or
-caspase 3 antibody. M, HindIII-digested Lamda DNA marker; V,
control vector-transfected cells; C, HCV core-expressing cells.
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the p21 and p53 promoter activities (Ray et al., 1997; Ray et
al., 1998). Since p53 and p21 participate in apoptosis, we
examined the effect of the HCV core protein on the p53 and
p21 expressions during apoptosis that is induced by ceramide
in the 293 cells. A Western blot analysis showed that
treatment of the 293 cells with C2-ceramide did not change the
p53 protein level in the 293 cells that expressed the HCV core
protein, regardless of the HCV core protein expression (Fig.
5). However, treatment of the 293 cells that expressed the
HCV core protein with C2-ceramide reduced the p21 protein
expression, while the level of p21 expression in the control
cells evidently increased under the same conditions (Fig. 5).
These results suggest that the inhibitory effect of the HCV
core protein on ceramide-induced apoptosis is partially
mediated by the suppression of the p21 expression in a p53-
independent manner.

Discussion

Although the Hepatitis C virus (HCV) is worldwide the major
cause of non-A, non-B hepatitis, which often leads to liver
cirrhosis and hepatocellular carcinoma, the molecular
mechanism of HCV pathogenesis still remains largely
unknown (Saito et al., 1990; Di-Bisceglie et al., 1994;
Shimotohno, 1995). The HCV core protein, which is involved
in the HCV infection and pathogenesis, regulates various
cellular processes, including apoptosis and cell growth (Ray
and Ray, 2001). Since apoptosis is one of the key elements in
the host defense against viral infections, it is believed that the
inhibition of apoptosis in virus-infected cells may be a major
mechanism of viral persistence, which is further required for
malignant transformation. Upon virus infection, the cells
produce inflammatory cytokines, such as interleukin-1α and
TNF-α, as a defense mechanism to eliminate virus-infected
cells. Inflammatory cytokines (such as interleukin-1α and
TNF-α, environmental stresses including UV, heat shock, and
oxidative stress) are known to induce ceramide generation

which results in apoptotic cell death (Hannun, 1996).
However, the HCV core protein may protect the virus-infected
cell by suppressing ceramide-induced cell death in the HCV
core-expressing cells. In this way, the HCV core protein may
facilitate viral persistence during HCV infection. The
molecular mechanisms and cascade that lead to apoptosis
vary, depending on the cause of apoptosis. Therefore, we
analyzed the ability of the HCV core protein to modulate
ceramide-induced apoptosis. In this experiment, the
production of intracellular ceramide was achieved by
metabolic manipulation of ceramide levels, such as the
addition of bacterial sphingomyelinase or C2-ceramide, which
is a cell-permeable ceramide analog. C2-ceramide- and
sphingomyelinase-mediated cell death was significantly
reduced in the 293 cells that expressed the HCV core protein
when compared to the control cells (Figs. 2 and 3). The
protective effect of the HCV core protein on ceramide-
induced cell death was confirmed by measuring DNA
fragmentation, which served as a marker for apoptotic cell
death (Fig. 4).

Although previous studies reported that the HCV core
exerted a suppression of apoptosis, induced by various stimuli
including cisplatin or the inappropriate overexpression of c-
myc (Ray et al., 1996), the exact mechanism was not
elucidated. We investigated the effect of the HCV core protein
on the activation of the caspase-3 and Bcl-2 expressions that
are induced by ceramide in the stably-transfected 293 cells.
The inhibitory effects of the HCV core protein on the
activation of caspase-3 induced by C2-ceramide (Fig. 4B) or
bacterial sphingomyelinase (data not shown) were observed in
the HCV core-expressing 293 cells when compared to the
control cells. In addition, the Bcl-2 protein level was not
significantly reduced in the 293 cells that expressed the HCV
core protein under the same experimental conditions. The Bcl-
2 protein regulates the apoptotic cascade and protects cells
from apoptosis. Therefore, the sustained level of the Bcl-2
protein may be the possible mechanism by which the HCV
core protein suppresses ceramide-induced apoptosis.

The tumor suppressor proteins, p53 and p21Wafl, which is
one of p53 downstream mediators, were then analyzed in the
stably-transfected 293 cells. The p53 expression level was
unchanged by treatment at increasing concentrations of
ceramide in the 293 cells that either expressed or did not
express the HCV core protein (Fig. 5). A previous study
reported that the HCV core protein can repress p53 promoter
activity (Ray et al., 1997). This result is inconsistent with
ours; in the HCV core-expressing cell lines, the p53 levels
were unaffected by the expression of the HCV core protein.
The reason for this discrepancy is currently unknown. On the
other hand, the p21 expression level in the control cells was
evidently increased by the ceramide treatment. Although the
p21 activity can be transcriptionally regulated by the p53
tumor suppressor protein, its induction can also be activated in
a p53-independent manner. During ceramide-mediated
apoptosis in human hepatocarcinoma cells, p21 was induced

Fig. 5. Effect of C2-ceramide on the p53 and p21 protein
expressions in the stably-transfected 293 cells. The 293 cells
were incubated for the indicated times in the presence of 100
µM C2-ceramide. The extracts that were prepared from the cells
were analyzed by Western blot using either mouse anti-p53, anti-
p21, or anti-actin antibodies.
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in a p53-independent manner (Oh et al., 1998; Kim et al,
2000). However, under the same conditions, the p21 protein
expression level was barely detectable during the periods they
were treated with C2-ceramide in the 293 cells that expressed
the HCV core protein (Fig. 5). This result suggests that
apoptosis that is induced by ceramide is mediated by the
increased p21 activity in a p53-independent manner.
Therefore, the inhibitory effect of the HCV core protein on
ceramide-induced apoptosis appears to be partially mediated
through the suppression of the p21 protein expression in a
p53-independent manner. Previous studies reported that the
HCV core protein was able to repress the p21 expression
transcriptionally as well as post-transcriptionally (Ray et al.,
1998; Yoshida et al., 2001).

These results indicate that the expression of the HCV core
protein is able to alter the processes of apoptotic cell death
that is induced by ceramide. Thus, our studies implicate that
the ability of the HCV core protein to modulate various
signaling pathways may play an important roles in
determining the cell fate upon various stimuli. It is plausible
that the elucidation of the protein expression profiling that is
related to the apoptotic processes in the HCV-infected cells
could lead to a better understanding of the mechanism by
which the HCV core exerts its suppressive effect on ceramide-
induced cell death. Therefore, our results demonstrate that the
HCV core protein suppresses the ceramide-induced apoptosis
by inhibiting p21 activation and sustaining the Bcl-2 level.
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