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We previously reported that cells harboring the hepatitis C virus (HCV) RNA replicon as well as those
expressing HCV NS3/4A exhibited increased sensitivity to suboptimal doses of apoptotic stimuli to undergo
mitochondrion-mediated apoptosis (Y. Nomura-Takigawa, et al., J. Gen. Virol. 8§7:1935-1945, 2006). Little is
known, however, about whether or not HCV infection induces apoptosis of the virus-infected cells. In this study,
by using the chimeric J6/JFH1 strain of HCV genotype 2a, we demonstrated that HCV infection induced cell
death in Huh7.5 cells. The cell death was associated with activation of caspase 3, nuclear translocation of
activated caspase 3, and cleavage of DNA repair enzyme poly(ADP-ribose) polymerase, which is known to be
an important substrate for activated caspase 3. These results suggest that HCV-induced cell death is, in fact,
apoptosis. Moreover, HCV infection activated Bax, a proapoptotic member of the Bcl-2 family, as revealed by
its conformational change and its increased accumulation on mitochondrial membranes. Concomitantly, HCV
infection induced disruption of mitochondrial transmembrane potential, followed by mitochondrial swelling
and release of cytochrome ¢ from mitochondria. HCV infection also caused oxidative stress via increased
production of mitochondrial superoxide. On the other hand, HCV infection did not mediate increased expres-
sion of glucose-regulated protein 78 (GRP78) or GRP94, which are known as endoplasmic reticulum (ER)
stress-induced proteins; this result suggests that ER stress is not primarily involved in HCV-induced apoptosis
in our experimental system. Taken together, our present results suggest that HCV infection induces apoptosis

of the host cell through a Bax-triggered, mitochondrion-mediated, caspase 3-dependent pathway(s).

Hepatitis C virus (HCV) often establishes persistent infec-
tion to cause chronic hepatitis, liver cirrhosis, and hepatocel-
lular carcinoma, which is a significant health problem around
the world (56). Although the exact mechanisms of HCV patho-
genesis, such as viral persistence, liver cell injury, and carcino-
genesis, are not fully understood yet, an accumulating body of
evidence suggests that apoptosis of hepatocytes is significantly
involved in the pathogenesis of HCV (1, 2, 9). It is widely
accepted that apoptosis of virus-infected cells is an important
strategy of the host to protect itself against viral infections.
Apoptotic cell death can be mediated either by the host im-
mune responses through the function of virus-specific cytotoxic
T lymphocytes and/or by viral proteins themselves that trigger
an apoptotic pathway(s) of the host cell.

Apoptotic pathways can be classified into two groups: the
mitochondrial death (intrinsic) pathway and the extrinsic cell
death pathway initiated by the tumor necrosis factor (TNF)
family members (31, 63). Mitochondrion-mediated apoptosis is
initiated by a variety of apoptosis-inducing signals that cause
the imbalance of the major apoptosis regulator, the proteins of
the Bcl-2 family, such as Bcl-2, Bax, and Bid. For example, the
proapoptotic protein Bax accumulates on mitochondria after
being activated and triggers an increase in the permeability of

* Corresponding author. Mailing address: Division of Microbiology,
Kobe University Graduate School of Medicine, 7-5-1 Kusunoki-cho,
Chuo-ku, Kobe 650-0017, Japan. Phone: 81-78-382-5500. Fax: 81-78-
382-5519. E-mail: hotta@kobe-u.ac.jp.

¥ Published ahead of print on 3 September 2008.

the outer mitochondrial membrane. Consequently, the mito-
chondria release cytochrome ¢ and other key molecules that
facilitate apoptosome formation to activate caspase 9. This, in
turn, activates downstream death programs, such as caspase 3
and poly(ADP-ribose) polymerase (PARP). The mitochondria
also release apoptosis-inducing factor and endonuclease G to
facilitate caspase-independent apoptosis. On the other hand,
the extrinsic cell death pathway involves the activation of
caspase 8 through binding to the adaptor protein Fas-associ-
ated protein with death domain (FADD), which in turn acti-
vates caspase 3 to facilitate cell death.

There have been many studies regarding the HCV protein(s)
that is directly involved in apoptosis, identifying the protein as
either proapoptotic or antiapoptotic, and some data are incon-
sistent. For example, core (5, 13, 36, 73), E1 (15, 16), E2 (12),
NS3 (48), NS4A (43), and NS5A and NS5B (57) have been
reported to induce apoptosis. On the other hand, there are
reports showing that core (40, 49, 51), E2 (35), NS2 (21), NS3
(58), and NS5A (33, 67) function as antiapoptotic proteins.
However, whether the virus as a whole is proapoptotic or
antiapoptotic needs to be studied in the context of virus rep-
lication, which is believed to be much more dynamic than mere
expression of a viral protein(s).

We previously reported that replication of an HCV RNA
replicon rendered the host cell prone to undergoing mitochon-
drion-mediated apoptosis upon suboptimal doses of apoptosis-
inducing stimuli (43). Recently, an efficient virus infection sys-
tem using a particular clone of HCV genotype 2a and a highly
permissive human hepatocellular carcinoma-derived cell line
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has been developed (37, 38, 66, 71). In this study, by using the
virus infection system, we examined the possible effect of HCV
infection on the fate of the host cell. We report here that HCV
infection induces apoptosis via the mitochondrion-mediated
pathway, as demonstrated by the increased accumulation of
the proapoptotic protein Bax on the mitochondria, decreased
mitochondrial transmembrane potential, and mitochondrial
swelling, which result in the release of cytochrome ¢ from the
mitochondria and the activation of caspase 3.

MATERIALS AND METHODS

Cells. The Huh7.5 cell line (6), a highly HCV-susceptible subclone of Huh7
cells, was a kind gift from C. M. Rice, Center for the Study of Hepatitis C, The
Rockefeller University. The cells were propagated in Dulbecco’s modified Eagle
medium supplemented with 10% heat-inactivated fetal bovine serum and 0.1
mM nonessential amino acids.

Virus. The virus stock used in this study was prepared as described below. The
pFL-J6/JFH1 plasmid, encoding the entire viral genome of a chimeric strain of
HCV genotype 2a, J6/JFH1 (37), was kindly provided by C. M. Rice. The plasmid
was linearized by Xbal digestion and in vitro transcribed by using T7 RiboMAX
(Promega, Madison, WI) to generate the full-length viral genomic RNA. The in
vitro-transcribed RNA (10 pg) was transfected into Huh7.5 cells by means of
electroporation (975 wF, 270 V) using Gene Pulser (Bio-Rad, Hercules, CA).
The cells were then cultured in complete medium, and the supernatant was
propagated as an original virus (J6/JFH1-passage 1 [J6/JFH1-P1]). Since the
infectious titer of the original virus was not high enough for infection of all the
cells in the culture at once, an adapted strain of the virus was obtained by
passaging the virus-infected cells 47 times. The adapted virus (J6/JFH1-P47),
which is a pool of adapted mutants, possesses 10 amino acid mutations
(K78E, T396A, T416A, N534H, A712V, Y852H, W879R, F2281L, M2876L.,
and T2925A) and a single nucleotide mutation in the 5'-untranslated region
(U146A) and produces a much higher titer of infectivity in Huh7.5 cell cultures
than the original J6/JFH1-P1 (our unpublished data). Virus infection was per-
formed at a multiplicity of infection of 2.0. Culture supernatants of uninfected
cells served as a control (mock preparation).

Virus infectivity was measured by indirect immunofluorescence analysis, as
described below, and expressed as cell-infecting units/ml.

Cell viability/proliferation assay. Huh7.5 cells were seeded in 96-well plates at
a density of 1.0 X 10* cells/well and cultured overnight. The cells were then
infected with the virus or the mock preparation, and, at different time points, cell
viability/proliferation was determined by the WST-1 assay (Roche, Mannheim,
Germany), as described previously (43).

Detection of apoptosis. The degree of apoptosis was measured by using a Cell
Death Detection ELISAP™™ kit (Roche), which is based on the determination of
cytoplasmic histone-associated DNA fragments, according to the manufacturer’s
protocol. In brief, cells cultured in a 96-well plate were centrifuged at 200 X g for
10 min at 4°C to remove the supernatant. After the cells were lysed with lysis
buffer, the plate was centrifuged at 200 X g for 10 min to separate the cytoplasmic
and nuclear fractions. Twenty microliters of supernatant was placed in each well
of a streptavidin-coated 96-well plate. Subsequently, a mixture of biotin-labeled
anti-histone antibody and peroxidase-labeled anti-DNA antibody was added and
wells were incubated for 2 h at room temperature. After wells were washed three
times to remove the unbound components, peroxidase activities were determined
photometrically with 2,2'-azino-diethyl-benzthiazolin sulfonate as a substrate
and measured by using a microplate reader (Bio-Rad).

Caspase enzymatic activities. Activities of caspase 3, 8, and 9 were measured
by using Caspase-Glo 3/7, 8, and 9 assays (Promega), respectively, according to
the manufacturer’s instructions. In brief, a proluminescence caspase 3/7, 8, or 9
substrate, which consists of aminoluciferin (substrate for luciferase) and the
tetrapeptide sequence DEVD, LETD, or LEHD (cleavage site for caspase 3/7, 8,
or 9, respectively), was added to cultured cells in each well of a 96-well plate, and
the plate was incubated for 30 min at room temperature. In the presence of
caspase 3/7, 8, or 9, aminoluciferin was liberated from the proluminescence
substance and utilized as a substrate for the luciferase reaction. The resultant
luminescence in relative light units was measured by using a Luminescencer-JNR
AB-2100 (Atto, Tokyo, Japan).

Cell fractionation. Cells were fractionated by using a mitochondrial isolation
kit (Pierce, Rockford, IL), according to the manufacturer’s instructions. Briefly,
2 X 107 cells were harvested and suspended in reagent A containing a protease
inhibitor cocktail (Roche). The cell suspension was mixed with buffer B, vortexed
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for 5 min, and then mixed with reagent C. The nuclei and unbroken cells were
removed by centrifugation at 700 X g for 10 min at 4°C, and the supernatant was
used as cell lysate. The cell lysate was further centrifuged at 3,000 X g for 15 min
at 4°C. The pellet obtained, which was considered the mitochondrial fraction,
was washed once with reagent C and dissolved in a lysis buffer containing 10 mM
Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% NP-40, and a protease
inhibitor cocktail. The remaining supernatant was further centrifuged at 100,000 X
g for 30 min at 4°C, and the resultant supernatant was collected as a cytosolic
fraction.

To verify successful mitochondrial fractionation, the cytosolic and mitochon-
drial fractions were analyzed by immunoblotting, as described below, using
antibody against Tim23, a mitochondrion-specific protein.

Analysis of the mitochondrial transmembrane potential. The mitochondrial
transmembrane potential was measured by flow cytometry using the cationic
lipophilic green fluorochrome rhodamine 123 (Rho123; Sigma, St. Louis, MO),
as described previously (43). Briefly, cells (7 X 10°) were harvested, washed twice
with phosphate-buffered saline (PBS), and incubated with Rho123 (0.5 wg/ml) at
37°C for 25 min. The cells were then washed twice with PBS, and Rho123
intensity was analyzed by a flow cytometer (Becton Dickinson, San Jose, CA). A
total of 10,000 events were collected per sample. Mean fluorescence intensities
were measured by calculating the geometric mean for each histogram peak.

Detection of morphological changes of the mitochondria. Mitochondrial mor-
phology was analyzed by two different methods. (i) For fluorescence micros-
copy, Huh7.5 cells seeded on glass coverslips in a 24-well plate were incu-
bated for 30 min at 37°C with 100 nM MitoTracker (Molecular Probes,
Eugene, OR). After being washed twice with PBS, the cells were fixed with
3.7% paraformaldehyde and observed under a confocal laser scanning mi-
croscope (Carl Zeiss, Oberkochen, Germany). When needed, the fixed cells
were subjected to indirect immunofluorescence to confirm HCV infection, as
described below. (ii) Electron microscopy was performed as described pre-
viously (23, 43). In brief, cells were fixed with 4% paraformaldehyde and 0.2%
glutaraldehyde for 30 min at room temperature. After being washed with
PBS, the cells were collected, dehydrated in a series of 70%, 80%, and 90%
ethanol, embedded in LR White resin (London Resin, Berkshire, United
Kingdom), and kept at —20°C for 2 days to facilitate resin polymerization.
After ultrathin sectioning, samples were etched in 3% H,0O, for 5 min at
room temperature and washed with PBS. Sections were stained with uranyl
acetate and lead citrate and observed under a transmission electron micro-
scope (JEM 1299EX; JOEL, Tokyo, Japan).

Detection of mitochondrial superoxide. Cells seeded on glass coverslips in a
24-well plate were incubated with 5 pM MitoSOX Red (Molecular Probes) at
37°C for 10 min. After being washed with warm Hanks’ balanced salt solution
with calcium and magnesium (Invitrogen, Carlsbad, CA), the cells were fixed
with 3.7% paraformaldehyde and observed under a confocal laser scanning
microscope (Carl Zeiss). When needed, the fixed cells were subjected to indirect
immunofluorescence to confirm HCV infection, as described below.

Indirect immunofluorescence. Cells seeded on glass coverslips in a 24-well
plate at a density of 6 X 10* cells/well were infected with HCV or left uninfected.
At different time points after virus infection, the cells were fixed with 3.7%
paraformaldehyde in PBS for 15 min at room temperature and permeabilized in
0.1% Triton X-100 in PBS for 15 min at room temperature. After being washed
with PBS twice, cells were consecutively stained with primary and secondary
antibodies. Primary antibodies used were anti-active caspase 3 rabbit polyclonal
antibody (Promega) and an HCV-infected patient’s serum. Secondary antibodies
used were Cy3-conjugated donkey anti-rabbit immunoglobulin G (IgG; Chemi-
con, Temecula, CA), Alexa Fluor 594-conjugated goat anti-human IgG (Molec-
ular Probes), and fluorescein isothiocyanate (FITC)-conjugated goat anti-human
1gG (MBL, Nagoya, Japan). The cells were washed with PBS, counterstained
with Hoechst 33342 solution (Molecular Probes) at room temperature for 10
min, mounted on glass slides, and observed under a confocal laser scanning
microscope (Carl Zeiss). The specificity of this immunostaining was confirmed by
using mouse monoclonal antibody against HCV core protein (C7-50; Abcam,
Tokyo, Japan).

To analyze the possible localization of the activated Bax on mitochondrial
membranes, cells were incubated with MitoTracker and subjected to immu-
nofluorescence analysis using rabbit polyclonal antibody against activated Bax
(NT antibody; Upstate, Lake Placid, NY). This antibody is directed toward
N-terminal residues 1 to 21 of Bax in an N-terminal conformation-dependent
manner and specifically recognizes the active form of Bax, in which this
segment is exposed in response to apoptotic stimuli (64).

Immunoblotting. Cells were lysed in a buffer containing 10 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% NP-40, and a protease inhibitor
cocktail (Roche). After two freeze-thaw cycles, cell debris was removed by
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FIG. 1. HCV infection induces apoptosis in Huh7.5 cells. (A) Virus infectivity in the culture supernatants of HCV-infected cells. (B) Detection
of HCV antigens in the cells. Huh7.5 cells mock inoculated or inoculated with HCV were subjected to indirect immunofluorescence analysis to
detect HCV antigens (red staining) using an HCV-infected patient’s serum and Alexa Fluor 594-conjugated goat anti-human IgG at 2, 4, and 6
days postinfection (dpi). Nuclei were counterstained with Hoechst 33342 (blue staining). Scale bar, 50 wm. (C) Cell viability/proliferation was
measured for HCV-infected cultures and the mock-inoculated controls. Proliferation of the control cells at day 0 postinfection was arbitrarily
expressed as 1.0. Data represent means * standard deviations (SD) of three independent experiments. *, P < (.01, compared with the control.
(D) DNA fragmentation was measured as an index of apoptotic cell death for HCV-infected cultures and the mock-inoculated controls. DNA
fragmentation of the control cells at 4 days postinfection was arbitrarily expressed as 1.0. Data represent means = SD of three independent

experiments. *, P < 0.01, compared with the control.

centrifugation. Protein quantification was carried out using a bicinchoninic
acid protein assay kit (Pierce). Equal amounts of soluble proteins (4 to 20 pg)
were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto a polyvinylidene difluoride membrane (Millipore, Bed-
ford, MA), which was then incubated with the respective primary antibody.
The primary antibodies used were mouse monoclonal antibodies against
cytochrome ¢ (A-8; Santa Cruz Biotechnology, Santa Cruz, CA), HCV NS3
(Chemicon), Tim23, Bax and Bcl-2 (BD Biosciences Pharmingen, San Diego,
CA); rabbit polyclonal antibodies against Bak (Upstate), caspase 3, and
PARP (Cell Signaling Technology, Danvers, MA); and goat polyclonal anti-
bodies against glucose-regulated protein 78 (GRP78) and GRP94 (Santa
Cruz Biotechnology). Horseradish peroxidase-conjugated goat anti-mouse
IgG (MBL), goat anti-rabbit IgG (Bio-Rad), and donkey anti-goat IgG (Santa
Cruz Biotechnology) were used as secondary antibodies. In some experi-
ments, a commercial kit that facilitates the antigen-antibody reaction (Can
Get Signal; Toyobo, Osaka, Japan) was used to obtain stronger signals. The
respective protein bands were visualized by means of an enhanced chemilu-
minescence (GE Healthcare, Buckinghamshire, United Kingdom), and the
intensity of each band was quantified by using NIH Image J. Protein loading
was normalized by probing with goat antibody against actin (Santa Cruz
Biotechnology) as a primary antibody.

Statistical analysis. The two-tailed Student ¢ test was applied to evaluate the
statistical significance of differences measured from the data sets. A P value
of <0.05 was considered statistically significant.

RESULTS

HCYV infection induces caspase 3-dependent apoptosis in
Huh7.5 cells. We first examined virus growth in Huh7.5 cells.
HCV grew efficiently in the culture, and virus titers in the
supernatant reached a plateau level at 2 days postinfection
(Fig. 1A). Immunofluorescence analysis revealed that >95%
of the cells were infected with HCV on the same day (Fig. 1B).
To examine the possible impact of HCV infection on the cells,
we measured the cell viability/proliferation at 0, 2, 4, and 6 days
postinfection. As shown in Fig. 1C, the proliferation of HCV-
infected cells was significantly slower than that of the mock-
infected control. Similar results were obtained when the pa-
rental Huh7 cells were used for HCV infection (data not
shown). The observed delay in cell proliferation was associated
with an increase in cell death, seen as cell rounding and float-
ing in the culture (data not shown) and in cellular DNA frag-
mentation (Fig. 1D). As DNA fragmentation is a hallmark of
apoptosis, our data suggest that HCV infection induces apop-
tosis in Huh7.5 cells.
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The J6/JFH1-P47 strain of HCV used in this study possesses
adaptive mutations compared to the original strain (J6/JFH1-
P1). Therefore, we compared the impacts of the two strains on
cell viability/proliferation and DNA fragmentation. While both
strains caused inhibition of cell proliferation and an increase in
DNA fragmentation, J6/JFH1-P47 appeared to exert a stron-
ger cytopathic effect than J6/JFH-P1 (data not shown).

To further verify that HCV infection induces apoptotic cell
death, we analyzed caspase 3 activities in HCV-infected
Huh7.5 cells and the mock-infected control. As shown in Fig.
2A, caspase 3 activities in HCV-infected cells increased to
levels that were 2.2, 6.0, and 12 times higher than that in the
control cells at 2, 4, and 6 days postinfection, respectively. We
also examined HCV-induced caspase 3 activation by immuno-
blot analysis. Activation of caspase 3 requires proteolytic pro-
cessing of its inactive proenzyme into the active 17-kDa and
12-kDa subunit proteins. The anti-caspase 3 antibody used in
this analysis recognizes 35-kDa procaspase 3 and the 17-kDa
subunit protein. At 6 days postinfection, activated caspase 3
was detected in HCV-infected cells but not in the mock-in-
fected control (Fig. 2B, second row from the top). Analysis of
the death substrate PARP, which is a key substrate for active
caspase 3 (61), also demonstrated that the uncleaved PARP
(116 kDa) was proteolytically cleaved to generate the 89-kDa
fragment in HCV-infected cells but not in the mock-infected
control (Fig. 2B, third row). Cleavage of PARP facilitates
cellular disassembly and serves as a marker of cells undergoing
apoptosis (44).

In order to further confirm these observations, indirect im-
munofluorescence staining was performed by using an anti-
active caspase 3 antibody that specifically recognizes the newly
exposed C terminus of the 17-kDa fragment of caspase 3 but
not the inactive precursor form. As shown in Fig. 2C, the
activated form of caspase 3 was clearly observed in HCV-
infected cells but not in the mock-infected control at 6 days
postinfection. The activation of caspase 3 was observed also at
4 days postinfection (data not shown). We found that caspase
3 activation was detectable in 12% and 21% of HCV antigen-
positive cells at 4 and 6 days postinfection, respectively,
whereas it was detectable only minimally in mock-infected cells
at the same time points (Fig. 2D). These results strongly sug-
gest that HCV-induced cell death is caused by caspase 3-de-
pendent apoptosis. We also observed nuclear translocation of
active caspase 3 in HCV-infected cells (Fig. 2E). This result is
consistent with previous reports (28, 70) that activated caspase
3 is located not only in the cytoplasm but also in the nuclei of
apoptotic cells. Concomitantly, nuclear condensation and
shrinkage were clearly observed in the caspase 3-activated
cells. As the activation and nuclear translocation of caspase 3
occur before the appearance of the nuclear change, not all
caspase 3-activated cells exhibited the typical nuclear changes.
Taken together, these results indicate that HCV-induced apop-
tosis is associated with activation and nuclear translocation of
caspase 3.

HCYV infection induces the activation of the proapoptotic
protein Bax. The proteins of the Bcl-2 family are known to
directly regulate mitochondrial membrane permeability and
induction of apoptosis (63). Therefore, we examined the ex-
pression levels of proapoptotic proteins, such as Bax and Bak,
and antiapoptotic protein Bcl-2 in HCV-infected Huh7.5 cells
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and the mock-infected control. The result showed that expres-
sion levels of Bak or Bcl-2 did not differ significantly between
HCV-infected cells and the control. Interestingly, however,
Bax accumulated on the mitochondria in HCV-infected cells to
a larger extent than in the mock-infected control (Fig. 3A),
with the average amount of mitochondrion-associated Bax in
HCV-infected cells being 2.7 times larger than that in the
control cells at 6 days postinfection (Fig. 3B).

In response to apoptotic stimuli, Bax undergoes a confor-
mational change to expose its N and C termini, which facili-
tates translocation of the protein to the mitochondrial outer
membrane (32). Thus, the conformational change of Bax rep-
resents a key step for its activation and subsequent apoptosis.
We therefore investigated the possible conformational change
of Bax in HCV-infected cells by using a conformation-specific
NT antibody that specifically recognizes the Bax protein with
an exposed N terminus. As shown in Fig. 3C, Bax staining with
the conformation-specific NT antibody was readily detectable
in HCV-infected cells at 6 days postinfection whereas there
was no detectable staining with the same antibody in the mock-
infected control. Moreover, the activated Bax was shown to be
colocalized with MitoTracker, a marker for mitochondria, in
HCV-infected cells. The conformational change of Bax was
observed in 10% and 15% of HCV-infected cells at 4 and 6
days postinfection, respectively (Fig. 3D). This result was con-
sistent with what was observed for caspase 3 activation in
HCV-infected cells (Fig. 2D). Taken together, these results
suggest that HCV infection triggers conformational change
and mitochondrial accumulation of Bax, which lead to the
activation of the mitochondrial apoptotic pathway.

HCYV infection induces the disruption of the mitochondrial
transmembrane potential, release of cytochrome ¢ from mito-
chondria, and activation of caspase 9. The accumulation of
Bax on the mitochondria is known to decrease the mitochon-
drial transmembrane potential and increase its permeability,
which result in the release of cytochrome ¢ and other key
molecules from the mitochondria to the cytoplasm to activate
caspase 9. Therefore, we examined the possible effect of
HCYV infection on mitochondrial transmembrane potential
in Huh7.5 cells. Disruption of the mitochondrial transmem-
brane potential was indicated by decreased Rho123 retention
and, hence, decreased fluorescence. As shown in Fig. 4, HCV-
infected cells showed ~50% and ~70% reductions in Rho123
fluorescence intensity compared with the mock-infected con-
trol at 4 and 6 days postinfection, respectively.

Recent studies have indicated that loss of mitochondrial
membrane potential leads to mitochondrial swelling, which is
often associated with cell injury (27, 50). Also, we and other
investigators have reported that HCV NS4A (43), core (53),
and p7 (22) target mitochondria. We therefore analyzed the
effect of HCV infection on mitochondrial morphology. Con-
focal fluorescence microscopic analysis using MitoTracker re-
vealed that mitochondria began to undergo morphological
changes at 4 days postinfection and that approximately 40% of
HCV-infected cells exhibited mitochondrial swelling and/or
aggregation compared with the mock-infected control at 6 days
postinfection (Fig. 5SA and B). It should also be noted that
mitochondrial swelling and/or aggregation was seen in a region
different from the “membranous web,” where the HCV repli-
cation complexes accumulate to show stronger expression of
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FIG. 2. HCV infection activates caspase 3 in Huh7.5 cells. (A) Caspase 3 activities in cells infected with HCV and mock-infected controls. The caspase
3 activity of the control cells at day 0 postinfection was arbitrarily expressed as 1.0. *, P < 0.05; f, P < 0.01 (compared with the control). Data represent
means * standard deviations (SD) of three independent experiments. (B) Immunoblot analysis to detect the activated form of caspase 3 (~17 kDa) and
cleavage product of PARP (~85 kDa) in HCV-infected cells and the mock-infected control at 2, 4, and 6 days postinfection (dpi). Huh7.5 cells treated
with actinomycin D (ActD; 50 ng/ml) for 30 h served as a positive control. Amounts of actin were measured as an internal control to verify an equal
amount of sample loading. (C) Huh7.5 cells infected with HCV or mock infected were subjected to indirect immunofluorescence analysis at 6 dpi. Cells
treated with ActD (50 ng/ml) for 30 h served as a positive control. After fixation and permeabilization, the cells were incubated with anti-active caspase
3 rabbit polyclonal antibody followed by Cy3-labeled donkey anti-rabbit IgG (top) and with an HCV-infected patient’s serum followed by FITC-labeled
goat anti-human IgG (middle). The cells were then stained with Hoechst 33342 for the nuclei (bottom). Scale bar, 20 pm. (D) Quantification of active
caspase 3-expressing cells. The percentages of cells expressing active caspase 3 were determined for HCV-infected cultures and mock-infected controls.
Data represent means *= SD of three independent experiments. *, P < 0.05, compared with the control. (E) Nuclear translocation of active caspase 3
in HCV-infected cells. Subcellular localization of active caspase 3 in HCV-infected cells was examined by indirect immunofluorescence analysis at 6 days
postinfection as described in the legend for panel C. Scale bar, 5 pm.
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FIG. 3. HCV infection induces Bax activation in Huh7.5 cells.
(A) Accumulation of Bax on the mitochondria in HCV-infected
Huh7.5 cells. Cytosolic and mitochondrial fractions as well as whole-
cell lysates were prepared from HCV-infected cells and the mock-
infected control at 6 days postinfection and analyzed by immunoblot-
ting using antibodies against Bax, Bak, Bcl-2, NS3, Tim23, and actin.
Amounts of Tim23, a mitochondrion-specific protein, were measured
to verify equal amounts of mitochondrial fractions. Amounts of actin
were measured to verify equal amounts of whole-cell lysates and cy-
tosolic fractions. (B) The intensities of the bands of mitochondrion-
associated Bax in HCV-infected cells and the mock-infected control
were quantified. The intensity of the mock-infected control was arbi-
trarily expressed as 1.0. Data represent means * standard deviations
(SD) of three independent experiments. *, P < 0.01, compared with
the control. (C) Conformational change of Bax in HCV-infected cells.
Huh7.5 cells infected with HCV and the mock-infected control were
subjected to indirect immunofluorescence analysis at 6 days postinfec-
tion. After incubation with MitoTracker (middle row), the cells were
incubated with an antibody specific for the N terminus of Bax (NT
antibody), followed by Alexa Fluor 488-labeled goat anti-rabbit IgG
(top row). Merged images are shown on the bottom. Scale bar, 10 pm.
(D) Quantification of activated Bax-positive cells. The percentages of
cells expressing activated Bax were determined for HCV-infected cul-
tures and the mock-infected control. Data represent means * SD of
three independent experiments. *, P < 0.01, compared with the
control.

HCYV antigens. This observation implies the possibility that an
indirect effect(s) of HCV infection, in addition to a direct effect
of an HCV protein, as observed for NS3/4A (43), is involved in
mitochondrial swelling and/or aggregation.

J. VIROL.

Electron microscopic analysis also demonstrated swelling
and structural alterations of mitochondria in HCV-infected
cells, whereas mitochondria remained intact in the mock-in-
fected control (Fig. 5C). This result suggests a detrimental
effect of HCV infection on the volume homeostasis and
morphology of mitochondria and is consistent with previous
observations that liver tissues from HCV-infected patients
showed morphological changes in mitochondria (3).

Mitochondrial swelling and the morphological change of
mitochondrial cristae are associated with cytochrome c release
(27, 54). We then examined the effect of HCV infection on
cytochrome c release in Huh7.5 cells. The result clearly dem-
onstrated cytochrome c release from the mitochondria to the
cytoplasm in HCV-infected cells but not in the mock-infected
control (Fig. 6A). The release of cytochrome ¢ from mitochon-
dria is known to induce activation of caspase 9 (31). We then
analyzed caspase 9 activities in the cells. As shown in Fig. 6B,
caspase 9 activities in HCV-infected cells increased to levels
that were ca. five times higher than that in the control cells at
4 and 6 days postinfection.

HCY infection induces a marginal degree of caspase 8 acti-
vation. In addition to the mitochondrial death (intrinsic) path-
way described above, the extrinsic cell death pathway, which is
initiated by the TNF family members and mediated by acti-
vated caspase 8 (31, 62), is also the focus of attention in the
study of apoptosis. Therefore, we examined caspase 8 activities
in HCV-infected cells and the mock-infected control. As
shown in Fig. 6C, caspase 8 activities in HCV-infected cells
increased to a level that was ca. two times higher than that in
the control cells at 4 and 6 days postinfection. This increase
was much smaller than that observed for caspase 9 activation
(Fig. 6B).

HCYV infection induces increased production of mitochon-
drial reactive oxygen species (ROS). The production of ROS,
such as superoxide, by mitochondria is the major cause of
cellular oxidative stress (8), and a possible link between ROS
production and Bax activation has been reported (18, 42).
Therefore, we next examined the mitochondrial ROS produc-
tion in HCV- and mock-infected cells by using MitoSOX, a
fluorescent probe specific for superoxide that selectively accu-
mulates in the mitochondrial compartment. As shown in Fig.
7A and B, approximately 25% of HCV-infected cells displayed
a much higher signal than did the mock-infected control.
This result suggests that oxidative stress is induced by HCV
infection.

HCYV infection does not induce ER stress. It is well known
that HCV nonstructural proteins form the replication complex
on the endoplasmic reticulum (ER) membrane (4, 19, 39, 46).
It was recently reported that HCV infection (55) as well as the
transfection of the full-length HCV replicon (17) and the ex-
pression of the entire HCV polyprotein (14) induced an ER
stress response. Therefore, we tested whether HCV infection
in our system induces ER stress. We adopted increased expres-
sion of GRP78 and GRP94 as indicators of ER stress (34) and,
as a positive control, used tunicamycin to induce ER stress (20,
25). As had been expected, the expression levels of GRP78 and
GRP94 were markedly increased in Huh7.5 cells when cells
were treated with tunicamycin for 48 h (Fig. 8, right). On the
other hand, HCV infection did not alter expression levels of
GRP78 or GRPY4 at 2, 4, or 6 days postinfection compared
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FIG. 4. HCV infection induces disruption of the mitochondrial transmembrane potential in Huh7.5 cells. (A) Huh7.5 cells infected with HCV
and the mock-infected control were stained with Rho123 and subjected to flow cytometric analysis to measure the mitochondrial transmembrane
potential at 4 and 6 days postinfection (dpi). The red and black lines represent Rho123 staining of HCV-infected cells and the mock-infected
control, respectively. The green profiles represent staining of the cells with PBS alone. (B) Mean fluorescence intensities of HCV-infected cells
and the mock-infected control at 4 and 6 dpi. Data represent means *+ standard deviations (SD) of three independent experiments. *, P < 0.05;

¥, P < 0.01 (compared with the control).

with those for the mock-infected control (Fig. 8). This result
suggests that ER stress, if there is any, is marginal and does not
play an important role in HCV-induced apoptosis in Huh7.5
cells.

DISCUSSION

The mitochondrion is an important organelle for cell sur-
vival and death and plays a crucial role in regulating apoptosis.
An increasing body of evidence suggests that apoptosis occurs
in the livers of HCV-infected patients (1, 2, 9) and that HCV-
associated apoptosis involves, at least partly, a mitochondrion-
mediated pathway (2). In those clinical settings, however, it is
not clear whether apoptosis is mediated by host immune re-
sponses through the activity of cytotoxic T lymphocytes or
whether it is mediated directly by HCV replication and/or
protein expression itself. In experimental settings, ectopic ex-
pression of HCV core (13, 36), E2 (12), and NS4A (43) has
been shown to induce mitochondrion-mediated apoptosis in
cultured cells. However, these observations need to be verified
in the context of virus replication. The recent development of
an efficient HCV infection system in cell culture (37, 66, 71)
has allowed us to investigate whether HCV replication directly

causes apoptosis. In the present study, we have demonstrated
that HCV infection induces Bax-triggered, mitochondrion-
mediated, caspase 3-dependent apoptosis, as evidenced by
increased accumulation of Bax on mitochondria and its con-
formational change (Fig. 3), decreased mitochondrial trans-
membrane potential (Fig. 4), and mitochondrial swelling (Fig.
5), which lead to the release of cytochrome ¢ from the mito-
chondria (Fig. 6A) and subsequent activation of caspase 9 and
caspase 3 (Fig. 6B and 2, respectively).

We also observed increased production of mitochondrial
superoxide in HCV-infected cells (Fig. 7). This result is con-
sistent with previous observations that expression of the entire
HCV polyprotein (47) or HCV replication (60) enhanced pro-
duction of ROS, including superoxide, through deregulation of
mitochondrial calcium homeostasis. ROS, which are produced
through the mitochondrial respiratory chain (8), were reported
to trigger conformational change, dimerization, and mitochon-
drial translocation of Bax (18, 42). It is likely, therefore, that
activation of Bax in HCV-infected cells is mediated, at least
partly, through increased production of ROS in the mitochon-
dria. Kim et al. (29) reported that ROS is a potent activator of
c-Jun N-terminal protein kinase, which can phosphorylate Bax,
leading to its activation and mitochondrial translocation. In
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FIG. 5. HCV infection induces mitochondrial morphology changes in Huh7.5 cells. (A) Fluorescence microscopy analysis. Mitochondrial
morphologies of HCV-infected cells and the mock-infected control at 6 days postinfection were examined by confocal microscopy. The cells were
directly incubated with MitoTracker (upper row) and then stained for HCV antigens by using an HCV-infected patient’s serum, followed by
FITC-labeled goat anti-human IgG (bottom row). Scale bar, 5 pm. (B) Quantification of swollen mitochondrion-positive cells. The percentages
of cells exhibiting swollen and/or aggregated mitochondria were determined for HCV-infected cultures and the mock-infected control. Data
represent means * standard deviations of three independent experiments. *, P < 0.01, compared with the control. (C) Electron microscopic
analysis. Mitochondrial morphologies of HCV-infected cells and the mock-infected control at 6 days postinfection were examined by electron

microscopy. Arrows indicate mitochondria. Scale bar, 1 pm.

this connection, HCV core protein has been shown to play a
role in generating mitochondrial ROS (30). It was also re-
ported that HCV core protein bound to the 14-3-3¢ protein to
dissociate Bax from the Bax/14-3-3¢ complex, thereby promot-
ing the Bax translocation to the mitochondria (36).

In addition to the caspase 9 activation that is mediated
through the mitochondrial death (intrinsic) pathway, caspase 8
activation was seen in HCV-infected cells, though to a lesser
extent (Fig. 6B and C). Caspase 8 is a key component of the
extrinsic death pathway initiated by the TNF family members
(31, 62). This pathway involves death receptors, such as Fas,
TNF receptor, and TNF-related apoptosis-inducing ligand
(TRAIL) receptors, which transduce signals to induce apopto-
sis upon binding to their respective ligands (52). In HCV-

infected patients, the Fas-mediated signal pathway is involved
in apoptosis of virus-infected hepatocytes (24). It was also
reported that HCV (JFHL strain) infection induced apoptosis
through a TRAIL-mediated pathway in LHS86 cells (72). On
the other hand, a caspase 9-mediated activation of caspase 8,
which is considered a cross talk between the intrinsic and the
extrinsic death pathways, in certain cell systems was also re-
ported (10, 11, 65). Whether the observed caspase 8 activation
in HCV-infected cells was mediated through the extrinsic
death pathway initiated by a cytokine(s) produced in the cul-
ture or whether it was mediated through the cross talk between
the intrinsic and the extrinsic death pathways awaits further
investigation. In this connection, activated caspase 8 is known
to cleave the proapoptotic protein Bid to generate the Bid
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FIG. 6. HCV infection induces cytochrome c release and caspase 9
activation in Huh7.5 cells. (A) Cytochrome c release. Mitochondrial
and cytosolic fractions were prepared from HCV-infected cells and the
mock-infected control at 6 days postinfection and analyzed by immu-
noblotting using antibodies against cytochrome ¢, Tim23, NS3, and
actin. Can Get Signal (Toyobo, Osaka, Japan) was used to obtain
stronger signals for cytochrome c¢. Amounts of Tim23 and actin were
measured to verify equal amounts of mitochondrial and cytosolic frac-
tions, respectively. Also, Tim23 was used to show successful separation
of mitochondria. (B) Caspase 9 activation. Caspase 9 activities in cells
infected with HCV and mock-infected controls were measured at 0, 2,
4, and 6 days postinfection. The caspase 9 activity of the control cells
at day 0 postinfection was arbitrarily expressed as 1.0. Data represent
means * standard deviations (SD) of three independent experiments.
*, P < 0.05, compared with the control. (C) HCV infection induces a
marginal degree of caspase 8 activation. Caspase 8 activities in cells
infected with HCV and mock-infected controls were measured at 0, 2,
4, and 6 days postinfection. The caspase 8 activity of the control cells
at day 0 postinfection was arbitrarily expressed as 1.0. Data represent
means = SD of three independent experiments. *, P < 0.05, compared
with the control.

cleavage product truncated Bid (tBid), which facilitates the
activation of Bax (63, 68). Under our experimental conditions,
however, tBid was barely detected in HCV-infected cells even
at 6 days postinfection (data not shown). It is thus likely that
caspase 8 activation is marginal and is not the primary cause of
Bax activation in our experimental system.

HCV protein expression and HCV RNA replication take
place primarily in the ER or an ER-like membranous structure
(39, 46). Like other members of the family Flaviviridae, such as
dengue virus (69), Japanese encephalitis virus (69), West Nile
virus (41), and bovine viral diarrhea virus (26), HCV has been
reported to induce ER stress in the host cells (5, 14, 17, 55, 60).
ER stress is triggered by perturbations in normal ER function,

such as the accumulation of unfolded or misfolded proteins in
the lumen. On the other hand, in response to ER stress, the un-
folded protein response (UPR) is activated to alleviate the ER
stress by stimulating protein folding and degradation in the ER
as well as by inhibiting protein synthesis (7). The UPR of the
host cell is disadvantageous for progeny virus production and
may therefore be considered an antiviral host cell response. It
was reported that, to counteract the disadvantageous UPR so
as to maintain viral protein synthesis, HCV RNA replication
suppressed the IRE1-XBP1 pathway, which is responsible for
protein degradation upon UPR (59). Also, HCV E2 was shown
to inhibit the double-stranded RNA-activated protein kinase-
like ER-resident kinase (PERK), which attenuates protein syn-
thesis during ER stress by phosphorylating the alpha subunit of
eukaryotic translation initiation factor 2 (45). It is reasonable,
therefore, to assume that HCV-infected cells may not neces-
sarily exhibit typical responses to ER stress. In fact, our results
revealed that HCV infection in Huh7.5 cells did not enhance
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FIG. 8. HCV infection does not induce ER stress in Huh7.5 cells.
Huh7.5 cells infected with HCV and mock-infected controls were
harvested at 2, 4, and 6 days postinfection (dpi), and the whole-cell
lysates were subjected to immunoblot analysis using antibodies against
GRP78, GRP94, NS3, and actin. Amounts of actin were measured to
verify equal amounts of sample loading. Huh7.5 cells treated with
tunicamycin (TM; 5 pg/ml) for 48 h served as a positive control.
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expression of GRP78 and GRP94, which are ER stress-in-
duced chaperone proteins (Fig. 8). Our result thus implies the
possibility that ER stress is not crucially involved in HCV-
induced apoptosis in Huh7.5 cells. Taking advantage of this
phenomenon, we could demonstrate that an ER stress-inde-
pendent, mitochondrion-mediated pathway plays an important
role in HCV-induced apoptosis. In this connection, Korenaga
et al. (30) reported that HCV core protein increased ROS
production in isolated mitochondria, independently of ER
stress, by selectively inhibiting electron transport complex I
activity.

In this study, we observed that increased ROS production,
Bax activation, and caspase 3 activation were detectable in
approximately 15% to 25% of HCV antigen-positive Huh7.5cells
at 6 days postinfection (Fig. 7B, 3D, and 2D, respectively). On
the other hand, >90% of the cells in the cultures were con-
firmed positive for HCV antigens (Fig. 1B). These results im-
ply the possibility that HCV establishes persistent infection in
Huh7.5 cells, with a minor fraction of virus-infected cells be-
ginning to undergo apoptosis after a prolonged period of time.
Alternatively, it is possible that Huh7.5 cells, though being
derived from a cell line (6), are a mixture of two sublineages,
with one sublineage being apoptosis prone and the other
apoptosis resistant. To test the latter possibility, further cloning
of Huh7.5 cells is now under way in our laboratory.

In conclusion, our present results collectively suggest that
HCYV infection induces apoptosis through a Bax-triggered, mi-
tochondrion-mediated, caspase 3-dependent pathway.
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