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Fig. 4. Transactivation of ISRE in IFNa-resistant replicon cell lines (#8 and
#305), original replicon (Huh-9-13), and parental Huh-7 cells by reporter gene
(pISRE/Luc) analysis. The cells were stimulated with 1000 IU/mL of [FNa for
24 h after fection of rep plasmid DNA, White bars show control (no
addition of IFNa) luciferase activity, and black bars show the activity under
IFNa stimulation. Values of luciferase activity by IFNa stimulation relative 1o
those of untreated cells are shown below the panel as *“fold induction®,

in a dsRNA-dependent manner, and transduce IFN production
signals through the activation of nuclear factor kB (NFxB) and
interferon regulatory factor 3 (IRF-3).

Despite bearing an HCV-1b genotype-derived replicon with
mutations in ISDR, the replicon cells do not show resistances to
IFN (Frese et al., 2002; Guo et al., 2001, 2004). Concemning this
point, some reports regarding [FN-resistance acquisition and
analysis of this property in the replicon cells (Namba et al., 2004;
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Fig. 5. (A) Change in phosphorylation of Stat-1 in [FNa-resi plicon cell
lines (#8 and #305), oniginal replicon (Huh-9-13) and parental Huh-7 cell.

Phosphorylation of Stat-1 was analyzed by blot analysis using anti-
phospho-Stat-1 (Tyr701) antibody. The cells were cultured in medium with or

Sumpter et al., 2004; Zhu et al., 2005) showed involvement of
various factors such as viral and/or host gene alterations par-
ticipating in IFNa-resistance in replicon cells.

Here, we isolated IFNa-resistant clones of the HCV subge-
nome with accumulated mutations, especially in NS3 and NS5A
regions, We observed impairment of phosphorylation of Stat-1 in
cells bearing the IFNa-resistant HCV replicon. Our findings sug-
gest that NS5A contributes to the acquisition of [FNa-resistant
phenotype in HCV replicon cells.

Results
Establishment of IFNa-resistant replicon cell lines

HCV replicon cells were cultured for approximately 1 month
in the presence of 10 TU/mL IFNa. HCV RNA titer decreased
during the culture; however, the appearance of cells less sen-
sitive to IFNa during prolonged culture was observed by quan-
titative RT-PCR. The resistant cells were then cloned by limiting
dilution. Three clones (Fig. 1: #6, #8, and #9) were obtained,
and mixed pools of these resistant cells were further selected in
the presence of 30 [U/mL [FNa for another 4 weeks. After
confirming decreased sensitivity to [FNa at this dose, the clone

(A) cal PN EC30 Fold
selection |  (ILml) Reduction
Totsl RNA |HuS-D0b7| () 07 10
wansfection | stk | 1) 41 59
ongmal Hub-2-13 2] 06 1.2
(B)
LB

P

HCVicopieswell)
5
i

Liiens =y

ou (]

IFNafIU/mi}

Fig. 6. Reactivity for IFNa in the Huh-7 cells, #305/Hub-7, transfected with
total RNA of #305 replicon cells and in the Huh-7 cells, Huh-9-13/Huh-7,

without 500 [U/mL of IFNa for 30 min. Upper panel rep a phospho-Stat
1 (Tyr701) and lower panel shows a Stat-1. \\mblmmﬂymwpuﬁrmed
#5 described in Matenials and methods. [aJChnngcmphwhoryhuonofsul—l
in Huh-7 cells d in the 1 ar of IFNa (10 1U/mL) for
4 weeks. Upper panel represents a phmpho-Slu-I (Tyr701), middle panel shows
a5tat-1 and lower panel shows & [b-actin. Phosphorylation of Stat-1 in these cells
was examined as described above.

fected with total RNA of original replicon cells (Huh-9-13), These trans-
fected cells were selected with G418 in the absence of IFNa. The amount of
HCV RNA was analyzed by quantitative RT-PCR, as described in Fig. 2. (A)
ECq, value (IU/mL) of IFNm in Huh-9-13/Huh-7 and #305/Huh-7. (B) Change
in copy number of HCV RNA in Huh-9-13/Huh-7 and #305/Huh-7 by IFNa
These 1 were performed in triplicate and mean values are

shown.
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Fig. 7. Phosphorylation of Stat-1 in #305/Huh-7 and Huh-9-13/Huh-7 described
in Fig. 6. The experiment was as described in Fig. 5. Each panel
shows (A) phospho-Stat-1 (Tyr701), (B) Stat-1, and (C) 3-actin. (Lanes | and 2)
Huh-7 cells transfected with [FNa-resistant replicon (#305) wotal RNA (#305/
Huh-7). (Lanes 3 and 4) Huh-7 cells fected with original replicon (Huh-9-
13) total RNA (Huh-9-13/Huh-7).

(Fig. 1;#305) showing highest resistance to [IFNa was obtained.
Sensitivities of these clones 1o [FNa are shown in Fig. 2. The
basal HCV RNA levels in these cells (#6, #8, #9, and #303)
were almost equal to that in the original replicon cells (Huh-9-
13). The ECsq value of IFNa for the original replicon (Huh-9-
13) was 0.7 IU/mL, compared to 6.9 TU/mL, 6.7 IU/mlL,
10.2 IU/mL, and 99.2 IU/mL for resistant clones #6, #8, #9, and
#3083, respectively. These results demonstrate that sensitivity to
IFNa based on EC s value decreased 9 to 135-fold in the IFNa-
resistant clones.

Characterization of IFNa-resistant replicon cell lines

First, expression of HCV NS proteins (NS3, NS5A, and
NS5B) in [IFNa-resistant replicon cell lines (#6, #8, #9, and #305)
was analyzed by western blot. We detected expression of all the
NS proteins in these cell lines as well as in original replicon cell
(Huh-9-13) at almost at the same levels, although the levels of
NS5A and NS3B in clone #6 were slightly low (Fig. 3). In-
terestingly, only clone #305 exhibited a different migration of

NSSA, corresponding to the size of hyper-phosphorylated form
(p38) in addition to the size of basal phosphorylated form (p56).

To analyze the change in [FNa signal transduction in two
representative [FNa-resistant replicon cell lines (#8 and #305),
we carmied out a reporter gene assay using a firefly luciferase
gene fused with three repeats of an 1ISG15-type IFN-stimulated
responsive element (ISRE) as a reporter construct (pISRE/Luc).
After transfection of pISRE/Luc to these replicon cells, the cells
were stimulated with 1000 TU/mL of IFNa for 24 h. As shown
in Fig. 4, the transactivation by [FNa in original replicon cells
(Huh-9-13) was slightly reduced compared with that of parental
cell line Huh-7 (Huh-7, 9.3-fold; Huh-9-13, 6.4-fold). Lucifer-
ase activity of #8 and #305 was more diminished than that of
Huh-9-13 (#8, 3.6-fold; #305, 1.9-fold). The extent of decline of
transactivation by IFNa treatment in these resistant replicon cell
lines was dependent on the extent of IFNa-resistance, as
quantified by RT-PCR (Fig. 2). It is suggested that the genetic
alteration in HCV replicon RNA confers on IFNa-resistance in
these cell lines.

In relation to the reporter gene analysis, JAK-STAT pathway
activated by type I IFN was analyzed in [FNo-resistant repli-
cons containing cells (#8 and #305). Phosphorylation of Stat-1,
one of the important molecules in the JAK-STAT signal trans-
duction pathway, was lowered in oniginal replicon cells (Huh-9-
13) compared with that in parental Huh-7 (Fig. 5A). However,
severely impaired phosphorylation of Stat-1 was observed in the
IFNa-resistant replicons containing cells (#8 and #305) com-
pared with original replicon cells (Huh-9-13) (Fig. 5A). Fur-
thermore, phosphorylation of Stat-1 was also decreased in #305
containing cells maintained in the absence of IFNa for 4 weeks,
and the degree of decrease of Stat-1 phosphorylation was almost
equal to that maintained in the presence of IFNa (data not
shown). In contrast to these observations, Huh-7 cells, the
parental cell of Huh-9-13 that was maintained in the presence
of IFNa for 4 weeks did not show the significant alteration of
Stat-1 phosphorylation compared with that maintained in the
absence of [FNa (Fig. 5B). These results suggest that reduction
of phosphorylation of Stat-1 in these IFNa-resistant replicon
cell lines is caused by alteration of HCV replicon RNA and it
may correlate with suppression of transcription from the re-
porter gene (Fig. 4).
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Fig. 8. The amino acid seq jeduced from nucleotide seqi in IFN plicon cells. The nucleotide sequence was determined by an RT-PCR direct
i hod. Arrows indi the amino acid substitutions that were d d only in [FNa 1 d with original replicon (Huh-9-13). The

mu;ﬂniug"nfMD acids was referred 1o that of complete polyprotein of the isolate.
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HCV replicon RNA confers IFNa-resistance

To confirm the role of HCV subgenomic RNA from clone
#305 for acquisition of IFNa-resistance, total RNA was ex-
tracted from the cells and transfected to naive Huh-7 cells. The
transfected cells were selected with G418 in the absence of
IFNa. HCV negative-stranded replicon RNA, replication inter-
mediate, and HCV NS protemns (NS3, NS5A and NS5B) were
detected in the cells (data not shown).

Concerning the cells transfected with total RNA from IFNa-
resistant #305 cell (#305/Huh-7) or the cells transfected with
total RNA from original Huh-9-13 replicon cell (Huh-9-13/
Huh-7), IFNa-sensitivity (ECs) was analyzed (Fig. 6). [FNa-
sensitivity (ECsp) of the Huh-9-13/Huh-7 showed 0.7 TU/mL,
whereas the #305/Huh-7 showed 4.1 IU/mL. ECs, values of the
Huh-7 cells bearing [FNa-resistant replicon derived from clone
#305 were approximately 6-fold higher than that of Huh-7 cells
bearing the original replicon. Although IFNec-resistance (ECsq)
of the cells bearing #305 RNA was not as high as that of original
#3085, this finding suggests that acquisition of [FNa-resistance
of these cells was due to genetic alteration of the replicon RNA.

We investigated the phosphorylation status of Stat-1 by
stimulation of [FNa in these cells. As shown in Fig. 7, phos-
phorylation of Stat-1 in #305/Huh-7 (lane 2) was suppressed
compared with that in Huh-9-13/Huh-7 (lane 4), suggesting that
the IFNa-resistant HCV replicon derived from #3035 is respon-
sible for acquisition of the decreasing response to Stat-1 phos-
phorylation stimulated by [FNa.

Direct sequencing analysis of IFNa-resistant replicons

Nucleotide sequences in the NS region of each resistant clone
were determined by RT-PCR direct sequencing. Sites of mutation
that were detected only in [FNa-resistant replicons are shown by
arrowheads and numbers (N-terminus of NS3 was denoted as
1027 based on the numbering of the complete polyprotein of the
isolate), together with conversion of amino acids by arrows
(Fig. 8). Although synonymous mutations are clustered in NS3
and the C-terminal region of NS5A, there were no common
mutations among these resistant clones. Moreover, no mutations
located at the positions as in IFNa-resistant replicons established
by Namba et al. (2004) and Sumpter et al. (2004) were found in
the present study. Mutations in the ISDR of NS5A were reported

Fig. 9. Expression of NS protein (NS4B) (A) and fi-actin (B) was confirmed in
‘cured cells’ by westem blot analysis. Huh-7 cells with JTP-71892 as well as
replicon cells (Huh-9-13 and #305) were analyzed likewise,
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Fig. 10. Phosphorylation of Stat-1 (Tyr701) in ‘cured cells’. Phosphorylation of

Stat-1 (Tyr701) (A) by IFNa stimulation was in d by blot
analysis, Stat-1 (B) and 5-actin (C) were also analyzed. IFNa stimulation and
blot analysis were perfi i as described in Fig. 5.

to play an important role in outcome of IFN treatment to patients
with genotype 1b of HCV in Japan (Enomoto et al., 1996);
however, the amino acid sequence of ISDR was preserved among
these replicon cell lines in our experiments.

Characterization of ‘cured cells' obtained by IFNa-resistant
HCV replicon cells

To clarify the role of HCV replicon RNA in resistance to
[FNa, the replicon cells (Huh-9-13 and #305) were treated with
JTP-71892 (1 uM) for more than | month to establish ‘cured
cells’, as described in Materials and methods. JTP-71892 is a
JTK-109-derivative synthesized in our laboratory, which has a
potent inhibitory effect on HCV replication (Hirashima et al.,
2006). The amounts of HCV replicon RNA in both replicon-
bearing cell types were decreased less than what could be
detected by quantitative RT-PCR, while the amounts of GAPDH
mRNA used as a control did not show any difference (data not
shown). The representative HCV NS protein, NS4B, was not
detected in the ‘cured cells’ (Fig. 9).

The phosphorylation status of Stat-1 was then analyzed in
these cells. The Stat-1 phosphorylation (Tyr701) by IFNa sti-
mulation has restored remarkably in ‘cured cells’ (derived from
both Huh-9-13 and #305) (Fig. 10). There was no obvious
difference in the extent of Stat-1 phosphorylation by JTP-71892
treatment in Huh-7, indicating that restoration of Stat-1 phos-
phorylation was not due to JTP-71892. There was no clear dif-
ference in the amount of non-phosphorylated Stat-1 and [3-actin
expression by the IFNa stimulation or JTP-71892 treatment
among these cell clones. These results suggest that HCV repli-
con RNA contributes to IFNa-resistance through impairment of
phosphorylation of Stat-1, at least in part.

Discussion

We cultured HCV replicon cells in the presence of 10 and
30 TU/mL IFNa to isolate IFNe-resistant clones. Four different
resistant clones with differing sensitivities to [FNa were iso-
lated. The sensitivity for [FNa attenuated more than 100-fold in
the #305 replicon, which was isolated in the presence of 30 TU/
mL of IFNa and showed the most remarkable resistance in our
study.

We analyzed the appearance of G418-resistant cells, #305/
Huh-7, obtained by transfection of total RNA from the [FNa-
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resistant replicon-bearing cells to Huh-7 by culturing them in
the absence of IFNa, as shown in Fig. 1. [IFNa sensitivities of
the Huh-7 cells transduced with HCV replicon RNA of #305
cells were about 6-fold lower than those transfected with total
RNA of original replicon cells (Huh-9-13), in coincident with a
reduction of Stat-1 phosphorylation. However, #305/Huh-7
conferred a lesser extent of IFNa-resistance compared with that
of parental #305 (Figs. 2 and 6). Although some factors other
than HCV replicon RNA itself may participate in acquisition of
IFNa-resistance in #3035 cells, these results suggest that replicon
RNA derived from #305 was significantly involved in regu-
lation of IFNa signaling. The *cured cells’, from which HCV
genomic RNA was removed from [FNa-resistant replicon cell
line (#305) after treatment with 1 uM of JTP-71892, a potent
HCV replication inhibitor, resulted in restoration of IFNa sig-
naling to parental Huh-7. This finding suggests that HCV
replicon RNA plays important roles in suppression of Stat-1
function. Moreover, this effect is dependent on mutation of
HCV replicon RNA.

Mutations of amino acids were clustered throughout the
whole region of NS3 and the C-terminus of NS5A in the IFNa-
resistant replicon RNAs; however, there were no common amino
acid mutations among the clones. This result may suggest the
possibility that a change of plural functions participates in the
acquisition of resistance. Whereas we did not identify common
mutations, four amino acid mutations, K 1406E, [1472F, 11694T,
and S2386P, in NS3/4A and NS5A were shown to be common in
#8. #9, and #305. In particular, the mutation at S2386P in NS5A
located near region V3, one of the important prediction factors of
the outcome in clinical IFN therapy (Nousbaum et al., 2000,
Puig-Basagoiti et al,, 2005), is found in #9 and #305. The
nucleotide sequence of ISDR region was preserved between
original replicon and [FNa-resistant replicons.

Conceming the mutations in NS5A region of #305, we
established 3 chimeric replicon cell clones harboring Huh-9-13
replicon that was substituted with NS5A coding region derived
from #3035, which was selected by G418 in the absence of [FNa.
These cell clones showed reduction of [FNa sensitivity (ECsp)
as 20 to 30 times as those of normal replicon cell (Huh-9-13).
Although chimeric replicons harboring #305 NS5A showed
lesser extent of IFNa-resistance than that of #3035 replicon cell,
NS5A of #305 plays an important role in acquisition of [FNa-
resistance in the replicon cell (data not shown).

Naka et al. (2005) reported that nonsense mutations and
deletions of type I IFN receptor genes (IFNARI, IFNAR2¢c)
were found in certain clones of replicon cells that gained [FNa-
resistance. However, we did not detect any such mutation or
deletion in either of these genes in this work. Furthermore, we
were not able to obtain resistant phenotype by IFN treatment at
high concentrations of more than 1000 IU/mL.

In #305, among other IFNa-resistant clones, substantial
amount of slow migrating form of NS5A was observed. From
previous reports (Asabe et al., 1997, Ide et al,, 1997; Kaneko et al.,
1994; Kim et al.. 1999; Reed et al,, 1997, 1998; Tanji et al., 1995),
it 1s supposed that this form is hyper-phosphorylated NS5A with 58
KD. Hyper-phosphorylated form of NS5A (p58) negatively
participates in replication of HCV RNA in replicon cells (Appel

144

el al., 2005; Evans et al., 2004; Huang et al., 2006; Neddermann
et al., 2004), However, the quantity of basal HCV replication in
#305 was almost the same as in other replicon cells, including
Huh-9-13. Thus, it is likely that the hyper-phosphorylation of
NS5A does not contribute to suppression of replication of HCV
replicon. Rather, it may be related to a potent [FNa-resistance in
#305 via un-identified mechanisms. Further studies are needed o
clarify the role of hyper-phosphorylated NS5A in IFNa-resistance.

Concerning effects of NS5A on IFN signaling, it was re-
ported that transiently- or stably-transfected NS5A inhibits [FN-
stimulated Stat-1 phosphorylation and transactivation of ISRE
in hepatocyte-derived cell lines, including Huh-7 cell (Gong
et al., 2007; Lan et al., 2007), These authors also suggested the
interaction of NS5A with Stat-1. Although these evaluation
methods were different from that of our replicon system, they
lend additional credibility to the suggestion that NS5A plays an
important role in regulation of IFN signaling via inhibition of
Stat-1 phosphorylation.

Stat-1 phosphorylation by IFNa stimulation was suppressed in
IFNe-resistant replicon cells. The degree of suppression of Stat-1
phosphorylation was related to the sensitivity of [FNa in [FNa-
resistant replicons (Fig. SA). Moreover, the decrease of Stat-1
phosphorylation in #3035 cells maintained in the absence of IFNa
for 4 weeks was almost same level as that maintained in the
presence of I[FNa, suggesting that [FNa pressure did not induce a
negative feedback (i.c. leading to the degradation of [FN receptor)
loop in our experimental system. In contrast, Stat-1 phosphoryla-
tion was not changed significantly in parental Huh-7 cells that
were maintained in the presence of [FNoa compared with that
maintained in the absence of IFNa (Fig, 5B), suggesting that Stat-
1 phosphorylation in the parental Huh-7 cells was not affected
with [FNe pressure and that the alteration of HCV replicon con-
fers the IFNa-resistance. Stat-1 phosphorylation was also
suppressed in the Huh-7 cells transfected with total RNA from
IFNa-resistant replicon (Fig. 7). Moreover, the ‘cured cells’
showed a restoration of Stat-1 phosphorylation (Fig. 10). These
observations suggest that [FNo-resistance in [FNo-resistant re-
plicon cells depends on a change in Stat-1 phosphorylation, at
least in part. For unknown reasons, we could not detect phos-
phorylation of Stat-2 (Tyr689), Stat-3 (Tyr705) (Sarcar et al.,
2004; Zhu et al., 2005), JAK-1 (Tyr1022), or Tyk-2 (Tyr1054) in
these cells. Concerning these proteins in the replicon cells, further
investigation is needed to understand their roles in acquisition of
[FNa-resistance.

Although the underlying mechanism of acquisition of [FNa-
resistance gained by HCV replicon RNA remains unclear,
clarification of detailed analysis of the role of Stat-1 in regard to
IFN signaling in HCV replicon cells may contribute to the de-

velopment therapeutic agents.
Materials and methods
Cell culture

Huh-9-13 cells harboring HCV subgenomic (NS3-3'X) re-
plicon and parental Huh-7 cells were purchased from ReBLikon
GmbH. Cells were cultured in Dulbecco’s modified Eagle's
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medium (DMEM) supplemented with 10% fetal bovine serum.
To Huh-9-13 cells, 1 mg/mL of G418 (Geneticin; Invitrogen), a
selective marker for replicated HCV subgenome was added.

IFN treatment

Huh-9-13 cells were seeded in a 75-cm” flask at a density of
3x10° cells/flask. Twenty-four hours after cell seeding, human
IFNa (Sumiferon®300; Dainippon Sumitomo Pharma) was
added so that the final concentration in medium was 10 TU/mL.
Control cells were cultured in medium with no other additional
substances. Cell passages were performed approximately every
7 days and the cells were cultured for approximately | month in
the presence of IFNa (10 TU/mL). After decreases in sensitivity to
IFNa were confirmed in the IFNa-treated groups by quantitative
RT-PCR, IFNa-resistant cell phenotypes were further cultured for
about 1 month in the presence of 30 TU/mL IFNq, and sensitivity
to IFNa was then also measured in these cells. The cells cultured
in the presence of 10 or 30 IU/mL of [FNa were cloned by a
limiting dilution method using 96-well plates: cells were seeded at
1 cell/well and cultured in medium containing 10 TU/mL TFNa.
After culture for about two to three weeks, survival and growth of
cloned cells were confirmed, and then colonies were isolated and
added to 48-well plates containing the test substance in 500 uL of
culture medium per well. The proliferated cells in the 48-well
plates were transferred to 6-well plates, and these were further put
into 75-cm? cell culture flasks for subculture. Thereafler, sub-
culture passage was performed approximately every 7 days.
Cloning and subculture were performed in the presence of [FNa.

Measurement of IFN-sensitivity (quantitative analysis of HCV
replicon and GAPDH mRNA)

IFN-sensitivity of I[FNa-treated replicon cells was measured
by quantitative RT-PCR. Cells (1 x 10 cells/well) were seeded in
96-well plates in the presence of 0,0.1,0.3, 1, 3, 10, 30, 100, 300,
or 1000 IU/mL of IFNe. Forty-eight hours after cultivation with
IFNa, the cells were harvested to extract total RNA using a total
RNA extraction kit (RNeasy® 96; Qiagen) in accordance with the
instruction manual. Quantification of HCV replicon RNA in the
prepared RNA was performed using TagMan® EZ RT-PCR Core
Reagent (ABI) using a sequence detector under the following
conditions: sense-primer: 5'-CGGGAGAGCCATAGTGG-3'
(130-S17; Greiner), antisense-primer: 5'-AGTACCACAAG-
GCCTTTCG-3' (290-R19; Greiner), probe: 5'(FAM)-CTGCG-
GAACCGGTGAGTACAC (TAMRA)-3' (148-S21FT, TaKaRa)
(Takeuchi et al., 1999), RT-PCR reaction conditions: 50 °C,
2 min— 60 °C, 30 min— 95 °C, 5 min—45 cycles = (95 °C,
20 s—62 °C, 1 min), The number of copies in the samples was
determined using a standard curve calibrated with 10* 10 10
copies of synthesized HCV RNA standards encoding from 5’
terminus to E2 region, and recorded as amount of HCV RNA.

Direct sequencing analysis of HCV replicon RNA

Nucleotide sequences of HCV replicon RNA were analyzed by
direct sequencing method. The NS region of total RNA extracted

from [FNa-resistant replicon clones was divided into four frag-
ments and amplified using an RT-PCR kit (ReverTra Dash®;
TOYOBO). Four primers (HCV-NS-IRV: 5-ATAGCACT-
CGCACAGAACCGA-3'"; Greiner, HCV-NS-2RV: 5'-GGAAC-
CGTTTTTCACATGTCC-3'; Greiner, HCV-NS-3RV: 5'-
ATGTGGTTAACGGCCTTGCT-3'; Greiner, HCV-NS-4RV:
5'-TCATCGGTTGGGGAGTAGATAGA-3"; Greiner) were
used for reverse transcription (RT). For polymerase chain reaction
(PCR), another four primers (HCV-NS-1FW: 5"-ATGGCGCC-
TATTACGGCCTA-3"; Greiner, HCV-NS-2FW: 5-TGTTC-
GATTCCTCGGTTCTGT-3"; Greiner, HCV-NS-3FW: 5'-
CCCCTTCTTCTCATGTCAACG-3'; Greiner, HCV-NS4 FW:
5'-GGAACCTATCCAGCAAGCCC-3"; Greiner) were used in
addition to the primers for RT.

RT and PCR reactions were conducted in accordance with
the instruction manual provided with the kit. RT reaction was
conducted at 42 °C, 20 min, and the reaction mixtures were then
heated to 99 °C, 5 min. The PCR reaction was performed for
30 cycles under the following conditions: 98 °C, 10 s; 60 °C,
2 5; then 74 °C, 90 s.

Sequencing was performed using a BigDye Terminator Cycle
Sequencing Ready Reaction Kit (ABI). One uL of amplified RT-
PCR product for each clone was purified using QIAquick Gel
Extraction kit (Qiagen) and the sequence primers were used to
prepare each of the reaction solutions in accordance with the
manufacturer’s procedure. Twenty pL of each solution was
allowed to react for 25 cycles under the conditions: 96 °C, 10 s;
50 °C, § 5; 60 °C, 4 min; then 72 °C, 7 min. The solutions were
then purified by Dye EX 2.0 (Qiagen) in accordance with the
instruction manual. After that, the samples were applied for
sequencing analysis using an ABI PRISM 3100 genetic analyzer
(ABI).

The NS region (5952 bp, 1984 amino acids) in sequenced
samples underwent gene analysis using Vector NTI analysis
software (Invitrogen). In a comparison of deduced amino acid
sequences based on nucleotide sequences among the four [FNa-
resistant replicon clones and original replicons, the NS regions
were compared to that of the original replicon clone to identify
mutations. The amino acid sequence of the original replicon
cells was included among the materials provided with the Huh-
9-13 cell line product from ReBLikon GmbH.

Reporter gene analysis

We attempted to clarify IFNa transactivation in IFNa-
resistant replicons. Firefly luciferase fused gene with three
repeats of an ISG15-type IFN-stimulated responsive element
(ISRE) was used as a reporter construct (pISRE/Luc). HCV
replicon cells or Huh-7 cells (3 % 10° cells/well) were seeded on
a 60-mm plate in the absence of [FNa. Eight hours after cell
seeding, the reporter construct (3 ug) was transfected using
FuGENES6 (Roche) as a transfection reagent, following the
instruction manual. The transfected cells were cultured further
12 10 14 h, and then the cells (1 % 10* cells) were inoculated on a
96-well plate and cultured for 24 h with or without 1000 TU/mL
of IFNa. The luciferase activity was measured by adding Steady
Glo® to the cells using TopCount (Packard).
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Western blot analysis Appel, N., Pictsch T.B hlager, R., 2005, Mutational analysis of
hepattis C virus | protein SA: potential role of dlﬂ'erumll

The cell lysates were prepared in Laemmli buffer (BIO-
RAD) and subjected to SDS-2/15% gradient PAGE and
transferred onto nitrocellulose membranes. To detect expression
of HCV NS proteins, antibodies against NS3, NS4B, NS5A,
and NS5B were used. Anti-fi-actin antibody (Sigma) was also
used for detection of [i-actin as an internal control.

To investigate the phosphorylation of Stat-1 at Tyr701 in HCV
replicon cells and its parental Huh-7 cells, the cells were cultured
in the medium containing 500 IU/mL of TFNa for 30 min, After
cell lysates were prepared as previously described, westem blot
analysis was performed using an anti-phospho-Stat-1 (Tyr701)
antibody (Cell Signaling Technology) or an anti-Stat-1 antibody
(BD Transduction Laboratories). Immunocomplexes were de-
tected by visualization using enhanced chemiluminescence
(Amersham Biosciences),

Transfection of total RNA derived from replicon cells to naive
Huh-7

Total RNA (5 pg) extracted from HCV replicon cells was
transfected to Huh-7 cells using DMRIE-C transfection reagents,
in accordance with the instruction manuals provided with the
reagents. The transfected cells were cultured in the absence of
IFNa and selected with 1000 pg/mL of G418 for 4 weeks. Drug-
resistant cells were collected and reactivity to [FNa« was measured
as described in previous section.

Elimination of HCV replicon RNA from replicon cells (Isolation
of 'cured’ replicon)

To remove HCV replicon RNA from replicon cells, HCV
replicon cells were treated (‘cured”) with HCV RNA-dependent
RNA polymerase NS5B inhibitor, JTP-71892, JTK-109-
derivatives synthesized in our laboratory (Hirashima et al.,
2006; Ishida et al., 2006). The replicon cells (5 = 10* cells) were
inoculated on a 60-mm plate and further cultured in the pre-
sence of the compound (1 pM) for about 4 weeks. The cell
culture was performed in the absence of G418, to prevent su-
rvival of the compound-resistant clones. Medium was ex-
changed with fresh medium containing the compound twice per
week. The finding that | uM of JTP-71892 does not exhibit any
toxicity or growth inhibition in long-term culture had been
previously confirmed.
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Due to the high polymorphism of natural hepatitis C virus (HCV) variants, existing recombinant HCV
replication models have failed to be effective in developing effective anti-HCV agents. In the current
study, we describe an in vitro system that supports the infection and replication of natural HCV from
patient blood using an immortalized primary human hepatocyte cell line cultured in a three-dimensional
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3D culture

(3D) culture system. Comparison of the gene expression profile of cells cultured in the 3D system to those
cultured in the existing 2D system demonstrated an up-regulation of several genes activated by peroxi-
some proliferator-activated receptor alpha (PPAR%) signaling. Furthermore, using PPARx agonists and
antagonists, we also analyzed the effect of PPARa signaling on the modul of HCV replication using
this system. The 3D in vitro system described in this study provides significant insight into the search for

FPAR
Immortalized hepatocytes
Blood-borne HCV

novel anti-HCV strategies that are specific to various strains of HCV.

© 2008 Elsevier Inc. All rights reserved,

Infection with Hepatitis C virus (HCV) is a serious health prob-
lem worldwide and leads to high rates of liver cirrhosis and hepa-
tocellular carcinoma [1). Given that the standard HCV therapy
remains insufficient for the successful treatment of many patients
|12], the development of more effective and less toxic anti-HCV
agents is required. In vitro systems like the HCV replicon-bearing
cells and the infectious particle-producing JFH1 system, has con-
tributed to the discovery of new targets for anti-HCV therapy.
However, these recombinant HCV genomes only proliferate in sub-
lines of HuH-7 cells, which do not permit infection or proliferation
of blood-borne HCV. Due to the high polymorphism of natural HCV,
data from recombinant HCV systems could be evaluated by study-
ing the therapeutic response of a variety of naturally occurring
HCVs. However, the current systems available for such study
remain insufficient due to the low infection and replication effi-
ciency of the natural HCV strains.

More recently, production and secretion of infectious HCV par-
ticles has been reported in two independent three-dimensional
(3D) cell culture systems, termed the radial-flow bioreactor (3D/
RFB) and the thermoreversible gelatin polymer (3D/TGP) systems.
These results were not observed in monolayer cultures (3],
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suggesting that hepatocytes cultured in 3D more closely resemble
liver cells in vivo [4] and thus support HCV proliferation. In
addition, analysis of gene expression levels in 3D cultured cells re-
vealed that the newly established immortalized human hepatocyte
(HuS-E/[2 cells) gene profile was altered to more closely resemble
that of human liver tissue when the cells were cultured in 3D/
TGP [5].

In the current study, we cultured HuS-E[2 cells in 3D/TGP
and demonstrated efficient proliferation of natural HCV. Fur-
thermore, gene expression analysis of these cells demonstrated
the activation of the peroxisome proliferators-activated receptor
2 (PPARq) signaling pathway, suggesting an important role for
this pathway in the replication of natural HCV, Thus, the
in vitro system described appears to be a useful tool for the
study of HCV infection and proliferation as well as for the
development of effective anti-viral agents against various natu-
ral HCVs,

Materials and methods

Cell culture. Immortalized human hepatocytes (HuS-E[2) and
LucNeo#2 replicon cells [6] were cultured as previously described
15.7). For the 3D-TGP culture system, 1 x 10° HuS-E/2 cells were
cultured in 1 ml Mebiol gel (Mebiol Inc, Kanagawa, Japan)/well
in 12-well plates, Five hundred microliters of fresh medium was
overlaid on the solidified gel. and was changed every 2 days. Cell
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extraction from the gel was done at the designated time points
according to the manufacturer's protocol.

RNA extruction, reverse (ranscriptase polymerase chain reaction
(RT-PCR) and real-time RT-PCR (Q-PCR). At the designated time
points, total cellular RNA was extracted and 1 pg of total RNA
was used as a template for RT-PCR and for the quantitative detec-
tion of HCV-RNA using real-time RT-PCR (Q-PCR) as previously
described [10].

HCV infecrion experiment. HCV infection experiments were car-
ried out using sera from patients infected with HCV. Infection in
2D culture was undertaken as previously described [5]. For 3D/
TGP cultured cells, the gel was solidified, and 50 pl HCV-contain-
ing patient serum with a titer of 1 x 10° HCV-RNA/mI was added
to the culture and mixed. The culture was continued until the
cells were extracted. Following extraction from 3D-TGP, cells
were centrifuged and washed three times thoroughly with PBS.
RNA was then extracted from the cells as described above.
HCV infection into HuS-E/2 cells was also examined in the pres-
ence of anti-E2 mouse monoclonal antibody (917) as outlined
previously [8].

Trearment of cells with PPARx signaling agonists and antago-
nists. Fenofibrate or MKB86 (Sigma-Aldrich, USA) were added
to the culture medium of HuS-E/2 (2D-HuS-E/2) cells from day
0 of HCV infection; or the culture medium of LucNeo#2 replicon
harboring cells. The cells were then cultured to the designated
time point.

Microarray analysis. Gene expression profiles of 3D/TGP cultured
HuS-E/2 cells were obtained by microarray analysis (3D-Genes
Human 25, Toray, Tokyo, Japan) and compared to those of cells cul-
tured in 2D.
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Results
3D/TGP cultures enhance HCV proliferation in HuS-E/2 cells

Infection and proliferation of the HCV genotype 1b (HCV-RCS)
derived from the serum of patient RC5 in HuS-E/2 cells cultured
in 3D/TGP (3D/TGP-HuS-E/2 cells) was investigated and com-
pared with that of HuS-E/2 cells cultured in 2D (2D-Hus-E[2).
As outlined in Fig. 1A, the HCV-RNA levels in the 3D/TGP-HuS-
E/2 cells were significantly higher at all of the time points exam-
ined following infection than in the 2D-HuS/E2 cells, suggesting
that the 3D/TGP system greatly enhances the proliferation of
naturally occurring HCV in HuS-E/2 cells. Similar results were
also obtained for sera from additional patients (data not shown).
To examine whether the infection is viral envelope-receptor
mediated, the infection experiments using serum treated with
anti-HCV-E2 antibody (2-E2) or with anti-tubulin (negative con-
trol) was also performed. Pre-incubation of the serum with «-E2
significantly reduced the total amount of HCV-RNA in the cells
upon infection (Fig. 1B), This result suggested that the infection
of natural HCV into 3D/TGP-HuS-E/2 cells was HCV-E2-
dependent.

Inhibition of natural HCV replication in HuS-E/2 cells by Interferon

In order to test the effects of anti-viral agents on natural HCV
replication in 3D/TGP HuS-E/2 cells, 50-100 U/ml of IFNa was
added to the medium overlaying the HCV-RC5 infected 3D/TGP-
HuS-Ef2 cells. The two treatment concentrations resulted in the
inhibition of HCV-RNA replication in 3D-HuS-E[2 cells by
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Fig. 1. HCV infection into 3D/TGP-HuS-E/2 cells. (A) 3D/TGP significantly enhanced HCV proliferation in HuS-E/2 cells. HCV patient serum was used to infect a similar number
of HuS-E/2 cells cultured in 2D {hashed line) or 3D/TGP {solid line] culture for 24 h. Cells were then harvested and lysed at the indicated time points (3-7 days). The quantity

of genomic HOV-RNA per 1 ug total RNA was d ined by Q-PCR analysis. (B) Anti-E2

blocked HCV infection, HOV infection was performed as described in panel

A In the presence of Anti-E2 specific or anti-tubulin {control) antibodies. (C) IFNa inhibits HOV replication in 3D/TGP-HuS-E/2 cells. Hus-E/2 cells were infected with HCV and
fresh medium supplemented with or without (Mock). 50 Ufml, or 100 U/ml IFN« overlaid on the gel containing the cells and HCV proliferation measured as described above.
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PPAR regulated genes were § in 3D/TGP-HuS-Ef2 cells (3D-TGP) and their
expression levels measured by RT-PCR. 2D represents RNA samples from 2D-HuS
-E/2 cells. Twenty cycles of amplification were for the RT-PCR analysis.
GAPDH expression served as an internal control, Abbreviations: FABPI, fatty acid
binding proteins 3; FABP4, fatty acid binding proteins 4: ACOX2, acyl-coenzyme A
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approximately 50-60% and almost completely, respectively, when
compared to the replication In cells receiving mock treatment
(Fig. 1C) These results demonstrate that the IFNx treatment was
effective on HCV derived from RC5 and that 3D/TGP-HuS-E/2 cells
may be useful for the screening of anti-HCV drugs for the treat-
ment of natural HCV.

Increased activation of the PPARx signaling pathway in 3D cultured
HuS-E/2 cells

Given that 3D/TGP-HuS-E/2 cells demonstrated enhanced pro-
liferation of natural HCV, the gene expression profiles of these
cells was compared with that of cells cultured under normal
2D conditions using microarray analysis in order to identify
the factors required for the enhanced proliferation. Among the
24,268 genes compared in this analysis, 212 genes demon-
strated a greater than four folds index increase in expression
in 3D/TGP than standard cultured cells. Cell signaling pathway
analysis of these 212 genes showed that six genes, including
fatty acid binding proteins 4 and 3 (FABP4 and 3), apolipoprotein
D (APOD), aquaporin 7 (AQP7), acyl-coenzyme A oxidase 2
(ACOX2), and fatty acid desaturase 2 (FADS2), were targets of
PPARx signaling [9-12]. The increased expression of these genes
in the 3D/TGP-HuS-Ef2 cells was further confirmed by RT-PCR
analysis (Fig. 2). Given that PPARx is an essential factor for nor-
mal hepatocyte function [13], these results indicate that 3D/TGP
culture enhances the hepatocyte-specific charactenstics of HuS-

axidase 2; APOD, in D; AQP7, 7: FADSZ, fatty acid desaturase
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Fig. 3. The effects of PPARz agonists and antagonists on natural HOV proliferation. (A) HuS-E/2 cells were infected with HOV and fresh medium supplemented with or without
(Mock) 2, 10, or 30 uM of fenofibrate av:rlald on the cells. (B) Medium supplemented with of without (Mock), 2, 5, or 10 uM of MKBBE was overlaid on 2D-HuS-E/2 cells

infected with HCV, HOV proliferation i i wis

d by Q-PCR. (C) Medium supplemented with or without (Mock). 10 uM of MK886 was overlaid on 30/

d by Q-PCR.

TGP-HuS-E/2 cells infected with HCV. HOV pmll’ﬂ'lbnn i Wt
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PPARz signaling affects HCV replication

We next examined the potential role of PPARa signaling on HOV
proliferation by monitoring HCV replication in 2D-HuS-E[2 cells
that had been infected with HCV-RC5 and subsequently treated
with the PPARx agonist fenofibrate [14] or the PPARx antagonist
MKS86 [14] (Fig. 3B). As outlined in Fig. 3A, a dose-dependent in-
crease in HCV replication was observed in fenofibrate-treated cells.
In contrast, a dose-dependent decrease in HCV proliferation
was observed in the presence of MK886. Similarly, treatment with
MKS86 reduced HCV proliferation in 3D/TGP-HuS-E/2 cells (Fig. 3C).
The response of HCV proliferation in response to fenofibrate and
MKB886 treatment was also analyzed in LucNeo#2 cells that con-
tained HCV replicon RNA (LNMH14) derived from the HCV-1b gen-
ome (Fig. 4A). Luciferase expression in these cells represented
replication of the HCV replicon [6] and, as shown in Fig. 4A, lucif-
erase activity in the cells treated with fenofibrate or MK886 also
showed either enhancement or suppression of replicon prolifera-
tion, respectively. In addition, the increased HCV replication fol-
lowing fenofibrate treatment was completely abolished when
treated with MK886 simultaneously. As MKB86 is known to induce
apoptosis when administered in high doses |15}, the cell viability

>

[J Mock

W Fenofibrate

[ MKs85

[ Fenolibrate+MK886

Relative Luciferase activity

Tom

OuM  SpM

20M  404M  Fenofibrate
ouM  2uM SuM 104M  15uM  MK8ss
B o Mock
12, B Fenofibrate
= MKBE6
“
- 087
c
Eo.o-
0.41
021
o
5uM 10uM 20uM 40uM  Fenofibrate
2uM SuM 10uM 15:M  MK886

Fig. 4. The effects of PPARx agonists and antagonists on the replication of HOV
subgenomic replicons. (A) LucNeo#2 cells containing a HCV subgenomic replicon
tmd LNMH14, were mock treated or treated with fenofibrate, MKBSE, or a
of both fenofit and MKESE at the indicated concentrations for
2 days. Luciferase activity derived from the replicon was then measured as an
indicator of HCV replication [7]. (B) i with fenofib
MKEE6, LucNeo#2 cells were cultured for 2 days and cell viability measured using
the XTT assay [Roche, Mannheim, Germany).

=151=

was examined using the XTT assay. There were no significant ef-
fects on cell viability after treatment with fenofibrate. Although
MK886 resulted in a minor reduction in XTT values when high
doses (10-15 pM) were administered, this reduction was not sta-
tistically significant when compared to its effect on HCV replica-
tion (Fig. 4B). This result suggests that PPARx signaling is
required for HCV replication and that suppression of PPARx signal-
ing has an anti-HCV effect.

Discussion

In the current study, we demonstrated that immortalized hepa-
tocyte HuS-E/2 cells cultured in 3D/TGP support the infection and
replication of natural HCV derived from patient sera. Unlike recom-
binant HCVs, which have been required to adapt to sublines of
HuH-7 cells [16], the population of the natural HCV is fairly poly-
morphic, demonstrating different responses to a variety of anti-vir-
al agents [17,18]. The 3D/TGP-HuS-E/2 cells have the advantage of
being a small-scale 3D cultured cells, which are cultured in 12-well
plates at a density of 1 x 10°/well. that allow the study of both vir-
al and cellular events. In the current study, it demonstrated a 2 log
increase in susceptibility to natural HCV infection and replication
when compared to conventional 2D culture systems. Thus it offers
an important advantage in the study of natural HCV infection and
replication, and the response of natural HCV to anti-HCV drugs.

As the ability of HuS-E/2 cells to support infection and replica-
tion of natural HCV was greatly altered by the culture conditions, it
is likely that the culture system described in our study will provide
important information in regards to the cellular factors that sup-
port the HCV life cycle. The microarray study showed that the
expression of some genes related to the PPARx signaling pathway
were upregulated in the 3D cultured HuS-E/2 cells. Using both
PPARx signaling agonists and antagonists, PPARx signaling was
shown to affect infection and proliferation of natural HCV.
PPAR«x is a ligand-activated transcription factor that is primarily
expressed in tissues with high lipid metabolism including the liver,
where it functions as one of three major nuclear receptors and is
essential for its normal function [19]. Similar to a part of our data,
a negative effect on HCV replication was previously observed in the
replicon-bearing cells treated with siRNA for PPARz, with only 50%
reduction of HCV-RNA [20]. In this study, even a large dose of
PPARa agonist enhanced natural HCV replication in the 2D-HuS-
Ef2 cells for three times, despite the 2 logs enhancement of HCV
proliferation in 3D/TGP culture. This implies that additional factors
activated in 3D/TGP-HuS-E/2 cells may be required for the efficient
HCV proliferation. Further analysis of the microarray data may pro-
vide us with further information on factors that may prove useful
in the development of anti-HCV drugs.

In conclusion, the novel in vitro culture system combining TGP
and immortalized hepatocytes described in this study demon-
strated efficient support of natural HCV infection and replication.
This system may be used in future virological studies to define
new anti-HCV strategies. It may also prove useful for the specific
design of effective individual therapy according to patient-specific
strains.
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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. 87:1935-1945, 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 resulls suggest that HCV-induced cell death is, in fact,
apoptosis. Moreover, HCV infection activated Bax, a proapoptotic member of the Bel-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 Bel-2 family, such as Bel-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: hottai@kobe-v.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 Huh?7.5 cell line (6), 2 highly HCV-susceptible subclone of Huh?
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/JFHI1 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 pl d| and the suf was
propagated a5 an original virus (J6/JFHI1-passage 1 [J&/JFH1-P1]). Since the
infectious titer of the original virus was not high enough for infection of all the
cells in the culure at once, an adapted strain of the virus was obtained by
passaging the virus-infected cells 47 times, The adapted virus (J6/JFH1-P47),

1. ViroL.

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 supematant was
used as cell lysate. The cell lysate was further centrifuged at 3,000 x g for 15 min
a1 4°C. The pellet obtained, which was considered the mitoc fraction,
was washed once with reagent C and dissolved in a lysis buffer containing 10 mM
Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% NP-40, and a prolease
inhibitor cockiail. The remaining supernatant was further cemrifuged at 100,000 <
& for 30 min at 4*°C, and the resultant supematant was collected as a cytosolic
fraction.

To verify ful mitochondrial fracth the cytosolic and h
drial fractions were by i blotting, as described below, using
antibody against Tim23, a mlludlmdrkmwlﬁ: prmem_

dysis of the mitochondrial P L The mi -
transmembrane p ial was J by flow cy v using the cationic

lipophilic green fluorochrome rhodamine 123 (Rho123; Sigma, St. Louis, MO),
a5 described previously (43). Briefty, cells (7 x 10°) were harvested, washed twice
with phosphate-buffered saline (PBS), and incubated with Rho123 (0.5 pg/ml) at
¥Wlw“mm1hndkmmmmmmmm and Rhol23
y wais analyzed by a flow cy (Becton Dick San Jose, CA). A
total o! 10,000 events were collected per sample, Mean fluorescence intensities
were ] by I mc_ -.mcm[mmhh‘wgrmpeuk
Dcleuhnd’.u'pboloﬂul of the mitochondria. Mitochondrial mor-
phology was analyzed by two different (i) For fi 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 ((‘ul Zeiss, Oberkochen, Germunyj When needed, the fixed cells
were subjected to indirect to confirm HCV infection, as
described below, (ii) Electron microscopy was performed as described pre-
vluu:ly (23, 43). In brief, cells were fixed with 4% paraformaldehyde and 0.2%
for 30 min at room temperature. After being washed with

which is a pool of adapted 10 amino acid

(K7BE, T396A, T416A, N534H, IA'.’l"\-’ Y852H, WETYR, F2281L, MIB?GL,

PBS the cells were collected, debydrated in a series of 70%, 80%, and 90%
I bedded in LR White resin (London Resin, Berkshire, United

and T2925A) and a single nucleotide mutation in the 5' lated region
(U146A) and produces a much higher titer of infectivity in Huh7.5 cell cultures
than the original J&/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 ivity was d by indi immunofiuorescence analysis, as
described below, and expressed as cell-infecting units/mi.

Cell viability/proliferation assay. Huh7.5 cells were seeded in 96-well plates at
a density of 1.0 % 10" cells/well and cultured overnight. The cells were then
infected with the virus or the mock preparation, and, at different time points, cell
vlahllnya’pmhfcramn m d:u:rmhmd by the WST-1 assay (Roche, Mannheim,

¥). as iously (43).

Dﬂmimnhpnptwl;.’fhcdmm of apoptosis was measured by using a Cell

Death Delnchun ELISA™™ kit (Roche), which is I:med on the determination of
d DNA frag 1 1o the f: s

pmmcnl In brief, cells cultured in a %mliplu:wr:tnmgedm 200 g for
10 min a1 4°C 10 remove the supernaiant. Afier the cells were lysed with lysis
buffer, the plate was centrifuged at 200 * g for 10 min to separate the cytoplasmic
and nuclear fractions. Twenty microliters of was placed in each well
of a streptavidin-coated 96-well plate. Sul:uequmtly & 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 thrw

Kingdom), and kept at =20°C for 2 days to facilitate resin polymerization.
After ultrath ples were etched in 3% H,0, for 5 min at
room temperature and wa&h!d with PBS. Sections were stained with uranyl
acetate and lead citrate and observed under a transmission electron micro-
scope (JEM iZWEX' JOEL, Tokyo, Japan).

Detection of hondrial superoxide. Cells seeded on glass coverslips in a
24-well plate were Incubated with 5 uM MitoSOX Red (Molecular Probes) at
3TC for 10 min, After helng washed with warm Hanks' balanced salt solution
with calcium and (Invitrogen, Carlsbad, CA), the cells were fixed
with 3.7% plrn!urmaldehyde and observed under a confocal laser scanning
microscope (Carl Zeiss), When needed, the fixed cells were subjected to indirect
mmunuﬂummc to confirm HCV infection, as described below,

Cells seeded on glass coverslips in a 24-well
plate at a density of 6 x 107 cellsiwell were infected with HCV or left uninfected.
At different time points after virus infection, the cells were fived with 3.7%

hyde in PBS for 15 min at room temperature and permeabilized in
0.19% 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 immunoglobutin G (IgG; Chemi-

times to remove the unbound components, peroxidase mmﬂeswere con, T Ia, CA), Alexa Fluor 594-conjugated goat anti-human IgG (Molec-
I ically with 2.2"-azino-diethyl-b as a substrate  ular Probes), and fl in isothiocy (FITC)-conjugated goat anti-h
and d by using A microp reader (Bio-Rad). 1gG (MBL, Nagoya, Japan). The cells were washed with PBS, counterstained
Caspase enzymatic activities, Activities of caspase 3, 8, and 9w¢.n= measured with Hoechst 33342 solution {Molecular Probes) at room temperature for 10
by using Caspase-Glo 37, B, and 9 assays (P ), resp ding 1o min, mounted on glass slides, and observed under a confocal Inermnnbu
the manufacturer’s ions. In brief, a prolumi pase 377, 8, or 9 microscope (Carl Zeiss). The specificity of this ining was ¢
substrate, which consists of unlwludfﬂin (substrate for luciferase) and the using mouse monocional antibody against HCV core pmtem (C7-50; Abcam,
tetrapeptide sequence DEVD, LETD, or LEHD (cleavage site for caspase 37, 8, Tokyo, Japan).
or 9, respectively), was added to caltured cells in each well of a 96-well plate, and Touulyae!hc ible localization of the activated Bax on hondrial
the plate was incubated for 30 min at room temy In the g of cells were incubated with MitoTracker and subjected to immu-
caspase 377, 8, or 9, aminoluciferin was liberated from the p fi lysis using rabbit polyclonal antibody against activated Bax

substance and utilized as a substrate for the luciferase The 1

(NT body; Upstate, Lake Placid, NY). This antibody is dirccted 1oward

inal 1 to 21 of Bax in an N-terminal conformation-dependent

luminescence in relative light units was measured by using a Lumi INR
AB-2100 (Atto, Tokyo, Japan).

manner lmi lpeclﬁcally recognizes the active form of Bax, in which this

Cell fractionation. Cells were lm:thmml by using a mltodlondrlll Lati
kit (Pierce, Rockford, IL). g 10 the fi 5 i Briefly,
2 % 107 cells were harvested and nmp:ndcd in reagent A containing a protease
inhibitor cocktail (Roche ), The cell suspension was mixed with buffer B, vortexed

posed in resp 1o apoptotic stimuli (64).
mmm 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
cocktall (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-conj d goat anti-h IgGat 2,4, and 6
days postinfection (dpi). Nuclei were counterstained with Hoechst 33342 (blue staining). Scale bar, 50 pm. (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 < 0.01, 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.

centrifugat Protein g fication was carried out using a bicinchoninic
acid protein assay kit {Pierce). Equal amounts of soluble proteins (4 to 20 pg)
were subjected 1o 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 Bel-2 (BD Biosciences Pharmingen, San Diego,
CA); rabbit polyclonal antibodies against Bak (Upstate), caspase 3. and
PARP (Cell Signaling Technology, Danvers, MA); and goal polyclonal anti-
bodies against glucose-regulated protein 78 (GRP78) and GRP94 (Santa
Cruz Biotechnology). Horseradish peroxidase-conjugated goat anti-mouse
1gG (MBL), goat anti-rabbit 1gG (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
Giet Signal; Tovobo, 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 (Samia Cruz

Biotechnology) as a primary antibody.

Statistical analysis. The two-tailed Siudent 1 1est 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

HCV 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

apoptlosis, 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/JFHI1-
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 caspasc 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.

HCV 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 Bel-2 in HCV-infected Huh7.5 cells

1. VIROL.

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 a1 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.

HCV 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 ~350% 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. 5A 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 activitics 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 < 0.03; T, 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 wm, (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 < (.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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F1G. 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, Bel-2, NS3, Tim23, and actin.
Amounts of Tim23, a mitochondrion-specific protein, were measured
10 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 1gG
(1op row). Merged images are shown on the bottom. Scale bar, 10 um.
(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.

HCV 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. Viron.

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 ¢ release
(27, 54). We then examined the effect of HCV infection on
cytochrome ¢ release in Huh7.5 cells. The result clearly dem
onstrated cytochrome ¢ 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.

HCV 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
GRP9%4 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 GRP94 at 2, 4, or 6 days postinfection compared
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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), EZ (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
1o 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 Huh?7.5 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 < (.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 14-3-30 protein to
dissociate Bax from the Bax/14-3-37 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 recepior, 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 (JFHI strain) infection induced apoptosis
through a TRAIL-mediated pathway in LH86 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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