that these cell lines expressed higher levels of the liver-specific
genes than the HEK293 cells used as negative controls (Fig. 1A).
These results suggested that the expression of AFP was correlated
with that of the examined liver-specific host factors in cancer cell
lines. Next, to confirm this correlation, the expression levels of
ALB, ApoB, ApoE, MTTP, and miR-122 were determined by
gPCR in AFP-expressing cell lines, including FU97, OV-90, and
HCC-derived Huh7, HepG2, Hep3B, and JHH-4 cells (Fig. 1B).
Takigawa cells were difficult to culture, and Caco-2 cells have pre-
viously been reported to permit entry and replication of HCV (42,
43); therefore, we excluded these cell lines for further analyses.
JHH-4 cells were previously shown to permit a partial propaga-
tion of HCV in a three-dimensional cultivation by using a radial-
flow bioreactor system upon inoculation with plasma from an
HCYV carrier (44). In contrast to 293 T cells, these AFP-expressing
cell lines express high levels of the examined liver-specific host
factors, suggesting that these cell lines maintain their hepatic func-
tions. Because previous studies have shown that Huh7, HepG2,
and Hep3B cells are susceptible to HCVcc infection, we selected
JHH-4, FU97, and OV-90 cells for further investigation as new cell
line candidates for HCV propagation. It is well known that hepa-
toeytes and intestinal cells produce ApoB100 and ApoB48, respec-
tively. ApoB100 was detected in the culture supernatants of Huh?7,
JHH-4, FU97, and OV-90 cells but not in those of 293T cells by
immunoblotting (Fig. 1C). These results suggest that FU97 and

OV-90 cells are differentiated into hepatocyte-like cells and pos-

sess liver-specific functions. The expression of entry receptor mol-
ecules for HCV, including hCD81, CLDN1, OCLN, and SR-BI
(45-48), in these cell lines was confirmed by immunoblotting and
fluorescence-activated cell sorting (FACS) analyses (Fig. 1D and
E). To further determine the authenticity of the receptor candi-
dates for HCV entry, HCVpv was inoculated into these cell lines.
Although the infectivity of HCVpv to JHH-4 and FU97 cells was
comparable to that in Huh7 cells, OV-90 cells did not show any
susceptibility to HCVpv infection (Fig. 1F). Cell surface expres-

sion of CLDN1 and OCLN was detected in OV-90 cells (data not .

shown); therefore, lack of susceptibility of OV-90 cells to HCVpv
_ infection might be attributable to'lower expression of SR-B1 and
hCD81 in OV-90 cells than in other cell lines (Fig. 1D and E).
Thus, we selected JHH-4 and FU97 cells for further investigation
of HCV propagation. )

JHH-4 and FU97 cells permit HCV propagation. To examine
the susceptibility of JHH-4 and FU97 cells to HCV propagation,
HCVccwas inoculated into these cells at a multiplicity of infection
(MOI) of 1, and intracellular HCV RNA and infectious titers in
the culture supernatants were determined by qRT-PCR and focus-
forming assay, respectively, FU97 cells exhibited higher levels of
HCV gene expression than JHH-4 cells, and these levels increased
continuously until 48 h postinfection; treatment with IFN-a sig-
nificantly inhibited HCV gene expression in both JHH-4 and
FU97 cells (Fig. 2A, left panels). In addition, substantial amounts
of infectious particles were detected in the culture supernatants of
JHH-4 and FU97 cells infected with HCVcc, in contrast to the lack
of infectious particles in the culture supernatants of 293T-CLDN/
miR-122 cells infected with HCVcc (Fig. 2A, bar graph). Recent
reports have shown that exogenous expression of miR-122 en-
hances HCV RNA abundances in several hepatic or nonhepatic
cell lines (16—18). Therefore, we examined the effect of miR-122

overexpression on HCV RNA abundances in both JHH-4 and .

FU97 cells. miR-122 was introduced in these cells by a lentiviral
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vector encoding pri-miR-122, an unprocessed miR-122, and miR-

122 expression was confirmed by quantitative PCR (qPCR) anal-
ysis (Fig. 2B, bar graph). In contrast to the slight increase of HCV
RNA in FU97 cells, JHH-4 cells exhibited a significant increase of
HCV RNA, suggesting that the expression level of miR-122 isa key
determinant for the efficient propagation of HCV (Fig. 2B, right
panels). A previous study has shown that NS5A proteins were
localized around the endoplasmic reticulum (ER) membrane, and
accumulation of core protein around lipid droplets (LDs) facili-
tates efficient assembly of infectious particles in Huh?7 cells (24).
Immunofluorescence microscopy observation revealed that core
and NS5A proteins in JHH-4 and FU97 cells infected with HCVec
were detected around LDs and in the ER together with double-
stranded RNA (dsRNA), respectively (Fig. 2C). These results sug-
gest that expression of liver-specific factors permits complete
propagation of HCVcc in JHH-4 and FU97 cells and that hepatic
characteristics play crucial roles in HCV propagation.

JHH-4 and FU97 cells permit complete propagation of
HCVcc without any exogenous expression of host factors cru-
cial for propagation of HCV. To further characterize the propa-
gation of HCV in JHH-4 and FU97 cells, we examined the effects
of the HCV inhibitors on the replication of HCV RNA. Preincu-
bation with anti-FHICV E2 antibody and pretreatment of cells with
anti-hCD81 monoclonal antibody significantly inhibited HCVec
infection not only in Huh7 cells but also in JHH-4 and FU97 cells,
suggesting that hCD81 is also involved in HCV entry into JHH-4
and FU97 cells (Fig. 3A, left panels). To examine the effect of
miR-122 expression on HCV RNA abundances, cells were treated
with LNA specific to either miR-122 (miR-122~LNA) or a non-
specific LNA (Ctrl-LNA) at 6 h before infection with HCVcc.
Treatment with miR-122-LNA but not with Ctrl-LNA signifi-
cantly reduced the HCV RNA abundances in these cell lines, sug-

- gesting that miR-122 also plays a crucial role in the efficient prop-

agation of HCVcc in JHH-4 and FU97 cells (Fig. 34, right panels).
Previous reports showed that treatment with MTTP inhibitors
inhibited the production of infectious particles of HCVcc in Huh7
cells (20, 22). Although intracellular HCV RNA levels in Huh?7,
JHH-4, and FU97 cells were not inhibited by the treatment with
MTTP inhibitors, including CP-346086 and BMS-200150 (Fig.
3B, left panels), the production of infectious particles was signifi-
cantly decreased in these cells (Fig. 3B, right panels). These results
suggest that the VLDL secretion pathway also participates in the

propagation of HCV in JHH-4 and FU97 cells. Furthermore, it -

was shown that ApoB and ApoE are involved in the production of
HCV particles in Huh7 cells (20-22). To confirm the role of ApoB
and ApoE in HCV propagation in JHH-4 and FU97 cells, the
expression of ApoB and ApoE was suppressed by siRNAs (Fig. 3C,
left panels). The suppression of ApoB and ApoE expression sig-
nificantly reduced HCV RNA levels in cells infected with HCVcc
at an MOI of 1 (Fig. 3C, middle panels) and significantly reduced
theinfectious titers in the supernatants (Fig. 3C, right panels) at 72
h postinfection. Collectively, these results suggest that the JHH-4
and FU97 cells permit complete propagation of HCVcc without

any exogenous expression of the host factors crucial for propaga-

tion of HCV, including receptor miolecules, miR-122, and VLDL-
associated proteins. FU97 cells exhibited higher susceptibility to
HCVec propagation than JHH-4 cells (Fig. 2A), and thus we char-
acterized the FU97 cells in greater detail.

Establishment of HCV RNA replicon and cured cells by using
FU97 cells. To further examine the characteristics of FU97 cells
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FIG 1 JHH-4 and FU97 cells express high levels of the liver-specific host factors required for HCV propagation. (A) Expression of AFP, ALB, ApoB, and ApoE
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with respect to HCV RNA replication, in vitro-transcribed sub-
genomic HCV RNA of the Conl strain was electroporated into
Huh7 and FU97 cells and cultured in medium containing G418
for a month, and then subgenomic replicon (SGR) cells of the
Conl strain were established (Fig. 4A). Replication of HCV RNA
in four clones of the FU97 replicon cells was examined by qRT-
PCR and immunoblotting. All clones contained a high level of
HCV RNA (3 X 107 to 7 X 107 copies/pg total RNA) (Fig. 4B,
upper panel), and the NS5A protein was also detected (Fig. 4B,
lower panel). We examined the localization of NS5A and dsRNA
in clone 5 of FU97 SGR cells by immunofluorescence analysis.
Colocalization of NS5A with dsRNA was observed in clone 5, sug-
gesting that the replication complex required for viral RNA repli-
cation was generated in the FU97 SGR cells (Fig. 4C). It has been
shown that the infectivity of HCVcce in the cured cells that were
established by elimination of the viral genome by treatment with
antivirals from Huh?7 replicon cells is significantly higher than that
in parental Huh7 cells (49). To establish FU97 cured cells, two
clones of FU97 replicon cells (clones 5 and 7) were treated with a
combination of either 100 TU/ml of IFN-o and 100 nM BILN 2061
(clones 5-1 and 7-1) or 10 pM BMS-790052 and 100 nM BILN
,2061 (clones 5-2 and 7-2) to eliminate viral RNA. Viral RNA was
gradually decreased and was completely eliminated at 26 days
posttreatment in four clones (Fig. 4D), and elimination of NS5A
expression in cured cells was confirmed by immunoblot analysis
(Fig. 4E). Next, to examine the susceptibility of the cured cells to
the propagation of HCVce, FU97 cured cell clones (clones 5-1 and
7-1) and parental FU97 cells were infected with HCVec at an MOI
of 1. The cured cells are more permissive to HCV infection, result-
ing in increased HCV RNA (Fig. 4F) and NS5A abundances (Fig.
4G) compared to the parental cells. These results suggest that sus-
ceptibility of the cured FU97 cells to the propagation of HCVcc is
higher than that of parental cells, as seen in previous studies using
hepatic and nonhepatic cells (17, 18, 49).

Cured FU97 cells exhibit normal innate immune response. It
has been shown that one of the reasons for the high susceptibility
of the cured cell line, Huh7.5 cells, to HCVcc infection is the
impairment of the innate immune responses caused by mutation
in RIG-I, a key sensor for viral RNA (50). To examine the involve-
ment of the innate immune response in the enhancement of
HCVcc propagation in the cured FU97 cells, the expression levels
of IFN-stimulated gene 15 (ISG15) were determined upon stimu-
lation with IFN-o or infection with VSV Expression of ISG15 was
significantly increased in both parental and cured FU97 cells by
treatment with IFN-a or infection with VSV (Fig. 5A). To further
confirm the innate immune responses in the cured FU97 cells,
reporter plasmids encoding the luciferase gene under the control
of either the IFN-B (Fig. 5B, left) or ISRE (Fig. 5B, right) promoter
were transfected into both parental and cured FU97 cells and
treated with IFN-a or inoculated with VSV. Activation of these
promoters in the cured cells was comparable to that in the parental
cells. To further assess the authenticity of viral RNA recognition

Human Liver-Specific Factors for HCV Propagation

and ISG induction pathways in the cured cells, nuclear localiza-

tion of IRF3 and STAT2 upon stimulation was determined by
immunofluorescence analysis. IRF3 and STAT2 in both parental
and cured FU97 cells were translocated at similar levels into the
nucleus upon infection with VSV or treatment with IFN-a (Fig.
5C). These results suggest that the efficient propagation of HCVcc
in the FU97 cured cells is attributable to reasons other than im-
pairment of innate immunity.

Expression of miR-122 is one of the determinants for HCV
RNA abundances. We hypothesized that HCV replicon cells are
capable of surviving in the presence of G418 by amplification of
the viral genome through the enhancement of miR-122 expres-
sion, and cured FU97 cells acquired the ability to propagate
HCVec due to the high-level expression of miR-122. Our previous
study also suggested that the expression levels of miR-122 in
Huh7, Hep3B, and HeclB cured cells were higher than those in
parental cells (17, 18). To test this hypothesis, the expression levels
of miR-122 in the cured FU97 cells were compared with those in
parental cells. Interestingly, the cured FU97 cell clones exhibited a
1.8-fold increase in miR-122 expression (Fig. 6A). These results
suggested that the efficient propagation of HCVcc in the cured
FU97 cells was attributable to enhanced expression of miR-122
rather than the impairment of the innate immunity. To further
confirm the correlation between the expression of miR-122 and
HCV RNA abundances, we established FU97 cell lines expressing
various concentrations of miR-122 by using a lentiviral vector
(Fig. 6B), and HCV RNA abundances in these cell lines upon
infection with HCVcc were determined by qRT-PCR (Fig. 6C).
HCV RNA abundances increased in accord with the expression of
miR-122, suggesting that expression of miR-122 is one of the de-
terminants for HCV RNA abundances in cells infected with
HCVcc.

HCYV particles produced in FU97 cells exhibit similar charac-
teristics to those in hepatic cells. To examine the characteristics
of viral particles produced in FU97 cells, HCV particles recovered
from the culture supernatants of Huh7.5.1 and FU97 cells infected
with HCVcc were fractionated by buoyant density gradient anal-
ysis. Previous reports indicated that viral RNA and infectious par-
ticles were broadly distributed, with peaks in fractions from 1.13
to 1.14 g/ml and from 1.09 to 1.10 g/ml, respectively (51, 52). In
agreement with the previous data, major peaks of HCV RNA and
infectious particles in culture supernatants of both Huh7.5.1 and
FU97 cells were detected around 1.10 g/ml and 1.09 g/ml, respec-
tively (Fig. 7A and 7B, upper panels). Furthermore, ApoE was
detected around the peak fractions of infectivity in both Huh7.5.1
and FU97 cells (Fig. 7A and B, lower panels). These results suggest
that HCV particles produced in FU97 cells exhibit characteristics
similar to those in hepatic cells.

Effects of anti-HCV drugs on the propagation of HCV in
FU97 cells. To determine the difference in the efficacies of antivi-
rals on the HCV propagated in Huh7 and FU97 cells, three DAAs,
ie., BMS-790052, PSI-7977, and BILN 2061 targeting NS5A,

Body Atlas and Huh7, JHH-4, and 293T cells was determined by qPCR. The relative expression of AFP, ApoB, ApoE, MTTP, and ALB mRNA was normalized
to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA, and that of miR-122 was normalized to that of U6 snRNA. (C) Secretion of ApoB in the
culture supernatants of Huh7, JHH-4, FU97, OV-90, and 293T cells was determined by immunoblotting by using anti-ApoB antibody. The molecular mass of
ApoB100 secreted from hepatocyte is about 500 kDa. (D) Expression of CLDN1, SR-BI, and OCLN in these cell lines was determined by immunoblotting. (E)
Expression of hCD81 in the cell lines was determined by flow cytometry. (F) HCVpv-bearing HCV envelope proteins and control virus (Ctrlpv) were inoculated
into the cell lines, and luciferase activities were determined at 24 h postinfection. Asterisks indicate signiﬁcant differences (¥, P < 0.05; **, P < 0.01) versus the

results for control virus.
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NS5B, and NS3/44, respectively, were treated with various con-
centrations at 3 h postinfection with HCVcc, and the intracellular
HCV RNA level was determined by qRT-PCR at 48 h postinfec-
tion. Treatment with these DAAs inhibited the HCV RNA level in
a dose-dependent manner in both Huh?7 and FU97 cells (Fig. 8A,
bar graphs) and exhibited no cell toxicity at all even at the highest
dose (Fig. 8A, line graphs). The inhibitory effects of BMS-790052
(Fig. 8A, top graphs) on the propagation of HCVcc in FU97 cells
were higher than those in Huh7 cells, and the 50% effective con-
centration (ECs,) values of BMS-790052 against propagation of
HCVeccin FU97 and Huh7 cells were 7.2 and 21.8 pM, respectively
(P < 0.05). On the other hand, the antiviral effects of BILN 2061
(Fig. 8A, bottom graphs) on the propagation of HCVcc in FU97
cells were lower than those in Huh7 cells, and ECgys of BILN 2061
against propagation of HCVcc in FU97 and Huh?7 cells were 65.0
and 38.9 nM, respectively (P << 0.01). PSI-7977 showed almost
equivalent inhibitory effects to HCV propagated in FU97 and
Huh7 cells, and the ECyys of PSI-7977 against propagation of
HCVcc in FU97 and Huh?7 cells were 34.6 and 44.1 nM, respec-
tively (Fig. 8A, middle graphs). These results suggest that the an-
tiviral effect of DAAs on the propagation of HCVcc varied be-
tween Huh7 and FU97 cells.

Next, we examined the efficacy of IFN-«, RBV, and cyclospo-
rine, which are inhibitors for HCV targeting host factors involved
in the propagation of HCVcc (53-55), on the propagation of
HCVcc in Huh7 and FU97 cells. Cells were treated with various
concentrations of the reagents at 3 h postinfection with HCVcc,
and the level of intracellular HCV RNA was determined by qRT-
PCRat 48 h postinfection. In contrast to the treatment with DAAs,
both Huh7 and FU97 cells exhibited cell toxicity by the treatment
with RBV and cyclosporine but not with IFN-« at higher concen-
trations (Fig. 6B, line graphs). The inhibitory efficacies of IFN-u
(Fig. 8B, top graphs) and cyclosporine (Fig. 8B, bottom graphs) on
the propagation of HCVcc in FU97 cells were lower than those in
Huh?7 cells, and the ECsgs of IFN-« against propagation of HCVec
in FU97 and Huh7 cells were 4.3 and 2.5 IU/ml, (P < 0.05), re-
spectively; those of cyclosporine were 6.9 and 3.2 pg/ml (P <
0.01), respectively. On the other hand, the antiviral effect of RBV
on the propagation of HCVcc in FU97 cells was higher than that in
Huh7 cells, and the EC5s of RBV against propagation of HCVcc
in FU97 and Huh?7 cells were 99.0 and 198.9 uM, respectively (P <
0.05) (Fig. 8B, middle graphs). These results suggest that the effi-
cacies of anti-HCV drugs targeting host factors involved in the
infection of HCV were also different between Huh7 and FU97
cells.

FU97 cells exhibit higher susceptibility to HCVcc/JFH-2
propagation than Huh7 cells. HCVcc/JFH-2 was cloned from a

. patient with fulminant hepatitis and exhibited efficient propaga-
tion in Huh7 cured cells (34). In vitro-transcribed RNA of pJFH2/
AS/mtT4 encoding a full-length JFH-2 strain was electroporated

Human Liver-Specific Factors for HCV Propagation

into Huh?7.5.1 cells, and HCVec/JFH-2 of 1.5 X 10° FFU/ml was
recovered in the supernatants after serial passages. To examine the
susceptibility of FU97 cells to the propagation of HCVcc/JFH-2,
cells were infected with HCVcc¢/JFH-2 at an MOI of 1, and the
intracellular HCV RNA level was determined by qRT-PCR. Intra-
cellular HCV RNA in parental and cured FU97 cells increased
until 72 h postinfection, while it reached a peak at 48 h postinfec-
tion in Huh?7 cells, and the highest HCV RNA level was observed
in the cured FU97 clones upon infection with HCVcc/JFH-2 (Fig.
9A). Infectious titers in the culture supernatants at 72 h postinfec-
tion with HCVcc/JFH-2 were also highest in the cured FU97 7-1
cells (2.5 X 10" FFU/ml), followed by parental FU97 (1.2 X 10*
FFU/ml) and Huh7 (9 X 10° FFU/ml) cells (Fig. 9B). Next, we
examined the expression and subcellular localization of HCV pro-
teins in cells infected with HCVec/JFH-2 by immunofluorescence
analysis. Expression of NS5A in cells upon infection with HCVec/
JEH-2 was highest in the cured FU97 7-1 cells, followed by paren-
tal FU97 cells, and that in Huh?7 cells was low (Fig. 9C, left panels).
Core protein was detected around LDs in cells infected with
HCVcc/JFH-2, as seen in those infected with the HCVcc/JFH-1
strain (Fig. 9C, right). To further confirm the efficient propaga-
tion of HCVcc/JFH-2 in FU97 cells, in vitro-transcribed viral
RNAs of the JFH-1 and JFH-2 strains of HCVcc were electropo-
rated into Huh7, FU97, and cured FU97 cells. Although the infec-
tious titers of the JFH-1 strain in FU97 cells were lower than those
in Huh?7 cells, those of the JFH-2 strain in FU97 and cured FU97
cells were significantly higher than those in Huh?7 cells (Fig. 9D).
These results suggest that FU97 cells are more susceptible to prop-
agate HCVcc/JFH-2 than Huh?7 cells.

DISCUSSION

Several reports have shown that hepatic differentiation is involved
in the susceptibility of ES/iPS cells to HCVcc infection (28, 30, 41).
In addition, in hepatic cancer cell lines, including Huh7, HepG2,
and Hep3B, cells derived from not poorly but well-differentiated
HCC permit complete propagation of HCVce (15-17), suggesting
that hepatic differentiation is closely related to the susceptibility of
cells to HCVcc propagation. In this study, we identified two cell
lines susceptible to HCVcc infection by the screening of cancer cell
lines expressing AFP as a marker of hepatic differentiation. HCC-
derived JHH-4 cells and gastric cancer-derived FU97 cells permit
complete propagation of HCVcc without any exogenous expres-

sion of the host factors required for HCVcc propagation, includ-'

ing HCV receptor candidates, miR-122, and apolipoproteins. In
particular, FU97 cells exhibited higher susceptibility to HCVec/
JFH-2 infection than Huh?7 cells, suggesting that FU97 cells would
be useful tools for further HCV analyses.

Although HCV has been classified into seven major genotypes
and a series of subtypes (56, 57), the in vitro infection model had
been restricted to the JFH-1 strain based on the genotype 2a until

FIG 2 JHH-4 and FU97 cells permit HCV propagation. (A) Intracellular HCV RNA levels in Huh7, JHH-4, and FU97 cells inoculated with HCVcc atan MOI -

of 1, treated with 100 IU/ml of IFN-c or untreated (mock), were determined by qRT-PCR at 12, 24, 48, and 72 h postinfection (hpi). Infectious titers in the culture
supernatants of Huh7, JHH-4, FU97, and 293T-CLDN/miR-122 cells infected with HCVcc at an MOI of 1 were determined by a focus-forming assay at 72 h
postinfection (bar graph). (B) Exogenous expression of miR-122 in Huh7, JHH-4, and FU97 cells by lentiviral vector (bar graph). Total cellular miRNA extracted
from the cells was subjected to qRT-PCR. U6 was used as an internal control. Intracellular HCV RNA in Huh7, JHH-4, and FU97 cells inoculated with HCVcc
at an MOI of 1 was determined by gRT-PCR at 12, 24, 48, and 72 h postinfection. Solid and broken lines indicate HCV RNA abundances in miR-122-expressing
and GFP-expressing control cells, respectively. (C) Huh7, JHH-4, and FU97 cells were infected with HCVcc at an MOI of 1, fixed with 4% PFA, and subjected to
immunofluorescence analyses by using antibodies against core, NS5A, dsRNA, and calregulin. Lipid droplets and cell nuclei were stained by BODIPY and DAPI,
respectively. Asterisks indicate significant differences (¥, P << 0.05; **, P < 0.01) versus the results for control cells.
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FIG 3 JHH-4 and FU97 cells permit complete propagation of HCVcc without any exogenous expression of host factors crucial for propagation of HCVcc. (A)
Effect of inhibitors on the propagation of HCVcc in Huh7, JHH-4, and FU97 cells. (Left panels) HCVcc was preincubated with anti-E2 antibody and inoculated
into cells. Cells were preincubated with anti-hCD81 antibody or isotype control antibody (Ctrl IgG) and then infected with HCVcc. (Right panels) Cells were
infected with HCVcc and treated with miR-122-LNA (30 nM) or Ctrl-LNA (30 nM) at 6 h postinfection. (B)-Huh7, JHH-4, and FU97 cells infected with HCVce
atan MOI of 1 were treated with dimethyl sulfoxide (DMSO) or MTTP inhibitor, CP-346086 (5 wM)or BMS-200150 (10 uM), at 3 h postinfection. Intracellular
HCVRNA in cells at 12, 24, 48, and 72 h postinfection was determined by qRT-PCR (left panels). Infectious titers in the culture supernatants of cells infected with
HCVccatan MOI of 1 and treated with 5 WM CP-346086, 10 uM BMS-200150, or dimethyl sulfoxide alone (DMSO) at 3 h postinfection were determined at 72
h postinfection by a focus-forming assay (right graphs). (C) mRNA and protein expression levels of ApoB and ApoE (left panels) in Huh7, JHH-4, and FU97 cells
at 48 h posttransfection with siRNA targeting either ApoB or ApoE or a control siRNA (siApoB, siApoE, or siCirl, respectively) were determined by qRT-PCR and
immunoblotting, respectively. Huh7, JHH-4, and FU97 cells were infected with HCVcc at an MOI of 1 at 6 h posttransfection with siRNA targeting either ApoB
or ApoE or a control siRNA (siApoB, siApoE, or siCtrl, respectively) (right panels). Intracellular HCV RNA at 12, 24, 48, and 72 h postinfection and infectious
titers in the culture supernatants at 72 h postinfection were determined by QRT-PCR and focus-forming assay, respectively. Asterisks indicate significant
differences (¥, P < 0.05; **, P < 0.01) versus the results for control cells. :
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FIG 4 Establishment of HCV RNA replicon and cured FU97 cells. (A) Wild-type SGR RNA (Conl1-SGR) or replication-defective RNA (Con1-GND) of the HCV
Conl strain was electroporated into Huh7 and FU97 cells and replaced with medium containing 1 mg/ml and 400 jg/ml of G418 at 24 h postelectroporation,
respectively. Colonies were stained with crystal violet at 30 days postselection. (B) Four clones derived from FU97 SGR cells (clones 5, 7,9, and 11) were subjected
to QRT-PCR after extraction of total RNA (upper panel) and to immunoblotting using anti-NS5A antibody (lower panel). Huh9-13 cells, which were Huh7-
derived Conl-SGR cells, were used as a positive control. (C) Huh9-13 cells, Huh7 parental cells, FU97-derived Con1-SGR cells (FU97 SGR, clone 5), and FU97
parental cells were fixed in 4% PFA and subjected to immunofluorescence assay using anti-NS5A and anti-dsRNA antibodies. Cell nuclei were stained by DAPL
(D) Elimination of HCV RNA from FU97-derived Con1-SGR cells. Two clones derived from FU97 SGR cells (clones 5 and 7) were treated with a combination
of either 100 1U/ml of IFN-« and 100 nM BILN 2061 (clones 5-1 and 7-1) or 10 pM of BMS-790052 and 100 nM BILN 2061 (clones 5-2 and 7-2) to eliminate the
HCV genome. Clones 5-Ctrl and 7-Ctrl are negative controls, untreated with anti-HCV drugs. Intracellular HCV RNA at 3, 8, 11, 18, 22, and 26 days
posttreatment was determined by qRT-PCR. (E) The expression levels of NS5A in FU97 SGR cells (clones 5 and 7) and in FU97 cured cells (clones 5-1 and 7-1)
were determined by immunoblot analysis using anti-NS5A antibody. (F) FU97 cured cells (clone 5-1 and clone 7-1) and parental cells were infected with HCVec
at an MOI of 1; the levels of intracellular HCV RNA at 12, 24, 48, and 72 h postinfection were determined by qRT-PCR. (G) The expression of NS5A in Huh7,
Huh?7.5.1, FU97, and cured FU97 clone 7-1 was determined by immunofluorescence analysis at 72 h postinfection by using anti-NS5A antibody. Asterisks
indicate significant differences (¥, P < 0.05; **, P < 0.01) versus the results for control cells.

recently (15). To clarify the pathogenesis of HCV depending on  structural proteins, p7 and the complete or partial NS2, were gen-
the genotypes, the establishment of cell-culture-adapted clones  erated for various genotypes of HCV (56, 59, 60). Although robust
derived from various genotypes is essential (58). Viable JFH1-  propagation systems of full-length HCV infectious clones of the
based intergenotypic recombinants, containing genotype-specific ~ H77 strain (genotype 1a) (61), TN strain (1a) (62), JFH-2 strain
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with VSV. The expression of mRNA of ISG15 at 4, 8, 12, and 24 h posttreatment (hpt) was determined by qPCR and standardized by that of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). (B) Huh7, parental FU97, and cured FU97 (clone 7-1) cells cotransfected with pIFN-B-Luc and pRL-SV40 were infected
with VSV atan MOI of 1 at 24 h posttransfection (left). Cells cotransfected with pISRE-Luc and pRL-SV40 were infected with VSV at an MOI of 1 or stimulated
with 100 IU/ml of IFN-o at 24 h posttransfection (right). Luciferase activities were determined at 24 h posttreatment. (C) Huh7, parental FU97, and cured FU97
(clone 7-1) cells were infected with VSV at an MOI of 1 or stimulated with 100 IU/ml of IFN-«, fixed with 4% PFA at 18 h posttreatment, and subjected to

immunofluorescence assay using anti-IRF3 and -STAT2 antibodies. Cell nuclei were stained by DAPI. Asterisks indicate significant differences (¥, P < 0.05; **,
P < 0.01) from the results for control cells. .

(2a) (34),and S310 strain (3a) (63) were established, the construc-
tion of infectious clones of other genotypes has not succeeded yet.

Because permissive cell lines for HCVcc infection in vitro had
been limited to Huh7 cells due to cell tropism and the narrow host
range (13, 14), the establishment of a novel cell culture system
supporting HCV propagation is needed for further HCV analyses.

cells, overexpression of miR-122 is essential for efficient replica-
tion of HCV RNA (16, 17). In HEK293 cells, the exogenous ex-
pression of CLDN1, miR-122, and ApoE was required for infec-
tious particle formation upon infection with HCVcc (64). On the
other hand, JHH-4 and FU97 cells permit complete propagation
of HCVcc without any exogenous expression of the host factors

Previous reports have demonstrated that HepG2, Hep3B, and
HEK?293 cells permit HCVcc propagation (16, 17, 64). However,
exogenous expression of host factors is necessary for complete
propagation of HCVcc in these cell lines. In HepG2 and Hep3B

5588 jvi.asm.org

required for propagation of HCVcc. JHH-4 cells grown in a three-
dimensional radial-flow bioreactor were successfully infected fol-
lowing inoculation with plasma from an HCV carrier and trans-
" fection of HCV RNA transcribed from full-length cDNA (44). In
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addition, JHH-4 cells were suggested to possess some host factors
involved in the enhanced translation of HCV RNA (64, 65). Fur-
thermore, high susceptibility of FU97 cells to HCVcc/JFH-2 infec-
tion compared to Huh?7 cells raises the possibility of using FU97
cells for the propagation of HCVcc derived from other genotypes,
including the H77, TN, and S310 strains.

AFP-producing gastric cancer (AFPGC) cell lines, FU97 and
Takigawa cells (66), which were identified by using a cDNA array
database, were shown to express high levels of liver-specific fac-
tors. AFPGC is a rare case and exhibits a worse prognosis and the
characteristics of early hepatic metastasis (67). It is hypothesized
that production of AEP, which is suppressed in mature hepato-
cytes, is induced in HCC by the dedifferentiation of cancer cells or
the increase in oval cells in the oncogenic pathway (68). Oval cells
are believed to be capable of producing AFP, are candidates for
hepatic stem cells, have bipotentiality to differentiate into hepato-
cytes and bile duct epithelial cells, and play an important role in
liver regeneration (69, 70). These hypotheses suggest that cancer
cells acquired a new function, such as the ability to produce AFP
through an alteration in differentiation status. Although the
mechanism of AFP production in gastric cancer remains un-
known, hepatic dedifferentiation might be induced in gastric can-
cer. Furthermore, previous reports have proposed the concept of
“hepatoid adenocarcinoma” based on the differentiation of
AFPGC into hepatocyte-like cells (71, 72), suggesting that FU97
and Takigawa cells obtained the hepatocyte-like characteristics
required for HCV propagation through dedifferentiation during
the oncogenic process. In addition, recent studies demonstrated
that hepatocyte-like cells derived from induced pluripotent stem
cells (iPS$ cells/iPSCs) express high levels of miR-122 and VLDL-
associated proteins and support propagation of HCVcc and HCV
derived from patient serum (28-30). These results suggest that
hepatic differentiation required for hepatic functions plays crucial
roles in HCV propagation. In accord with these observations, our
data suggest that cancer cell lines differentiated into hepatocyte-

6
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FIG 7 HCV particles produced in FU97 cells exhibit similar characteristics to those in hepatic cells. HCV particles in the culture supernatants of Huh7.5.1 and
FU97 cells were harvested at 72 h postinfection with HCVcc and analyzed by using iodixanol density gradient centrifugation. HCV RNA and infectious titers of
each fraction were determined by qRT-PCR and focus-forming assay, respectively. Buoyant density was plotted for each fraction (upper panels). Expression of
ApoE in each fraction was detected by immunoblotting using anti-ApoE antibody (lower panels).
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pernatants were determined by focus-forming assay. (C) Huh7, FU97, and FU97

cured 7-1 cells were infected with HCVcc/JFH-2 at an MOI of 1, fixed with 4% PFA at 72 h postinfection, and subjected to immunofluorescence assay using
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like cells to gain hepatic functions could permit complete propa-
gation of HCVecc.
Treatment with DAAs including BMS-790052 (NS5A inhibi-
-tor) (73), PSI-7977 (NS5B polymerase inhibitor) (74), and BILN
2061 (NS3/4A protease inhibitor) (75) inhibited propagation of
HCV in both Huh7 and FU97 cells infected with HCVcc without
~any cell toxicity. Antiviral effects of BMS-790052 and BILN 2061
were significantly different between Huh7 and FU97 cells, sug-
gesting that efficacies of DAAs are varied, depending on cell lines.
Although anti-HCV drugs targeting host factors including IFN-a,
RBV, and cyclosporine also inhibited propagation of HCVccin a
dose-dependent manner in both Huh7 and FU97 cells, treatment
with RBV and cyclosporine produced cell toxicity at higher con-
centrations than treatment with DAAs. Although the antiviral

May 2014 Volume 88 Number 10

mechanism of RBV against HCV has not been well elucidated yet
(53), inhibitory effects of RBV against HCV infection were signif-
icantly higher in Li23 cells than those in Huh7 cells (76, 77), and
RBV also exhibited a low inhibitory effect upon infection with
HCVecc in Huh7 cells compared to that in FU97 cells. Although
adenosine kinase (ADK) was shown to be a determinant for the
sensitivity of RBV (78), the expression levels of ADK in Huh7 and
FU97 cell lines were comparable (data not shown).

The IL28B genotype is associated with the sensitivity of IFN
treatment for chronic hepatitis C patients (79-81), and patients
with the minor IL28B genotype exhibit lower susceptibility to the
treatment than those with major genotypes. Although FU97 cells
showed lower sensitivity to the IFN-o treatment than Huh7 cells,
FU97 and Huh?7 cells possess major and minor IL28B genotypes
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(data not shown), respectively. Furthermore, induction of ISG15
by treatment with IFN-« was almost comparable between Huh7
and FU97 cells (Fig. 5A), and expression levels of IFN-o receptor
in the cell lines were the same (data not shown), suggesting the
involvement of other factors in the difference in the IFN responses
between FU97 and Huh7 cells.

Cyclophilins possess peptidyl-prolyl cis/trans isomerase
(PPlase) activity and are involved in protein folding and assembly.
Cyclophilin A (CypA), the most abundant cyclophilin, localizes in
the cytoplasm and interacts with the immunosuppressive drug
cyclosporine (82). In addition, CypA has been shown to be in-
volved in the propagation of human immunodeficiency virus (83,
84}, hepatitis B virus (85, 86), influenza A virus (87), and HCV
(88). Replication of HCV RNA was inhibited by suppression of the
PPlase activity of CypA by treatments with cyclosporine, muta-
tion in the active site of CypA, and knockdown of CypA (55, 89—
91). The same level of CypA expression in Huh7 and FU97 cells
(data not shown) suggests that the difference in inhibitory effect of

. cyclosporine in the cell lines may be attributable to other reasons,
such as a difference in PPIase activity of CypA in these cell lines.
The differences in the efficacy of anti-HCV drugs between Huh7
and FU97 cells were small; however, FU97 cells have the possibility
to possess antiviral activity different from that of Huh7 cells.

In summary, we identified novel permissive cell lines for com-
plete propagation of HCVcc without any artificial manipulation.

_ In particular, gastric cancer-derived FU97 cells exhibited a much
higher susceptibility to HCVcc/JFH-2 infection than observed in
Huh?7 cells, suggesting that FU97 cells would be useful for further
investigation of the HCV life cycle, as well as the development of
therapeutic agents for chronic hepatitis C.
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Patients with long-lasting hepatitis C virus (HCV) infection are at major risk of hepatocellular carcinoma (HCC).
Iron accumnulation in the livers of these patients is thought to exacerbate conditions of oxidative stress. Transgen-
ic mice that express the HCV core protein develop HCC after the steatosis stage and produce an excess of hepatic
reactive oxygen species (ROS). The overproduction of ROS in the liver is the net result of HCV core protein-
induced dysfunction of the mitochondrial respiratory chain. This study examined the impact of ferric nitrilacetic
acid (Fe-NTA)-mediated iron overload on mitochondrial damage and ROS production in HCV core protein-
expressing HepG2 (human HCC) cells (Hep39b cells). A decrease in mitochondrial membrane potential and
ROS production were observed following Fe-NTA treatment. After continuous exposure to Fe-NTA for six days,
cell toxicity was observed in Hep39b cells, but not in mock (vector-transfected) HepG2 cells. Moreover,

Keywords:

Ca** uniporter

Fenton reaction
Reactive oxygen species

Ru360 mitochondrial iron (*°Fe) uptake was increased in the livers of HCV core protein-expressing transgenic mice.
Hepatitis C virus This increase in mitochondrial iron uptake was inhibited by Ru360, a mitochondrial Ca>*+ uniporter inhibitor.
Furthermore, the Fe-NTA-induced augmentation of mitochondrial dysfunction, ROS production, and cell toxicity
were also inhibited by Ru360 in Hep39b cells. Taken together, these results indicate that Ca®* uniporter-
mediated mitochondrial accumulation of iron exacerbates hepatocyte toxicity caused by the HCV core protein.
) © 2014 Elsevier Inc. All rights reserved.
Introduction

Hepatitis Cvirus (HCV) infection is a major cause of chronic liver dis-
ease. About 120-200 million people are infected with HCV, increasing
their risk of developing chronic hepatitis, cirrhosis, and eventually
hepatocellular carcinoma (HCC) (Ikeda et al., 1998; Nishioka et al.,
1991). The HCV genome is approximately 9.6 kb in size and encodes a
polyprotein of ~3000 amino acids. The large HCV polyprotein is cleaved
by host and viral proteases to generate at least ten smaller proteins, in-
cluding four structural proteins (one core protein, two envelope pro-
teins, and the E1, E2, and p7 ion channels) (Bukh et al.,, 1995) and six

Abbreviations: HCV, hepatitis C virus; HCC, hepatocellular carcinoma; ROS, reactive ox-
ygen species; Fe-NTA, ferric nitrilacetic acid; JC-1, 5,5/,6,6'-tetrachrolo-1,1',3,3'-
tetraethylbenzimidazoly-carbocyanine iodide; CCCP, carbonyl cyanide-m-chlorophenyl
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non-structural proteins (NH2-NS2, NS3, NS4A, NS4B, NS5A, and NS5B-
COOH) (Bartenschlager and Lohmann, 2000). These proteins participate
in viral replication and also influence cellular functions of the host.
Oxidative stress is commonly observed following HCV infection and
is caused by increased levels of cellular reactive oxygen species (ROS) or
by changes in cellular antioxidant capacities (Choi and Ou, 2006;
Oberley, 2002; Otani et al.,, 2005). In particular, HCV core protein is
known to be closely associated with the mitochondria and causes the
increase in host ROS production, lipid peroxidation (Lau et al., 1998;
Moriya et al,, 2001; Okuda et al,, 2002) and mitochondrial Ca?* uptake.
HCV core protein also reduces GSH and NADPH concentrations and mi-
tochondrial complex I activities. These undertakings ultimately disrupt
mitochondrial membrane permeability and trigger mitochondrial dys-
function (Wang et al,, 2010; Wang and Weinman, 2006). As mitochon-
drial function is the master regulator of cellular energy and apoptotic
cell death, mitochondrial injury can culminate in metabolic deficits
and steatohepatitis, further exacerbating cell injury and dysfunction.
Due to the relationship between chronic HCV infection and the de-
velopment of HCC, numerous studies have attempted to identify the
HCV proteins that are responsible for hepatocarcinogenesis. These stud-
ies indicate that the HCV core protein can promote the immortalization
of primary human hepatocytes (Ray et al,, 2000}, whereas the non-

- T4 -



238 ' S. Sekine et al. / Toxicology and Applied Pharmacology 282 (2015) 237-243

structural proteins NS3 and NS4B can transform NIH 3T3 cells, either
individually or in combination with Ha-ras (Park et al., 2000). Iron over-
load in the liver, which is associated with the genetic disorder heredi-
tary hemochromatosis, has been thought to increase the risk of HCC
by about 200-fold (Bonkovsky et al., 1997; Kowdley, 2004). For exam-
ple, the livers of patients afflicted with HCV are characterized by the el-
evated expression of transferrin receptor 1 and hepcidin, both of which
stimulate iron uptake into hepatocytes (Bonkovsky et al,, 1997; Hayashi
et al,, 1994). In contrast, iron depletion (in the form of dietary iron re-
striction and/or phlebotomy) can improve hepatic inflammation and
lower serum aminotransferase activity in HCV patients (Hayashi et al.,
1994). Thus, a major precipitating factor for the pathogenesis of HCV-
related liver disease has been attributed to the augmentation of oxida-
tive stress following iron accumulation. However, no underlying cellular
mechanism has yet been elucidated.

This study investigated the effect of iron exposure on mitochondrial
dysfunction, ROS production and cell toxicity in human hepatoma cells
stably expressing the HCV core protein (Hep39b cells). The underlying
mechanism responsible for mitochondrial iron accumulation in
Hep39b cells and in the livers of HCV core protein-expressing transgenic
mice was also examined. :

Materials and methods

Chemicals and reagents. Ferric nitrate nonahydrate, nitrilotriacetic
acid (NTA), 5,5/,6,6'-tetrachrolo-1,1/,3,3'-tetraethylbenzimidazoly-
carbocyanine iodide (JC-1), carbonyl cyanide-m-chlorophenyl hydra-
zine (CCCP) and G418 disulfate were from Sigma Aldrich (St. Louis,
MO). MitoTracker® Red was from Invitrogen (Carlsbad, CA). *°FeSOy4
was from Perkin-Elmer (Waltham, MA). Ru360 was from Merck
Millipore Japan (Tokyo, Japan). MTT [3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide] was from Wako Pure Chemical Indus-
tries, Ltd. (Osaka, Japan). Hydroxyphenyl fluorescein (HPF) was from

Sekisui Medical Co., Ltd. (Tokyo, Japan). Adenine nucleotide translocator

(ANT) goat polyclonal IgG, CCDC109A goat polyclonal IgG and horserad-
ish peroxidase (HRP)-conjugated anti-goat IgG were from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). All chemicals and solvents were
of analytical grade.

Preparation of Fe-NTA. The Fe-NTA complex was prepared as described
by Awai et al. (1979). Briefly, ferric nitrate was dissolved in 1 N HCl to
form a 50 mM solution, and NTA was dissolved in 1 N NaOH to form a
150 mM solution. Equal volumes of the two solutions were mixed just
before the experiment, and the pH was adjusted to 7.4 with NaHCOs.

Assessment of cytotoxicity. Cytotoxicity was assessed by the MTT assay.
Briefly, Hep39b and Hepswx cells were seeded into 96 well culture
plates at a density of 8.4 x 10 cells/well and were exposed to various
concentrations of Fe-NTA the following day, the medium was replaced
with fresh medium containing the same component every 24 h. In
some conditions, cells were treated with 20 pM Ru360, a mitochondrial
Ca®* uniporter inhibitor, for 1 h-prior to Fe-NTA exposure. After six
days, the cell culture medium was replaced by 50 pl MTT solution
(5 mg/ml MTT in phenol red-free Dulbecco's Modified Eagle's Medium
(DMEM)), and the cells were incubated for 2 h at 37 °C. To dissolve
the reduced MTT crystals, 200 pl isopropanol was added. The absor-
bance of the dye was measured at a wavelength of 570 nm, and the
turbidity of the cells (background absorbance) was measured at a refer-
ence wavelength of 630 nm. The absorbance of the controls (Hepswx
and Hep39b) was set at 100%, and cytotoxicity was calculated as the ab-
sorbance of the experimental sample relative to that of the control.

Assessment of ROS production. ROS production was first assessed by
chemiluminescence (CL) analysis. Briefly, cells were seeded into
35 mm glass-bottomed dishes at a density of 2.5 x 10° cells/dish and ex-
posed to 300 uM Fe-NTA the following day, the medium was replacéd

with fresh medium containing the same component every 24 h. In
some cases, cells were treated with Ru360 for 1 h prior to Fe-NTA
treatment. After five days, the cell culture medium was replaced with
phenol red-free DMEM containing Fe-NTA and Ru360, and the dish
was protected from light. The following day, spontaneous CL was mea-
sured using a single photoelectron counting system (CLD-10; Tohoku
Electronic Industrial Co., Ltd., Sendai, Japan), as described previously
(Maeda et al., 2010). Emission was expressed in counts/10 min/mg
protein,

ROS production was also assessed using HPF as a fluorescent probe
for the selective detection of hydroxy! radicals. Briefly, cells were seeded
into 35 mm glass-bottomed dishes, as described for CL analysis. After
7 days, the cell culture medium was replaced with modified Hanks' bal-
anced salt solution (HBSS) containing 10 mM HEPES, 1 mM MgCl,,
2 mM CaCl, and 2.7 mM glucose (pH 7.4). Next, 10 M HPF and
20 nM MitoTracker® Red (a fluorescent probe for the mitochondria)
were added, and cells were incubated for 15 min at 37 °C. Images of
HPF and MitoTracker® Red staining were obtained using a laser scan-
ning confocal microscope (FV300; Olympus Optical Co., Ltd., Tokyo,
Japan). The wavelengths (excitation/emission) for the detection of
HPF (green) and MitoTracker® Red (red) were 488 nm/515 nm and
579 nm/599 nm, respectively.

Assessment of mitochondrial membrane potential. Measurement of mito-
chondrial membrane potential was performed using the JC-1 stain, a li-
pophilic cation fluorescent dye that accumulates in the mitochondria. At
a low mitochondrial membrane potential, the JC-1 dye exists as a mono-
meric molecule and fluoresces green, whereas at a higher membrane
potential the JC-1 dye forms polymeric aggregates and fluoresces red.
A fall in the mitochondrial membrane potential is therefore indicated
by a decrease in the ratio of red signal to green signal.

Cells were cultured in 96 well black culture plates at a density of
8.4 x 10° cells/well and exposed to various concentrations of Fe-NTA
the following day, the medium was replaced with fresh medium con-
taining the same component every 24 h. After six days, the culture me-
dium was replaced with 200 pl JC-1 solution (10 pg/ml JC-1 in HBSS),
and cells were incubated in the dark for 30 min at 37 °C. After washing
twice with HBSS, the absorbance of the cells in each well was immedi-
ately measured using a fluorescence plate reader with the excitation
and emission wavelengths set at 490 nm and 530 nm (green)/590 nm
(red), respectively. ‘

Animals. The production of transgenic mice expressing the HCV core
protein has been described previously (Moriya et al., 2001). Briefly, the
HCV core protein gene was placed downstream of a transcriptional reg-
ulatory region from the hepatitis B virus and introduced into C57BL/6
mouse embryos (Clea Japan, Tokyo, Japan). All of the animals were treat-
ed humanely in accordance with the guidelines issued by the National
Institute of Health and all procedures described below were approved
by the animal care committee of Chiba University.

Isolation of mouse liver mitochondria. The mouse liver mitochondrial
fraction was prepared according to a previously described method -
(Masubuchi et al., 2002). Livers were isolated from two mice and placed
in ice-cold buffer containing 250 mM sucrose, 10 mM HEPES-KOH, and
0.5 mM EGTA (pH 7.4). Livers were cut into small cubes with scissors in
the same buffer and homogenized five times with a Potter homogenizer.
The homogenates were diluted to 0.25 g liver/ml and were centrifuged
at 770 x g for 5 min at 4 °C. The resulting supernatant was decanted and
further centrifuged at 9800 x g for 10 min. The pellet was resuspended
to yield a concentration of 0.5 g liver/ml in buffer containing 250 mM
sucrose, 10 mM HEPES-KOH and 0.3 mM EGTA (pH 7.4), and centri-
fuged at 4500 x g for 10 min. The pellet was resuspended to yield a con-
centration of 1 g liver/ml in the same buffer and centrifuged at 2000 x g
for 2 min, followed by further centrifugation at 4500 x g for 8 min. The
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final pellet was then resuspended in buffer containing 250 mM sucrose
and 10 mM HEPES-KOH (pH 7.4) and used for further experiments.

Mitochondrial iron uptake. All experiments were conducted in a 30 °C
water bath. After pre-incubation of the mitochondria in buffer contain-

ing 225 mM sucrose, 10 mM KCl, 5 mM MgCl,, 5 mM KH,POy4, and -

20 mM Tris-HCl (pH 7.4) for 1 min, Ru360 was added at a final concen-
tration of 10 uM, 5°FeSO4 was added after 1 min, and the **Fe remaining
in the mitochondria after 10 min was measured using a gamma counter.

Western blotting analysis. The mouse liver mitochondrial fraction (10 pg

protein) was subjected to electrophoresis on a 12.5% polyacrylamide
slab gel containing 0.1% sodium dodecyl sulfate and transferred onto
an Immobilon-P Transfer Membrane filter (Millipore Corporation,
Billerica, MA). The membrane was blocked for 1 h at room temperature
with Tris-buffered saline/0.05% Tween 20 (TTBS) containing 3%
bovine serum albumin (BSA) and probed overnight at 4 °C with the
CCDC109A goat polyclonal IgG (1:200) against the Ca®* uniporter and
the ANT goat polyclonal IgG (1:1000). The membrane was then incubat-
ed for 1 h at room temperature with donkey anti-goat IgG-HRP
(1:3333). All antibodies were diluted in TTBS containing 0.1% BSA. Im-
munoreactive bands were detected using a LAS-1000 imaging system
(Fuji Film, Tokyo, Japan) and an enhanced CL system (GE Healthcare,
Little Chalfont, Buckinghamshire, UK).

Statistical analysis. All data are represented as the mean + the standard
error (S.E.). Data were statistically analyzed by using one-way ANOVA
followed by the Bonferroni test for multiple comparison. For compari-
son among two groups, two-tailed Student's t-test was adopted.
Differences between means at the level of P < 0.05 were considered
significant.

Results

Iron-induced cytotoxicity in HCV core protein-expressing HepG2 cells

The iron uptake system is perturbed in HCV-infected hepatocytes
due to elevated expression of transferrin receptor 1. However, because
of its hydrophobicity, Fe-NTA is taken up into the cell in a transferrin re-
ceptor 1-independent manner by passive diffusion. Fe-NTA is then con-
verted into free Fe?* by several types of esterases. Therefore, Fe-NTA
was used in the current study to control for intrinsic differences in active
iron uptake between HCV core protein-expressing HepG2 cells (Hep39b
cells) and vector-transfected HepGz2 cells (Hepswx cells). After treat-
ment with Fe-NTA for six days, cytotoxicity was assessed using the
MTT assay. Concentration-dependent cytotoxicity of Fe-NTA against
Hep39b cells was observed. By contrast, no cytotoxicity was observed
against control Hepswx cells at Fe-NTA concentrations of less than
1000 uM (Fig. 1). These data indicate that HCV core protein expression
affects the susceptibility of hepatocytes to Fe-NTA-induced iron

_ cytotoxicity.

Effect of iron accumulation on ROS production in HCV core
protein-expressing versus control hepatocytes

To directly measure free radical formation, we took advantage of
methodology for measuring spontaneous CL and compared the levels
of CL in HCV core protein-expressing Hep39b and control Hepswx
cells (Fig. 2a). As shown in Fig. 2a, spontaneous CL was significantly
higher in Hep39b cells by approximately 156% compared with that in
Hepswx cells (6015 versus 3856 arbitrary units; P < 0.01). In the pres-
ence of 300 yM Fe-NTA, iron-induced CL was also significantly higher
in Hep39b cells relative to Hepswx cells (2.61-fold versus 1.54-fold in-
crease; P < 0.01 and P < 0.001, respectively) (Fig. 2a).
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Fig. 1. Iron-induced cytotoxicity in control versus HCV core protein-expressing hepato-
cytes. Hepswx (dashed line) and Hep39b (solid line) cells were exposed with Fe-NTA
(30, 100, 300, 500 and 1000 pM) for six days. Hepatotoxicity was determined using
the MTT assay. Viability was calculated as the absorbance of the experimental sample
relative to that of the controls (without Fe-NTA treatments). Values are the mean + the
S.E. *P < 0.05 and **P < 0.01, significantly different from the control (without Fe-NTA).
#P < 0.05 and *#P < 0.01, significantly different from respective control cells (Hepswx)
(n=26).

Effect of iron accumulation on mitochondrial ROS production

Mitochondria are a major source of ROS production. Therefore, we
next examined the production of mitochondrial hydroxyl radicals by .
free iron catalyzation (i.e., the Fenton reaction). Since increased produc-
tion of ROS was observed in Hep39b cells in the presence of Fe-NTA, we
next examined mitochondrial ROS production by double staining with
MitoTracker® Red (red), a fluorescent probe for the mitochondria, and
HPF (green), a fluorescent probe for the selective detection of hydroxyl
radicals. As shown in Fig. 2b, a strong fluorescent signal derived from
HPF was observed in Hep39b cells in the presence of Fe-NTA. This
fluorescence overlapped with that generated by MitoTracker® Red
(Fig. 2b). The fluorescent signal derived from HPF in overlapped area
was significantly higher in Hep39b cells by approximately 200% com-
pared with that in Hepswx cells (Fig. 2c). These data indicate that mito-
chondrial hydroxyl radical production was increased in the presence of
the HCV core protein and Fe-NTA.

Effect of HCV core protein on mitochondrial membrane potential

The HCV core protein is known to inhibit mitochondrial respiratory
complex I activity (Korenaga et al., 2005). Inhibition of complex I
leads to ROS formation due to premature electron leakage from the -
complex. Therefore, we next examined the effect of Fe-NTA on mito-
chondrial membrane potential in Hep39b cells by using JC-1, a lipophilic
cationic dye that selectively enters the mitochondria and reversibly

. changes color from green to red as the membrane potential increases.

Fig. 3 demonstrates that the mitochondrial membrane potential was de-
creased in HCV core protein-expressing Hep39b cells compared with
control Hepswx cells. The decrease in membrane potential was signifi-
cantly increased following exposure to Fe-NTA (300 and 1000 uM) for
six days (Fig. 3). V

Mitochondrial free iron uptake in HCV core protein-expressing versus
control hepatocytes

Because mitochondrial hydroxyl radical production was increased in
the presence of Fe-NTA (Fig. 2), the uptake of free iron into isolated mi-
tochondria was next examined. To ensure a sufficient quantity and qual-
ity of the mitochondria for this experiment, mitochondria were isolated
from the liver of HCV core protein-expressing transgenic and wild-type
(control) mice. Fig. 4 shows that the concentration of mitochondrial free
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Fig. 2. Iron-induced mitochondrial ROS production is enhanced in HCV core protein-expressing hepatocytes. (a) Hepswx and Hep39b cells were exposed to Fe-NTA (300 pM) for six days, . -
ROS production was determined using a CL analyzer. Detected counts were normalized by protein content of cell lysate, Values are given as the mean = the SE.*P < 0.01 and "P<0.01,
significantly different from respective control (n = 3-4). (b) Hepswx and Hep39b cells were pretreated with HPF (green) and MitoTracker® Red (red). Mitochondrial ROS production was
determined by the strength of yellow fluorescence in the merged pictures. The scale bar represents 100 pm. (¢) Analysis of merged fluorescence microscopy images was done by Image].
Integrated density of merged area was automatically selected and fluorescence intensity of HPF was calculated within the merged area of 200-300 cells.

iron (°°Fe®*) was significantly increased in the mitochondria derived
from the transgenic versus the control mouse liver (62.2 & 4.2 versus
79.5 + 2.1 pmol/mg protein, respectively; P < 0.05), whereas the pas-
sive diffusion of **Fe®™ into the mitochondria (estimated by 5°Fe2 ™ up-
take at 4 °C) was 31.1 + 3.2 pmol/10 min/mg protein in Hepswx cells,
and 29.2 4 1.8 pmol/10 min/mg protein in Hep39b cells (not signifi-
cantly different). Moreover, 3°Fe?* uptake into the transgenic and con-
trol mitochondria was attenuated to the same level by Ru360 (48.2 4
4.1 versus 47.5 + 1.2 pmol/mg protein, respectively) (Fig. 4). These
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Fig. 3. The iron-induced reduction in mitochondrial membrane potential is increased by
the expression of HCV core protein. Hepswx and Hep39b cells were exposed to Fe-NTA
for six days. Mitochondrial membrane potential was estimated fluorometrically. Values
are given as the mean = the SE. *P < 0.05, **P < 0.01 and *#P < 0.01, significantly different
from respective control (n = 6). -

data indicate that calcium uniporter plays a role in free iron uptake
into the mitochondria and that the activity of the Ca?* uniporter is in-
creased by the HCV core protein.

Effect of Ru360 on Fe-NTA-induced ROS production and cytotoxicity

We next examined the effect of Ru360 on Fe-NTA-induced ROS pro-
duction and cytotoxicity in Hep39h versus Hepswx cells. As shown in
Fig. 5a, in the absence of Fe-NTA, Ru360 had no effect on ROS production
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Fig. 4. Mitochondrial iron uptake is augmented by the expression of HCV core protein and
inhibited by Ru360. Mitochondria were isolated from wild-type and HCV core protein
transgenic (Tg) mice and exposed to 3°FeS0, with/without Ru360. Free iron uptake was
measured in the isolated mitochondria and the free iron uptake amount was normalized
by mitochondrial protein content. The dashed line represents the passive diffusion into
the mitochondria, Values are given as the mean - the S.E. **P < 0.01 and *P < 0.05, signif-
icantly different from respective control (n = 3-8).
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Fig. 5. Iron-induced ROS production and cytotoxicity are inhibited by Ru360 in HCV core protein-expressing hepatocytes. (a) Hepswx and Hep39b cells were exposed to Fe-NTA (300 uM)
and Ru360 (20 uM) for six days. ROS production was determined using a CL analyzer. Values are given as the mean + the S.E.**P <0.01, significantly different from respective control (n =
8). (b) Hepswx and Hep39b cells were exposed to Fe-NTA (300, 600, 800, and 1000 uM) and Ru360 (20 uM) for six days. Cytotoxicity was determined using the MTT assay. Values are given
as the mean =+ the SE. *P < 0.05 and **P < 0.01, significantly different from Hepswx Ru360(—). *P < 0.05 and ##P < 0.01, significantly different from Hep39b Ru360(—) (n = 6).

in Hepswx cells and Hep39b cells. On the other hand, Ru360 significantly
suppressed Fe-NTA (300 pM)-induced ROS production in Hep39b but
not Hepswx cells (Fig. 5a). Moreover, cytotoxicity following exposure
to (300, 600, 800 and 1000 pM) Fe-NTA for six days was also specifically
inhibited by Ru360 treatment in Hep39b cells (Fig. 5b).

Expression of the Ca?* uniporter in isolated mitochondria

Given that mitochondrial free iron uptake is enhanced in HCV core
protein-expressing Hep39b cells (Fig. 4), we next examined the expres-
sion of the Ca®* uniporter in the mitochondria isolated from the liver of
HCV core protein-expressing transgenic mice relative to control mice.
As shown in Fig. 6, mitochondrial expression of the uniporter was
similar in transgenic versus control mice, as assessed by Western blot
analysis.
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Fig. 6. Expression of mitochondrial Ca?* uniporter in the livers of HCV core protein-
expressing transgenic versus wild-type mice. Mitochondria were isolated from the livers
of wild-type (control) and HCV core protein-expressing transgenic (Tg) mice. The expres-
sion levels of the Ca®* uniporter and ANT (loading control) were determined by Western
blot analysis. Mitochondrial proteins (10 pg) were loaded into each lane of the gel. The
band density of the uniporter was normalized to the band density of ANT. Values are
given as the mean =+ the SE. ns.: not significantly different (n = 3).

Discussion

The accumulation of iron into the liver of HCV core protein-
expressing transgenic mice fed a normal diet is similar to that observed
in chronic HCV patients (Farinati et al., 1995; Kato et al,, 2001). On the
other hand, the expression level of hepcidin, which regulates iron me-
tabolism by inhibiting iron absorption from the intestine and the hepat-
ic portal system, is reportedly decreased in the liver of HCV patients and
full-length HCV genome-expressing transgenic mice, but not in the liver
of HCV core protein-expressing transgenic mice (Moriya et al., 2010;
Muckenthaler, 2008). Therefore, although the precise regulation of
iron transport into the mitochondria is essential for heme biosynthesis,
hemoglobin production, and Fe-S clustering, the mechanism(s) behind
mitochondrial iron homeostasis is not yet fully understood.

Previous work from our group revealed elevated ROS generation in
HCV core protein-expressing transgenic mice (Moriya et al.,, 2001).
Moreover, our previous work, along with that of others (Korenaga
et al., 2005), showed that the core protein interacts with the outer mito-
chondrial membrane and impairs the mitochondrial respiratory chain
in the normal mouse liver via inhibition of complex I activity (unpub-
lished data). Inhibition of respiratory chain complexes ultimately leads
to the overproduction of ROS via electron leakage from the mitochon-
dria. Therefore, we hypothesized that the inducible mitochondrial iron
transport system exacerbates hepatic toxicity caused by the HCV core
protein.

This study employed Fe-NTA to exclude intrinsic differences in iron
uptake into HCV core protein-expressing Hep39b cells and vector-
transfected Hepswx cells. In addition, we demonstrated that HCV core
protein-induced alterations in mitochondrial ROS production and mem-
brane potential were augmented in the presence of iron (Figs. 2 and 3).
These data may indicate that iron-dependent mitochondrial dysfunc-
tion was amplified via the Fenton reaction, which produces potent reac-
tive free radicals (i.e., hydroxyl radicals) (Fig. 7). .

Iron is absolutely essential for the sustenance of all forms of life due
to its unusual ability to serve as both an electron donor and acceptor. On
the other hand, free iron is also potentially toxic, which is related to its
ability to donate and accept electrons within the cell. Free iron catalyzes
the conversion of hydrogen peroxide into free radicals, which can cause
damage to the mitochondria and cellular structures. For this reason, the
iron homeostasis is strictly regulated, and the impairment of iron ho-
meostasis is related to several diseases. In patients with HCV, hepatic
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Fig. 7. Proposed mechanism of mitochondrial iron accumulation and hepatic cytotoxicity caused by the HCV core protein. The HCV core protein induces mitochondrial ROS production by
inhibiting mitochondrial complex 1. In addition, it is suggested that the HCV core protein stimulates mitochondrial iron uptake through the mitochondrial Ca** uniporter, The excess iron
then leads to mitochondrial ROS production and mitochondrial/cellular malfunction/disorder when the HCV core protein is expressed.

and serum free iron concentrations are ~7-fold higher (12.5 mmol/g
liver and 134 mg/dl, respectively) than those of a normal individual
(Farinati et al., 1995; Kageyama et al., 1998; Olynyk et al.,, 1995; Silva
et al.,, 2005). In this study, significant hepatotoxicity was observed at
30 pM Fe-NTA in HCV core protein-expressing Hep39b cells (Fig. 1).
Therefore, a physiologically relevant concentration of iron (30 pM),
which is not sufficient to induce cell toxicity by itself, was synergistic
with the toxic actions of the core protein (Fig. 1). This interplay was sim-
ilarly revealed by the synergy between iron and the core protein in in-
ducing mitochondrial dysfunction and ROS production (Figs. 2 and 3).

This study further demonstrated that mitochondrial free iron uptake
was partially mediated by the Ca®>* uniporter. The Ca?* uniporter was
selectively inhibited by Ru360 and exhibited an increased capacity to
uptake iron into HCV core protein-expressing liver mitochondria versus
normal liver mitochondria (Fig. 4). However, the expression of the
uniporter was unaltered in core protein-expressing transgenic mice
relative to normal mice (Fig. 6). Li et al. (2007) reported that the activity
of the Ca®™* uniporter was up-regulated in the presence of the core
protein: The in vitro incubation of mouse liver mitochondria with HCV
core protein (100 ng/mg) increased the Ca®* entry rate by ~2-fold.
The Ca®* uniporter js located in the inner mitochondrial membrane
and transports not only Ca®™ but also other metal cationic ions
(e.g., Fe*™) into the mitochondrial matrix space in a mitochondrial
membrane potential-dependent fashion (Bernardi, 1999).

[ron uptake was significantly suppressed to the same level by Ru360
in the mitochondria isolated from both core protein-expressing trans-
genic and normal mice (Fig. 4). Moreover, as free iron uptake into the
mitochondria was still observed at 4 °C for both types of the mitochon-
dria, about half of the iron (Hepswx; 31.1 £ 3.2 pmol/10 min/mg
protein, Hep39b; 29.2 + 1.8 pmol/10 min/mg protein) was estimated
to enter into the mitochondria by passive diffusion (Fig. 4, dashed
line). These data indicate that the up-regulation of iron uptake in the
mitochondria isolated from transgenic mice was mediated by the HCV
core protein-induced stimulation of Ru360-sensitive Ca®* uniporter
transport activity. However, the mechanism by which the core protein
alters the function of the mitochondrial uniporter is still unclear,
especially given that the core protein binds to the outer mitochondrial
membrane, and the uniporter is located in the inner mitochondrial
membrane. It is known that mitochondrial calcium uniporter possibly

forms multi-molecular complex (Raffaello et al., 2012). Mitochondrial
calcium uniporter function could be altered by the effect on essential
regulator and/or protein involved in the assembly of the channel. In
this regard, though our current study demonstrated that HCV core pro-
tein had no effect on Ca®™ uniporter expression (Fig. 6), it is possible
that other mechanisms are involved in the HCV core protein-induced
stimulation of Ca®* uniporter transport activity. Further study should
be addressed in the future.

Interferon-o has been used as monotherapy for chronic hepatitis C,
yet only about 40-50% of hepatitis C patients experience an initial bio-
chemical response to the cytokine. Interestingly, high iron accumulation
in chronic HCV carriers is related to a poor response to interferon
therapy (Walters et al., 1973). In addition, some investigators have sug-
gested that iron removal therapy (via phlebotomy or food therapy
(i.e., restriction of an iron rich-diet)) can attenuate liver damage in
hepatitis C patients by still unknown mechanisms (Hayashi et al.,
1994; Kato et al.,, 2007). The current study showed that the HCV core
protein-induced mitochondrial iron uptake is responsible for exacerbat-
ing mitochondrial dysfunction and ROS production, which finally seems
to lead to hepatocyte toxicity (Fig. 7). Based on these results, we suggest
that inhibition of the mitochondrial Ca?* uniporter may provide a new
therapeutic approach to treat liver disease in HCV patients.
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