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epatitis C virus (HCV) continues to infect

millions of people worldwide and remains a

leading cause of serious liver diseases such as
fibrosis, cirrhosis, and hepatocellular carcinoma (HCC).
A majority of the patients (~70%-80%) with acute
infection fail to eliminate this virus and consequently
develop chronic hepatitis C (CHC).'” Hepatic cancer
resulting from HCV infection is a rapidly rising reason
for cancer-related deaths in the United States.*
Although there is no effective vaccine, the future of
HCV antiviral therapy appears optimistic with the
advent of direct-acting antiviral agents (DAAs).

HCV is an enveloped positive-strand, RNA virus
belonging to the family Flaviviridae. Hepatocytes are
the primary sites of replication. HCV induces rear-
rangement of intracellular membranes resulting in
formation of membranous webs, which serve as scaf-
folds for the assembly of replication complexes.’
The viral genome consists of a single open reading
frame (ORF), which is flanked by 5’ and 3’ non-
translated regions. This ORF encodes for a polyprotein
that is cotranslationally and posttranslationally cleaved
by host and viral proteases to yield at least 10 pro-
teins. These include three structural (core, El, and
E2) and seven nonstructural (p7, NS2, NS3, NS4A,
NS4B, NS5A, and NS5B) proteins. Infectious virus
particles are assembled on the surface of cytoplasmic
lipid droplets (LDs).® Thus, the viral life cycle is a

complex multistep process. It requires a large number
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of host cellular proteins in addition to viral. The main
goal of antiviral therapy is to cure CHC by a sus-
tained elimination of the virus, also called sustained
virological response (SVR, undetectable serum HCV-
RNA for 6 months posttreatment cessation)."

Is there a direct or indirect role for HCV in HCC?
HCV has a remarkable ability to cause chronic infection,
which eventually leads to HCC. In the majority of CHC
patients, inflammation results in fibrosis, followed by cir-
rhosis. It is well known that cirrhosis increases the risk
for HCC. However, in a marginal case, HCC develops
even in the absence of cirrhosis, signifying that HCV is
directly oncogenic.® Over the past few years, enormous
substantiation for the ability of viral proteins to modu-
late important host gene functions (transcription, cell
proliferation, and apoptosis) have also emerged. The
expression of core protein in transgenic mice can induce
HCC.” Another multifunctional HCV protein, NS3,
has protease, helicase, and NTPase activities."'® NS3
also promotes carcinogenesis'' by interacting with p53
in an NS3 sequence-dependent manner."> HCV-Core
protein expression both in vitro and in vive has a direct
effect on mitochondria and results in oxidative stress.'®
Oxidative stress, ROS, repeated liver damage and repair
can eventually lead to HCC. Even though there have
been advances, we do not understand the precise mecha-
nism by which HCV infection results in HCC. Knowl-
edge of this specific mechanism would allow us to
intervene and prevent HCC. The frequency of HCC has
tripled over the past 2 decades, while the 5-year survival
rate has remained below 12% in the U.S.* In this issue
of HerATOLOGY, El-Shamy et al.'® have asked an impor-
tant question regarding the role of viral factors (HCV
1b) in HCC development. While it is known that viral
factors impact the outcome of HCV therapy, this study
further proposes the possibility of a link between HCV
1b isolates and HCC. The authors report specific
sequences of the structural (Core) and nonstructural
(NS3 and NS5A) proteins that associate with the devel-
opment of HCC.

In this retrospective study, the authors selected 49
patients infected with HCV genotype 1b who eventu-
ally developed HCC. In addition, 100 HCV-infected
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patients who did not develop HCC, even after 15
years of follow-up, served as a control group. All
patients were confirmed for CHC by liver biopsy and
there was no significant difference in viral load
between the two groups. The study outcome led the
authors to propose that patients infected with HCV
isolates with core-GIn70 and NS3-Tyr1082/Gln1112
have a higher risk to develop HCC compared to those
who lacked these residues. HCV core protein is the
main structural component of the viral nucleocapsid
and has also been proposed to be involved in a wide
array of functions such as modulating viral and cellular
gene expression, host signaling pathways, and lipid
metabolism.'> Amino acid residues at position 70 and
91 in the core protein have been associated with the
outcome of the standard of care (SOC) treatment, spe-
cifically in Japanese patients infected with HCV 1b. A
few studies have also suggested a correlation between
polymorphism at positions 70 and 91 of core protein
(HCV 1b) and progression to HCC.'®"”

The present study clearly demonstrates a greater
propensity of HCV 1b isolates with core-Q70 and
NS3-Y1082/Q1112 residues to cause HCC. How does
the expression of core-GIn70 and NS3-Tyr1082/
GIn1112 proteins contribute to HCC? Viral proteins
are multifunctional, therefore perturbed interactions
with signaling molecules, resulting in out-of-order
signaling pathways, can be anticipated. Interestingly, a
recent study found that the substitution pattern in the
HCV 1b-core region does influence very early viral dy-
namics during the treatment (SOC plus telaprevir).'®
The amino acid residues in the NS3 protease at posi-
tions 1082 and 1112 reported in this study are near
the catalytic triad (His-1083, Asp-1107, and Ser-1165)
of NS3-protease.’® It has also been shown that the
N-terminal protease domain of NS3 transforms cells
in culture.®'"'* However, the mechanism by which
these polymorphic viral factors could affect virus-host
interactions, as a result initiate, and finally cause
HCC, needs further investigation. These studies will
also help to further understand the complex life cycle
of HCV. Many interesting questions can be asked: for
instance, could phosphorylation of Y residues have an
impact on the NS3 (protease or helicase) activity?
Could these modified or unmodified residues alter
protein-protein or protein-nucleic acid interactions in
hepatocytes? It would be interesting to investigate these
questions further.

NS5A is a proline-rich, RNA binding'® zinc metal-
loprotein with three proposed structural domains (do-
main [, II, and III) which are separated by two low
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complexity sequences.”® Owing to the high degree of
conformational flexibility, domain II (DII) and do-
main IIT (DIII) are intrinsically disordered. This high
degree of flexibility in D II and III imparts NS5A
with the ability to interact with an array of biological
partners. Domain II contains the interferon sensitiv-
ity-determining region (ISDR) which overlaps with
protein kinase R (PKR) binding site. Mutations in
this central region of NS5A-ISDR are reported to as-
sociate with treatment response in HCV 1b patients.
In the current study, Asn residue at position 2218 of
the NS5a protein was detected more frequently in
pre-HCC isolates than in the control isolates. It is
worth noting that this Asn residue is located in the
ISDR (D II) region of NS5A. The significance of this
observation is not clear and more studies are required
to fully understand and elucidate its role in HCC de-
velopment, if any.

Another part of the study looked at the evolution of
core, NS3, and NS5A-IRRDR sequences during the
interval between CHC and HCC. No significant
change in sequences occurred (core-Q-70, NS3-
Y1082/Q1112 residues) in a progression from CHC
to HCC. Interestingly, an IRRDR region in the post-
HCC isolates showed a very high degree of sequence
heterogeneity. NS5A-Domian III contains the IFN-
RBV resistance-determining region (amino acids 2334-
2379).>! The current study found that a high degree
of heterogeneity in the IRRDR region was significantly
associated with HCC. This difference between pre-
and post-HCC sequence in IRRDR suggests that this
region evolves rapidly during the course of HCV infec-
tion, conceivably due to strong selective pressure. This
region is intrinsically disordered, known to interact
with multiple host factors, and, most important, also
regulates  virus  production and  consequently
pathogenesis.®

In conclusion, the present study argues that HCV-
1b isolates with core-Q-70, NS3-Y1082/Q1112 resi-
dues or NSS5A-IRRDR>6 are significantly associated
with HCC. These clinical studies provide the basis
for a broader investigation of viral populations in a
hope to decipher the precise mechanism leading to
HCC. More important, such studies can also help in
the design of vaccines matched to dominant/circulat-
ing viruses. Rigorous research and development
efforts have led to the discovery of several DAAs.
High hopes are pinned on the forthcoming DAAs,
which have the potential to boost the treatment
potency and eliminate the morbidity and mortality
associated with CHC.
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Hepatitis C Virus Infection Suppresses GLUT2 Gene Expression via
Downregulation of Hepatocyte Nuclear Factor 1«

Chieko Matsui,? Ikuo Shoji,® Shusaku Kaneda,® Imelda Rosalyn Sianipar,®® Lin Deng,® and Hak Hotta®
Division of Microbiology, Center for Infectious Diseases, Kobe University Graduate School of Medicine, Chuo-ku, Kobe, Hyogo, Japan,? and Department of Physiology,

Faculty of Medicine, Universitas indonesia, Jakarta, Indonesia®

Hepatitis C virus (HCV) infection causes not only intrahepatic diseases but also extrahepatic manifestations, including type 2
diabetes. We previously reported that HCV replication suppresses cellular glucose uptake by downregulation of cell surface ex-
pression of glucose transporter 2 (GLUT2) (D. Kasai et al., J. Hepatol. 50:883—894, 2009). GLUT2 mRNA levels were decreased in
both HCV RNA replicon cells and HCV J6/JFH1-infected cells. To elucidate molecular mechanisms of HCV-induced suppression
of GLUT2 gene expression, we analyzed transcriptional regulation of the GLUT2 promoter using a series of GLUT2 promoter-
luciferase reporter plasmids. HCV-induced suppression of GLUT2 promoter activity was abrogated when the hepatocyte nuclear
factor 1ae (HNF-1a)-binding motif was deleted from the GLUT2 promoter. HNF-1oe mRNA levels were significantly reduced in
HCV J6/JFH1-infected cells. Furthermore, HCV infection remarkably decreased HNF-1a protein levels. We assessed the effects
of proteasome inhibitor or lysosomal protease inhibitors on the HCV-induced reduction of HNF-1« protein levels. Treatment of
HCV-infected cells with a lysosomal protease inhibitor, but not with a proteasome inhibitor, restored HNF-1a protein levels,
suggesting that HCV infection promotes lysosomal degradation of HNF-1a protein. Overexpression of NS5A protein enhanced
lysosomal degradation of HNF-1a protein and suppressed GLUT2 promoter activity. Immunoprecipitation analyses revealed
that the region from amino acids 1 to 126 of the NS5A domain I physically interacts with HNF-1a protein. Taken together, our
results suggest that HCV infection suppresses GLUT2 gene expression via downregulation of HNF-1a expression at transcrip-
tional and posttranslational levels. HCV-induced downregulation of HNF-1a expression may play a crucial role in glucose meta-

bolic disorders caused by HCV.

patitis C virus (HCV) is the main cause of chronic hepatitis,
liver cirrhosis, and hepatocellular carcinoma. HCV is a sin-
gle-stranded, positive-sense RNA virus that is classified into the
Flaviviridae family, Hepacivirus genus (21). More than 170 million
people worldwide are chronically infected with HCV. The 9.6-kb
HCV genome encodes a polyprotein of approximately 3,010
amino acids (aa). The polyprotein is cleaved co- and posttransla-
tionally into at least 10 proteins by viral proteases and cellular
signalases: the structural proteins core, E1, E2, and p7 and the
nonstructural proteins NS2, NS3, NS4A, NS4B, NS5A, and NS5B
(21).

Persistent HCV infection causes not only intrahepatic diseases
but also extrahepatic manifestations, such as type 2 diabetes. Clin-
ical and experimental data suggest that HCV infection is an addi-
tional risk factor for the development of diabetes (26, 29, 30).
HCV-related glucose metabolic changes and insulin resistance
have significant clinical consequences, such as accelerated fibro-
genesis, reduced virological response to alpha interferon (IFN-a)-
based therapy, and increased incidence of hepatocellular carci-
noma (29). Therefore, the molecular mechanism of HCV-related
diabetes needs to be clarified.

We have sought to identify a novel mechanism of HCV-in-
duced diabetes. We previously demonstrated that HCV sup-
presses hepatocytic glucose uptake through downregulation of
cell surface expression of glucose transporter 2 (GLUT2) in a hu-
man hepatoma cell line (19). The uptake of glucose into cells is
conducted by facilitative glucose carriers, i.e., glucose transporters
(GLUTS). GLUTs are integral membrane proteins that contain 12
membrane-spanning helices. To date, a total of 14 isoforms have
been identified in the GLUT family (24). GLUT?2 is expressed in
the liver, pancreatic $-cells, hypothalamic glial cells, retina, and
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enterocytes. Glucose is transported into hepatocytes by GLUT2
(34). We previously reported that GLUT2 expression was reduced
in hepatocytes obtained from HCV-infected patients (19). We
also demonstrated that GLUT2 mRNA levels were lower in HCV
replicon cells and in HCV J6/JFH1-infected cells than in the con-
trol cells. GLUT2 promoter activity was suppressed in HCV-rep-
licating cells. However, the molecular mechanism of HCV-in-
duced suppression of GLUT2 gene expression remains to be
elucidated.

In the present study, we aimed to clarify molecular mecha-
nisms of HCV-induced suppression of GLUT2 gene expression.
We analyzed transcriptional regulation of the GLUT2 promoter in
HCV replicon cells. We demonstrate that HCV infection down-
regulates hepatocyte nuclear factor lao (HNF-1a) expression at
both transcriptional and posttranslational levels, resulting in sup-
pression of GLUT2 promoter. We propose that HCV-induced
downregulation of HNF-1a may play a crucial role in glucose
metabolic disorders caused by HCV.

MATERIALS AND METHODS

Cell culture. The human hepatoma cell line Huh-7.5 (4) was kindly pro-
vided by Charles M. Rice (The Rockefeller University, New York, NY).
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FIG 1 The HCV genome, chimeric HCV J6/JFH]1, and the HCV RNA replicons. Schematic diagrams of the HCV genome, the chimeric HCV J6/JFH1 genome,
SGR, and FGR are shown. IRES, internal ribosome entry site; EMCV, encephalomyocarditis virus; Neo, neomycin resistance gene.

Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(high glucose) with r-glutamine (Wako, Osaka, Japan) supplemented
with 50 IU/ml penicillin, 50 pg/ml streptomycin (Gibco, NY), 10% heat-
inactivated fetal bovine serum (Biowest, France), and 0.1 mM nonessen-
tial amino acids (Invitrogen, NY) at 37°C in a 5% CO, incubator. Cells
were transfected with plasmid DNA using FuGENE 6 transfection re-
agents (Promega, Madison, WI).

Huh-7.5 cells stably harboring an HCV-1b subgenomic RNA replicon
(SGR) were prepared as described previously (18), using pFK5B/2884Gly
(akind gift from R. Bartenschlager, University of Heidelberg, Heidelberg,
Germany). The SGR cells express the genomic region from NS3 to NS5B
of the HCV Conl strain (19) (Fig. 1). Cells harboring a full-genome
HCV-1b RNA replicon (FGR) derived from Conl1 (27) or pON/C-5B (17,
19) (akind gift from N. Kato, Okayama University, Okayama, Japan) were
also used. The FGR cells express all of the HCV proteins (the region
ranging from the core protein to NS5B).

The pFL-J6/JFHI1 plasmid that encodes the entire viral genome of a
chimeric strain of HCV-2a, J6/JFH1 (23), was kindly provided by Charles
M. Rice. The HCV genome RNA was synthesized in vitro using pFL-J6/
JFH1 as a template and was transfected into Huh-7.5 cells by electropo-
ration (6, 9, 23, 37). The virus produced in the culture supernatant was
used for infection experiments (6).

Cells were treated with 1,000 IU/ml of IFN-a (Sigma, St. Louis, MO)
for 10 days to eliminate HCV replication (19).

Luciferase reporter assay. We constructed the human GLUT2 pro-
moter-luciferase reporter plasmid by cloning a 1.6-kb genomic fragment
that encompasses the human GLUT2 promoter region from —1291 to
+308, yielding pGLUT2(~1291/+308)-Luc (2, 19), into the pGL4 vector
plasmid (Promega). The pGLUT2(—1291/+308)-Luc construct contains
a 1,291-bp fragment of the human GLUT2 promoter upstream of the
minimal promoter and the coding sequence of the Photinus pyralis (fire-
fly) luciferase. We also used seven different GLUT2 promoter-luciferase
reporter plasmids, i.e., pGLUT2(—1193/+308)-Luc, pGLUT2 (—1155/
+308)-Luc, pGLUT2(—1100/+308)-Luc, pGLUT2(—1030/+308)
-Luc, pGLUT2(—206/+308)-Luc, pGLUT2(+29/+308)-Luc, and
pGLUT2(+126/+308)-Luc, which lack the binding sequence of the
CCAAT/enhancer binding site (C/EBP), cyclic AMP (cAMP) response
element (CRE), AP-1 binding site, HNF-1a binding site, CAAT box,
TATA-like motif, and transcriptional initiation, respectively (Fig. 2A).
The reporter plasmid pRL-CMV-Renilla (where CMV is cytomegalovi-
rus) (Promega) was used as an internal control. Cells were transfected
with each pGLUT2-Luc construct together with pRL-CMV-Renilla. At 48
h after transfection, samples were harvested and assayed for luciferase
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activity. The luciferase assays were performed using a dual-luciferase re-
porter assay system {(Promega). Luciferase activity was measured by a
Lumat LB 9501 instrument (Berthold Technologies GmbH & Co., Bad
Wildbad, Germany). Firefly luciferase activity was normalized to Renilla
luciferase activity for each sample. The number of relative light units
(RLU) of the SGR cells or FGR cells transfected with each reporter plasmid
is expressed as a ratio of the number of Huh-7.5 cells transfected with each
reporter plasmid.

Expression plasmids. Expression plasmids for core protein, p7,
NS2, N§3, NS4A, NS4B, NS5A, and NS5B were described previously
(9, 10, 18). To express E1 and E2 (E1/E2), the cDNA fragment of
nucleotides (nt) 825 to 2676 derived from the HCV Conl strain was
amplified by PCR using the plasmid pFKI389neo/core-3'/Conl (a
kind gift from R. Bartenschlager) as a template. Specific primers used
for PCR were as follows: sense primer, 5'-CCAGTGTGGTGAATTCAC
CATGGTGAACTATGCAACAGGGAA-3'; antisense primer, 5'-CGAAG
GGCCCTCTAGAGATGTACCAGGCAGCACAGA-3'. To express NS3
and NS4A (NS3/4A), the cDNA fragment of nt 3420 to 5474 derived from
the HCV Conl strain was amplified by PCR. Specific primers were as
follows: sense primer, 5'-CCAGTGTGGTGAATTCACCATGGCGCCTA
TTACGGCCTACTC-3’; antisense primer, 5'-CGAAGGGCCCTCTAGA
GCACTCTTCCATCTCATCGAA-3". These amplified PCR products
were purified, and each of them was inserted into the EcoRI-Xbal site of
pEF1/myc-His A (Invitrogen) using an In-Fusion HD-Cloning kit (Clon-
tech, Mountain View, CA). To express a series of NS5A deletion mutants
as hemagglutinin (HA)-tagged proteins, each fragment was amplified by
PCR and cloned into the Notl site of pCAG-HA. pEF1A-NS5A (Conl)-
myc-His was used as a template (18). The primer sequences used in this
study are available from the authors upon request. The sequences of the
inserts were extensively verified by sequencing (Operon biotechnology,
Tokyo, Japan). The plasmids pEF1A-NS5A(1-126)-myc-His, consisting
of residues 1 to 126 in NS5A, and pEF1A-NS5A(1-147)-myc-His were
described previously (18).

Antibodies. The mouse monoclonal antibodies (MAbs) used in this
study were anti-FLAG (M2) MAb (F-3165; Sigma), anti-NS5A MAb
(MAB8694; Millipore), anti-core protein MAb (2H9) (37), and anti-glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) MAb (MAB374; Mil-
lipore). Polyclonal antibodies (PAbs) used in this study were anti-
HNF-1a rabbit PAb (sc-8986; Santa Cruz Biotechnology), anti-HNF-1a
goat PAD (sc-6548; Santa Cruz Biotechnology), anti-NS5B goat PAb (sc-
17532; Santa Cruz Biotechnology), anti-NS3 rabbit PAb (described else-
where), and anti-actin goat PAb (C-11; Santa Cruz Biotechnology).
Horseradish peroxidase (HRP)-conjugated anti-mouse IgG antibody
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FIG 2 HNF-1a-binding site is important for HCV-induced suppression of
GLUT2 promoter. (A) A series of constructs in which genomic GLUT2 pro-
moter DNA fragments were fused to a promoterless firefly luciferase gene of
the pGL4 vector were generated with the 3’ end always terminating at bases
+308 from transcriptional start site. The 5’ ends began at bases —1291,
—1193, —1155, —1100, —1030, —206, +29, and +126 The regions that rep-
resent potential binding sites for transcription factors are shown, including a
CCAAT/enhancer binding site (C/EBP), cAMP response element (CRE), AP-1
binding site, HNF-1a binding site, CAAT box, and TATA-like motif. The
nucleotide at the beginning of the construct is indicated. (B) Huh-7.5 cells,
SGR cells, and FGR cells (2.5 X 10° cells/six-well plate) were transfected with
each GLUT?2 plasmid (0.5 pg) together with pRL-CMV-Renilla (25 ng). pRL-
CMV-Renilla was used as an internal control. At 48 h posttransfection, cells
were harvested and assayed for luciferase activities using a dual-luciferase re-
porter assay system. RLU is expressed as a ratio of the Huh-7.5 cells transfected
with each reporter plasmid.

(Cell signaling), HRP-conjugated donkey anti-goat IgG (Santa Cruz Bio-
technology), and HRP-conjugated anti-rabbit IgG (Cell signaling) were
used as secondary antibodies.

Real-time quantitative reverse transcription-PCR (RT-PCR). Total
cellular RNA was isolated using RNAiso reagent (TaKaRa Bio, Kyoto,
Japan), and cDNA was generated using a QuantiTect Reverse Transcrip-
tion system (Qiagen, Valencia, CA). Real-time quantitative PCR was per-
formed using SYBR Premix Ex Taq (TaKaRa Bio) with SYBR green chem-
istry on an ABI Prism 7000 system (Applied Biosystems, Foster, CA), as
described previously (11, 19). The B-glucronidase (GUS) gene was used as
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an internal control. The primers used for real-time PCR are as follows: for
HNF-1oe (NM_000545), 5'-AGCTACCAACCAAGAAGGGGC-3’ (nt
601 to 621) and 5'-TGACGAGGTTGGAGCCCAGCC-3’ (nt 801 to 781);
HNF-10 (NM_000458), 5'-GTTACATGCAGCAACACAACA-3 (nt 600
t0 620) and 5'-TCATATTTCCAGAACTCTGGA-3' (nt 801 to 782); GUS
(NM_000181), 5'-ATCAAAAACGCAGAAAATACG-3’ (nt 1797 to
1817) and 5'-ACGCAGGTGGTATCAGTCTTG-3' (nt 2034 to 2014).

Immunoblot analysis. Immunoblot analysis was performed essen-
tially as described previously (9, 33). The cell lysates were separated by 8%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to polyvinylidene difluoride membrane (Millipore Corp.,
Billerica, MA). The membranes were incubated with primary antibody,
followed by incubation with peroxidase-conjugated secondary antibody.
The positive bands were visualized using ECL Western blotting detection
reagents (GE Healthcare, Buckinghamshire, United Kingdom). To detect
endogenous HNF-1a protein, ECL Plus Western blotting detection re-
agents were used (GE Healthcare).

Immunoprecipitation. Cultured cells were lysed with a buffer con-
taining 150 mM NaCl, 20 mM Tris-HCI (pH 7.4), 0.1% SDS, 1% NP-40,
and Complete protease inhibitor cocktail (Roche Diagnostics, Indianap-
olis, IN). The lysate was centrifuged at 12,000 X g for 20 min at 4°C, and
the supernatant was immunoprecipitated with appropriate antibodies.
Immunoprecipitation was performed as described previously (10).
Briefly, the cell lysates were immunoprecipitated with control IgG and
Dynabeads protein A (Invitrogen) and incubated with appropriate anti-
bodies at 4°C overnight. After being washed with the washing buffer (0.1
M Na-phosphate buffer, pH 7.4) five times, the immunoprecipitates were
analyzed by immunoblotting.

Statistical analysis. Results were expressed as means * standard er-
rors of the means (SEM). Statistical significance was evaluated by analysis
of variance (ANOVA), and statistical significance was defined as a P value
of <0.05.

RESULTS

HNF-1a-binding site is important for HCV-induced suppres-
sion of GLUT2 promoter. To gain an insight into potential regu-
latory sequences involved in HCV-induced suppression of
GLUT?2 gene transcription, a 1.6-kb genomic fragment that en-
compasses the human GLUT2 promoter (—1291 to +308) and a
series of deletion mutants were analyzed (Fig. 2A). The ability of
the upstream region of the GLUT2 gene to function as a promoter
was assessed by its capacity to drive the expression of a luciferase
reporter gene. GLUT2 promoter activity was assessed by measur-
ing luciferase activity of the cell extracts derived from transiently
transfected Huh-7.5 cells, SGR cells, and FGR cells. As shown in
Fig. 2B, a deletion of the promoter sequence to —1100
[pGLUT2(—1100/+308)-Luc [AAP-1]] showed lower luciferase
activities in HCV replicon cells than in the control cells. Successive
removal of nucleotides from —1100 to —1030 completely or al-
most completely abolished the suppression of the luciferase activ-
ity in both FGR and SGR cells, suggesting that the HNF-1a-bind-
ing site is important for HCV-induced suppression of GLUT2
promoter.

HCV infection reduces HNF-1ae mRNA levels. It is worth not-
ing that HNF-1a is known to play a crucial role in diabetes. Mu-
tations in the HNF-1a gene have been reported to cause a mono-
genic form of diabetes mellitus with autosomal dominant
inheritance, termed maturity onset diabetes of the young 3
(MODY3) (25, 40). Cha et al. (7) reported that HNF- 1« functions
as a transcriptional transactivator in human GLUT2 gene expres-
sion in a human hepatoma cell line. These findings motivated us
to further investigate a role of HNF-1a in HCV-induced glucose
metabolic disorders in a human hepatoma cell line. To determine
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FIG 3 Quantitative RT-PCR analysis of mRNA for HNF-1a and HNE-18 in
HCV J6/JFH1-infected cells. Huh-7.5 cells (2.5 % 10 cells/six-well plate) were
infected with HCV J6/JFH1 at a multiplicity of infection of 2, Cells were cul-
tured and harvested at the indicated times. Total RNA was extracted, and the
levels of HNF-1oe mRNA and HNF-1p mRNA were determined by quantita-
tive RT-PCR. Mock-infected cells served as negative controls. **, P << 0.01,
compared with mock-infected cells.

whether HCV infection suppresses HNF-1oe mRNA expression,
we quantified mRNA levels of HNF-1a and HNF-1B in HCV J6/
JFH1-infected cells and in mock-infected cells by real-time RT-
PCR. HNF-1la mRNA levels were significantly reduced in HCV
J6/JFH1-infected cells from 5 days postinfection (dpi) to 14 dpi
(Fig. 3A). On the other hand, HNF-18 mRNA levels remained
unchanged until 14 dpi (Fig. 3B). These results suggest that HCV
infection specifically downregulates HNF-1ce mRNA expression.

HCV infection reduces HNF-1a protein levels. To determine
whether HCV infection reduces HNF-1a protein levels, endoge-
nous HNF-1a protein levels were examined by immunoblot anal-
ysis. The HNF-la protein level was much lower in J6/JFH1-in-
fected cells than in the mock-infected control (Fig. 4A, upper
panel, lane 2). To determine whether HCV infection is specifically
involved in reduction of HNF-1a protein, we eliminated HCV by
treatment of the cells with IFN-a (Fig. 4B, lower panel, compare
lane 2 with lane 4). Upon elimination of HCV, the HNF-1a pro-
tein expression level recovered to the level of the mock-infected
control (Fig. 4B, upper panel, compare lane 2 with lane 4). These
results suggest that HCV infection specifically reduces HNF-1a
protein levels.

HCV-induced reduction of HNF-1a protein is restored by
treatment of the cells with a lysosomal protease inhibitor. As
shown in Fig. 3A, HNF-1a mRNA levels in HCV J6/JFH1-infected
cells decreased slowly at day 5 postinfection. One possible expla-
nation is that suppression of HNF-1ae mRNA is an indirect effect
caused by HCV infection. The degree of the reduction of the
HNF-1a protein was larger than that of HNF-1ce mRNA (Fig. 4A),
suggesting the involvement of protein degradation in reduction of
HNF-1a protein levels. To determine whether protein degrada-
tion is involved in HCV-induced reduction of HNF-1a protein,
we assessed the role of proteasome or lysosome proteases in the
reduction of HNF-1la protein. We treated the cells with a protea-
some inhibitor, clasto-lactacystin B-lactone, or lysosome protease
inhibitors E-64d and pepstatin A. Clasto-lactacystin B-lactone
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FIG 4 HCV infection induces lysosomal degradation of HNF-1a protein. (A)
HCYV infection decreased the levels of HNF-1a protein in Huh-7.5 cells. Huh-
7.5 cells (2.5 % 107 cells/six-well plate) were infected with HCV J6/JFH]1 at a
multiplicity of infection of 2. Cells were cultured and harvested at 5 days
postinfection. Cells were analyzed by immunoblotting with anti-HNF-1c,
anti-N$3, and anti-actin antibodies. The level of actin served as a loading
control. The relative levels of protein expression were quantitated by densi-
tometry and are indicated below the respective lanes. (B) HCV-induced down-
regulation of HNF-la protein was restored by treatment of the cells with
IFN-a.. Huh-7.5 cells were plated at 2.5 X 107 cells/six-well plate and cultured
for 12 h. The cells were infected with HCV J6/JFH1 at a multiplicity of infection
of 2 and cultured for 5 days. The cells were replated at 2.5 X 10 cells/six-well
plate and cultured in complete DMEM with or without 1,000 IU/ml IFN-« for
10 days to eliminate HCV. The cells cultured in DMEM without IEN-« served
as negative controls. (C) HCV-induced reduction of HNF-1a protein was
restored by treatment of the cells with lysosomal protease inhibitor. Huh-7.5
cells were plated at 2.0 X 10° cells/six-well plate and cultured for 12 h. At 5 days
postinfection, proteasome inhibitor (30 pM clasto-lactacystin B-lactone) or
lysosomal protease inhibitors (40 uM E-64d and 20 uM pepstatin A) were
administered to the cells. Cells were cultured for 12 h, harvested, and analyzed
by immunoblotting as indicated. The level of GAPDH served as a loading
control. DMSO, dimethyl sulfoxide; PepA, pepstatin A.

had no effect on the levels of HNF-1a protein (Fig. 4C, upper
panel, lane 6). This result suggests that proteasome is not involved
in the reduction of HNF-1o protein. E-64d is a cysteine protease
inhibitor, and pepstatin A is an aspartic protease inhibitor. Pep-
statin A, but not E-64d, restored the levels of HNF-1a protein
(Fig. 4C, upper panel, lanes 10 and 8). These results suggest that a
lysosomal protease, such as an aspartic protease, is involved in
HCV-induced reduction of HNF-1a protein.

Overexpression of NS5A protein suppresses GLUT2 pro-
moter activity. To determine which HCV protein is involved in
the suppression of GLUT2 promoter, we examined the effects of
transient expression of HCV proteins on GLUT2 promoter activ-
ity. Huh-7.5 cells were cotransfected with each HCV protein ex-
pression plasmid together with the GLUT2 promoter-luciferase
plasmid. The pRL-CMV-Renilla plasmid was cotransfected as an
internal control. At 48 h posttransfection, cells were harvested and
assayed for luciferase activity. As shown in Fig. 5A, overexpression
of the NS5A expression plasmid significantly reduced GLUT2
promoter activity. On the other hand, other HCV protein expres-
sion plasmids failed to suppress GLUT2 promoter activity (Fig.
5A, left and right panels). These results suggest that NS5A protein
is involved in the suppression of GLUT2 promoter activity.

Overexpression of NS5A protein reduces the levels of endog-
enous HNF-1« protein. To investigate a role of NS5A in the sup-
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FIG 5 HCV NS5A protein is involved in suppression of GLUT2 promoter
activity and lysosomal degradation of HNF-1a protein. (A) Huh-7.5 cells were
platedat 1 X 10° cells/12-well plate. After cells were cultured for 12 h, cells were
cotransfected with each HCV protein plasmid (0.5 p.g), the human GLUT2
promoter reporter plasmid (0.5 pg), and pRL-CMV-Renilla (25 ng). pRL-
CMV-Renilla was used as an internal control. At 48 h posttransfection, cells
were harvested. Luciferase assays were performed by using a dual-luciferase
reporter assay system. (B) Huh-7.5 cells were plated at 4 X 10° cells/six-well
plate and cultured for 12 h. Cells were transfected with increasing amounts of
either NS5A plasmid or NS5B plasmid as indicated. At 48 h posttransfection,
cells were harvested. Whole-cell lysates were analyzed by immunoblotting with
anti-HNF-1a, anti-NS5A, and anti-NS5B antibodies. The level of GAPDH
served as a loading control. (C) Huh-7.5 cells (2.5 X 10 cells/six-well plate)
were transfected with pEF1A-NS5A-myc-Hiss. At 2 days posttransfection,
proteasome inhibitor (30 uM clasto-lactacystin B-lactone) or lysosomal en-
zyme inhibitors (40 pM E-64d and 20 uM pepstatin A) were administered to
the cells. Cells were cultured for 12 h and harvested, and the levels of endoge-
nous HNF-1a protein were analyzed by immunoblotting with anti-HNF-1a
goat PAb. The level of GAPDH served as a loading control. (D) Huh-7.5 cells
(1.0 X 10° cells/12-well plate) were transfected with the human GLUT2 pro-
moter reporter plasmid (0.5 pg) and pRL-CMV-Renilla (25 ng). The plasmid
pEF1A/myc-His (0.5 jg) was cotransfected to the control cells. Cells were
transfected with the plasmid pEF1A-NS5A-myc-His (0.5 pg) together with
either empty plasmid pCMV4 (10 ng) or pPCMV-HNF-1a (10 ng). At 48 h
posttransfection, cells were harvested. Luciferase assays were performed by
using a dual-luciferase reporter assay system. *, P < 0.05, compared with
control. (E) Huh-7.5 cells (1.2 X 10° cells /10 cm-dish) were infected with
HCV J6/JFH1 at a multiplicity of infection of 2 and cultured for 5 days. At day
5 postinfection, cells were plated at 1.0 X 10° cells/12-well plate and cultured
for 12 h. Mock-infected cells were plated similarly. Cells were transfected with
the human GLUT2 promoter reporter plasmid (0.5 pg) and pRL-CMV-Re-
nilla (25 ng) together with either empty plasmid pCMV4 or pCMV-HNF-1a,
cultured for 48 h, and harvested. Luciferase assays were performed by using a
dual-luciferase reporter assay system. *, P < 0.05, compared with control.
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pression of the GLUT2 promoter, we examined the effect of NS5A
protein on the levels of endogenous HNF-1a protein. Huh-7.5
cells were transfected with increasing amounts of either an NS5A
expression plasmid or NS5B expression plasmid. At 48 h post-
transfection, cells were harvested, and the levels of endogenous
HNF-1a protein were analyzed by immunoblot analysis. To de-
tect endogenous HNF-1a protein, highly sensitive Western blot-
ting detection reagents (ECL Plus Western blotting detection re-
agents) were used. Overexpression of NS5A (Fig. 5B, left panel)
but not NS5B (Fig. 5B, right panel) significantly reduced endoge-
nous HNF-1a protein. These results suggest that NS5A protein
specifically reduces endogenous HNF-1a protein levels.

To determine if NS5A-dependent reduction of HNF-1a pro-
tein is due to lysosomal degradation, we treated the cells with
lysosome protease inhibitors. Pepstatin A, but not E-64d, recov-
ered the levels of HNF-1a protein (Fig. 5C, middle panel, lanes 5
and 6), which is consistent with the results found in HCV-infected
cells. These results suggest that NS5A is responsible for HCV-
induced lysosomal degradation of HNF-la protein. Taken to-
gether, our results suggest that HCV infection suppresses GLUT2
promoter activity via NS5A-dependent lysosomal degradation of
HNF-1a protein.

To verify a role of HNF-1a in the HCV-induced suppression of
GLUT2 promoter activity, we examined the effects of ectopic ex-
pression of HNF-1a on GLUT2 promoter activity in NS5A-trans-
fected cells as well as in HCV J6/JFH1-infected cells. As shown in
Fig. 5D, overexpression of NS5A decreased GLUT2 promoter ac-
tivity, and ectopic expression of HNF-1a restored GLUT2 pro-
moter activity (Fig. 5D). Moreover, HCV J6/JFH1 infection sig-
nificantly decreased GLUT2 promoter activity, and ectopic
expression of HNF-1a restored GLUT?2 promoter activity (Fig.
5E). These results are consistent with the notion that HNF-1a
protein is a key regulator for HCV-induced suppression of
GLUT?2 promoter activity.

NS5A protein interacts with HNF-1e protein in Huh-7.5
cells and in FGR Conl cells. It was previously reported that in
vitro translated HNF-1 protein was pulled down with glutathione
S-transferase (GST)-NS5A protein (32). To determine whether
NS5A physically interacts with HNF-1a protein in cultured cells,
Huh-7.5 cells were cotransfected with each FLAG-tagged NS5A
expression plasmid together with the HNF-1o expression plas-
mid. Immunoprecipitation analysis revealed that HNF-1a pro-
tein was coimmunoprecipitated with FLAG-NS5A protein using
anti-FLAG MADb (Fig. 6A, third blot, lane 8). No band was de-
tected using control IgG for immunoprecipitation (Fig. 64, third
blot, lane 7). Conversely, immunoprecipitation analysis revealed
that NS5A protein was coimmunoprecipitated with HNF- 1« pro-
tein using anti-HNF-1a rabbit PAb (Fig. 6B, fourth blot, lane 8).
Moreover, NS5A protein was coimmunoprecipitated with endog-
enous HNF-1a protein (Fig. 6B, fourth blot, lane 6), suggesting
that NS5A protein indeed interacts with HNF-1a protein.

To confirm that HCV NS5A protein can interact with HNF-1a
protein in HCV-replicating cells, we performed immunoprecipi-
tation analysis using FGR Conl (RCYM1) cells. NS5A protein was
coimmunoprecipitated with endogenous HNF-1a protein (Fig.
6C, fourth blot, lane 2). Transfection of HNF-1a protein in-
creased thelevel of coimmunoprecipitated NS5A protein (Fig. 6C,
fourth blot, lane 4), suggesting that HCV NS5A protein indeed
interacts with HNF-1a protein in HCV-replicating cells.

HNF-1a binds domain I of NS5A protein. To map the HNF-
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FIG 6 NS5A protein interacts with HNF-1a protein. (A) Huh-7.5 cells were
plated at 1.2 X 10° cells/10-cm dish and cultured for 12 h. Cells were trans-
fected with plasmids as indicated. At 48 h after transfection, cells were har-
vested. Cell lysates were immunoprecipitated with either anti-FLAG mouse
MADb (lanes 2, 4, 6, and 8) or control IgG (lanes 1, 3, 5, and 7), and bound
proteins were immunoblotted with anti-HNF-1c rabbit PAb (third blot) or
anti-NS5A mouse MAb (fourth blot). Protein expression of HNF-l« or
FLAG-NS5A was confirmed using the same cell lysates by immunoblotting
with either anti-HNF-1a rabbit PAb (first blot) or anti-NS5A mouse MAb
(second blot). (B) Cell lysates were immunoprecipitated with either anti-
HNPF-1a rabbit PAb (lanes 2, 4, 6, and 8) or control 1gG (lanes 1, 3, 5, and 7),
and bound proteins were immunoblotted with either anti-HNF- 1o rabbit PAb
(third blot) and anti-NS5A mouse MAb (fourth blot). (C) Full-genome repli-
con Conl (RCYM1) cells were plated at 1.2 X 10° cells/10-cm plate and trans-
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80

la-binding site on NS5A protein, coimmunoprecipitation analy-
ses were performed. By use of a panel of NS5A deletion mutants
(Fig. 7A), FLAG-HNF-1a protein was found to coimmunopre-
cipitate with all of the HA-NS5A proteins except HA-NS5A con-
sisting of aa 357 to 447 [HA-NS5A(357-447), HA-NS5A(250—
447), or HA-NS5A(214-447) (Fig. 7B, lower left panel). These
results suggest that domain I of NS5A consisting of aa 1 to 213 is
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important for HNF-1a binding. FLAG-HNF-1a protein was also
found to coimmunoprecipitate with NS5A(1-126)-myc-Hisg and
NS5A(1-147)-myc-His,. These data led to the conclusion that the
HNF-1la-binding domain of NS5A protein was aa 1 to 126.

DISCUSSION

In this study, we aimed to clarify molecular mechanisms of HCV-
induced suppression of GLUT2 gene expression. The reporter as-
says of the human GLUT2 promoter suggest that the HNF-1a-
binding site is crucial for HCV-induced suppression of GLUT2
promoter activity (Fig. 2). HCV infection significantly reduced
the levels of HNF-1ae mRNA (Fig. 3A). Moreover, HCV infection
remarkably decreased HNF-1a protein levels (Fig. 4A). Our re-
sults suggest that HCV infection suppresses GLUT2 gene expres-
sion via NS5A-mediated lysosomal degradation of HNF-1a pro-
tein (Fig. 5). Immunoprecipitation analyses revealed that NS5A
protein physically interacts with HNF-1a protein (Fig. 6) and that
domain I of NS5A is important for HNF-la binding (Fig. 7).
Taken together, our results suggest that HCV infection suppresses
GLUT? transcription via downregulation of HNF-1a expression
at both transcriptional and translational levels (Fig. 8).

We demonstrated that HNF-1a protein levels were greatly re-
duced compared to the reduced levels of HNF-1lao mRNA. We
demonstrated that pepstatin A, but not E64-d, restored the levels
of HNF-1a protein, suggesting that an aspartic protease is in-
volved in the degradation of HINF-la protein. Pepstatin A is
widely used for investigation of autophagy and lysosomal degra-
dation. Further studies are needed to elucidate how HCV induces
lysosomal degradation of HNF-1a protein and how HNF-1« pro-
tein is selectively downregulated by HCV infection. Our data sug-
gest that the HCV NS5A protein is responsible for the HCV-in-
duced degradation of HNF-1la protein. Using a panel of NS5A
deletion mutants, we demonstrated that domain I of NS5A is im-
portant for association with HNF-1a protein. NSSA domain I is
relatively conserved among HCV genotypes compared to do-
mains II and IIL, suggesting that NS5A-HNF-1a interaction is
common to all the HCV genotypes. Domain I coordinates a single
zinc atom per protein molecule and is essential for HCV RNA
replication (35). The crystal structure of NS5A domain I revealed
the presence of a zinc coordination motif and a C-terminal disul-
fide bond (36). NS5A domain I was found to bind many host
proteins, RNA, and membranes (16). It is possible that physical
interaction between NS5A protein and HNF-1a protein is impor-
tant for selective degradation of HNF-1a protein. One possible
mechanism is that NS5A protein may recruit HNF-1a protein to
the lysosome. Further study is necessary to test this possibility.

We observed that deletion of the GLUT2 transcriptional start
site enhances expression of the GLUT?2 reporter in FGR cells (Fig.
2B). Cha et al. (7) previously reported that deletion down to nu-
cleotide +73 of the GLUT2 promoter resulted in a marked in-
crease and that further deletion to nucleotide + 188 caused a dras-
tic decrease in luciferase activity, indicating the presence of
negative- and positive-regulator elements in the 5’ untranslated
region. The role of these elements in HCV-infected cells remains
to be elucidated.

We demonstrated that HCV J6/JFH1 infection reduced the
HNF-1ao mRNA level and HNF-1a protein level. Our results
contradict an earlier report (32) demonstrating that expression
of HNF-1 mRNA was increased in subgenomic replicon Huh.8
cells (3). We observed downregulation of HNF-1oo mRNA and
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FIG 7 Mapping of the HNF-1a-binding domain for NS5A protein. (A) Schematic representation of the hepatitis C virus NS5A protein. NS5A consists of
three domains (domains I, II, and III) with domains separated by low-complexity sequences (LCS I and II). The position of the amino-terminal
amphipathic helix membrane anchor is shown (labeled helix). The NS5A deletion mutants (a to j) contain the NS5A amino acids indicated to the left. Each
NS5A deletion mutant contains either HA tag in the N terminus (a to h) or myc-Hisg tag in the C terminus (i and j). The gray region of each represents
the HA tag sequence. The lattice region of each represents the myc-His, tag (i and j). Closed boxes represent proteins that are bound specifically to
HNPF-1a protein, and open boxes represent those that are not bound. (B) Huh-7.5 cells were transfected with each NS5A mutant plasmid together with
a FLAG-HNF-1a expression plasmid. At 48 h posttransfection, cells were harvested, and cell lysates were immunoprecipitated with anti-FLAG beads.
Input samples and immunoprecipitated samples were immunoblotted with anti-HA MAD (two left panels, top), anti-c-myc MAb (two right panels, top),
or anti-HNF-1a PAb (all panels, bottom).

HNE-1a protein in SGR cells as well as in FGR cells (data not  tein possesses other degradation motifs. The molecular mecha-
shown). We also demonstrated that the ectopic expression of nism underlying NS5A-dependent lysosomal degradation of
NS5A protein decreased the endogenous HNF-la protein HNEF-la protein needs to be elucidated.
level. The reasons for these discrepancies remain to be eluci- HNF-1a is a homeodomain-containing transcription factor,
dated. which is expressed in the liver, pancreatic 3 cells, and other tissues
We along with other groups previously reported that HCV ~ (1). Intriguingly, HNF-1la is known to play a crucial role in dia-
NS5A protein is involved in mitochondrial reactive oxygen species  betes. Heterozygous germ line mutations in the gene encoding
(ROS) production (11, 13, 38). Mitochondrial ROS generationis HNEF-1a are responsible for an autosomal dominant form of non-
known to induce the autophagy pathway (22) and lysosomal insulin-dependent diabetes, MODY3 (40). Mutations in the
membrane permeabilization (8). Therefore, it is necessary to de-  HNF-1a gene disrupt GLUT?2 function as a glucose sensor in pan-
termine whether NS5A-induced ROS production enhances au-  creatic B cells, resulting in severe insulin secretory defects (39). It
tophagic degradation or lysosomal membrane permeabilization.  is unclear whether HNF-1o mutations in the liver affect glucose
Several groups have reported that autophagy vesicles accumulate in ~ homeostasis in MODY3 patients. Two strains of HNF-1a-defi-
HCV-infected cells and that autophagy proteins can function as pro-  cient mice have been reported. The mice of the first strain, created
viral factors required for HCV replication (14). Autophagy degrades  using standard methods for making knockout mice, are born nor-
macromolecules and organelles. Based on the means by which cargo  mally, but most die postnatally around the weaning period after a
is delivered to the lysosomes, three different autophagy pathways are ~ progressive wasting syndrome (31). Mice of the second strain,
described: macroautophagy, microautophagy, and chaperone-medi-  created using the Cre-loxP recombination method, had a normal
ated autophagy (CMA). At first, autophagy was considered a nonse-  life span (20). The knockout mice of the second strain were
lective bulk degradation process. CMA, however, results in  dwarfed, diabetic, and infertile. Moreover, the knockout mice had
specific degradation of the cytosolic proteins in a molecule-by-  enlarged livers and exhibited progressive liver damage.
molecule fashion. Most known substrates for CMA contain a pep- HNE-1o was also identified as a tumor suppressor gene in-
tide sequence biochemically related to KFERQ (12). Although the  volved in human liver tumorigenesis since biallelic inactivating
typical KFERQ peptide motifis not found in HNF-1a protein, itis  mutations of the HNF-1a gene were found in 50% of hepatocel-
possible that KFERQ-like sequences can be generated by post- lular adenomas and, in rare cases, of well-differentiated hepato-
translational modifications. It is also possible that HNF-1la pro-  cellular carcinomas developed in the absence of cirrhosis (5).
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FIG 8 A proposed mechanism of the HCV-induced suppression of GLUT2 via downregulation of HNE-1a. HCV infection downregulates HNF-1a at
transcriptional and posttranslational levels, resulting in suppression of GLUT2 gene transcription. HCV NS5A protein physically interacts with HNF-1a protein

and enhances lysosomal degradation of HNF-1c protein.

Moreover, HNF-1a has been shown to regulate a large number of
genes related to glucose, fatty acid, bile acid, cholesterol, and lipo-
protein metabolisms as well as inflammation (1). Therefore, it is
possible that HCV-induced downregulation of HNF- 1o may play
a crucial role in metabolic disorders as well as tumorigenesis.

To determine which HCV protein is involved in the suppres-
sion of the GLUT2 promoter, we examined the effects of transient
expression of HCV proteins on GLUT2 promoter activity. Over-
expression of NS5A suppressed GLUT2 promoter activity,
whereas overexpression of p7 enhanced GLUT2 promoter activity
(Fig. 5A). SGR cells express NSSA protein but lack p7 protein.
FGR cells express both NS5A protein and p7 protein. However,
GLUT2 promoter activity was suppressed in both SGR and FGR
cells (Fig. 2B). This discrepancy between transient expression sys-
tem and replicon cells may result from the differences in traffick-
ing of p7 because it is a complex process potentially regulated by
both the cleavage from its upstream signal peptides and targeting
signals within the protein sequence (15).

We previously reported that HCV infection promotes hepatic
gluconeogenesis in HCV J6/JFH1-infected Huh-7.5 cells (11).
HCV infection transcriptionally upregulates the genes for phos-
phoenolpyruvate carboxykinase (PEPCK) and glucose 6-phos-
phatase (G6Pase), the rate-limiting enzymes for hepatic gluconeo-
genesis. We demonstrated that gene expression of PEPCK and
G6Pase was regulated by the transcription factor forkhead box O1
(FoxO1) in HCV-infected cells. Phosphorylation of the FoxO1 at
Ser319 was markedly diminished in HCV-infected cells, resulting
in increased nuclear accumulation of FoxO1. HCV NS5A protein
was directly linked with FoxO1-dependent increased gluconeo-
genesis. HCV-induced downregulation of GLUT?2 expression and
upregulation of gluconeogenesis may cooperatively contribute
to development of type 2 diabetes in HCV-infected patients at
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least to some extent. HCV-induced downregulation of GLUT2
expression and upregulation of gluconeogenesis may result in
high concentrations of glucose in HCV-infected hepatocytes.
As suggested in a recent study, low glucose concentrations in
the hepatocytes inhibit HCV replication (28). Therefore, high
glucose levels in the hepatocytes may confer an advantage in
efficient replication of HCV.

In conclusion, we provided evidence suggesting that HCV
infection downregulates HNF-1a expression at both transcrip-
tional and posttranslational levels. HCV-induced downregula-
tion of HNF-1a may play a crucial role in glucose metabolic
disorders caused by HCV infection. Strategies aimed at HCV-
induced downregulation of HNF-1la protein may lead to the
development of new therapeutic agents for HCV-induced dia-
betes.
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Patients with long-lasting hepatitis C virus (HCV) infection are at major risk of hepatocellular carcinoma (HCC).
fron accumulation 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,
mitochondrial iron (3°Fe) uptake was increased in the livers of HCV core protein-expressing transgenic mice.
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.
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Introduction

Hepatitis C virus (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-1,17,3,3’-
tetraethylbenzimidazoly-carbocyanine iodide; CCCP, carbonyl cyanide-m-chiorophenyl
hydrazine; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; HPF,
hydroxyphenyl fluorescein; ANT, adenine nucleotide translocator; HRP, horseradish
peroxidase; DMEM, Dulbecco’s Modified Eagle’s Medium; CL, chemiluminescence; TTBS,
Tris-buffered saline/0.05% Tween 20; BSA, bovine serum albumin; Hep39b, HCV core
protein-expressing HepG2; Hepswx, vector-transfected HepG2.

* Corresponding author at: Faculty of Pharmaceutical Sciences, Teikyo Heisei University,
4-21-2 Nakano, Nakano-ku, Tokyo 164-8530, Japan. Fax: +81 3 5860 4237.
E-mail address: t.horie@thu.acjp (T. Horie).

http://dx.doi.org/10.1016/j.taap.2014.12.004
0041-008X/© 2014 Elsevier Inc. All rights reserved.

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-
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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-chloropheny! hydra-
zine (CCCP) and G418 disulfate were from Sigma Aldrich (St. Louis,
MO). MitoTracker® Red was from Invitrogen (Carlsbad, CA). >°FeSO,4
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 ul 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 pM Fe-NTA the following day, the medium was replaced

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 hydroxyl 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 uM 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 103 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 MgCly, 5 mM KH,PO,4, and
20 mM Tris-HCl (pH 7.4) for 1 min, Ru360 was added at a final concen-
tration of 10 uM, >FeS0, was added after 1 min, and the 5°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 HepG2 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 pM (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 UM 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 = 6).

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. 2¢). 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 pM) for
six days (Fig. 3).

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

Because mitochondrial hydroxy! 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 S.E. **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. (c) 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+ 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 *°Fe?™ up-
take at 4 °C) was 31.1 £ 3.2 pmol/10 min/mg protein in Hepswx cells,
and 29.2 + 1.8 pmol/10 min/mg protein in Hep39b cells (not signifi-
cantly different). Moreover, >°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 4+ 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 S.E. *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 Hep39b versus Hepswx cells. As shown in
Fig. 53, 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 *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 M)
and Ru360 (20 uM) for six days. ROS production was determined using a CLanalyzer. Values are given as the mean o 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 pM) and Ru360 (20 pM) for six days. Cytotoxicity was determined using the MTT assay. Values are given
as the mean = the S.E. *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 puM)-induced ROS production in Hep39b but
not Hepswx cells (Fig. 5a). Moreover, cytotoxicity following exposure
to (300, 600, 800 and 1000 M) 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.

Wild Type

Core Tg

Calcium Uniporter ¢

ANT
n.s.
- 1401
2. _ 120}
255
s 5 & 1001
° e
- E1v 80f
cS=
SES eof
2350 I
2w 40
8o I
K 20
0 .

Wild Type Core Tg

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 S.E. n.s.: 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
etal, 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 L. 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 puM Fe-NTA in HCV core protein-expressing Hep39b cells (Fig. 1).
Therefore, a physiologically relevant concentration of iron (30 uM),
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 is 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).

Iron 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-a 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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Aim: Chronic hepatitis C viral (HCV) infections often result in
ineffective CD8 T-cell responses due to functional exhaustion
of HCV-specific T cells. However, how persisting HCV impacts
CD8 T-cell effector functions remains largely unknown. The
aim of this study is to examine the effect of the infectious
dose and the presence of HCV core gene.

Methods: We compared responses of intrahepatic CD8 T
cells during infection of wild-type or HCV core transgenic (Tg)
mice with various infectious doses of HCV-NS3-expressing
recombinant adenovirus (Ad-HCV-NS3).

Results: Using major histocompatibility complex class |
tetramer and intracellular interferon (IFN)-y staining method
to track HCV-NS3-specific CD8 T cells, we found that a signifi-
cant expansion of HCV-NS3-specific CD8 T cells was restricted
to a very narrow dosage range. IFN-y production by intrahe-
patic CD8 T cells in HCV core Tg mice was suppressed as
compared with wild-type mice. Higher levels of expression of

regulatory molecules, Tim-3 and PD-1, by intrahepatic CD8 T
cells and PD-L1 by intrahepatic antigen-presenting cells were
observed in HCV core Tg mice following Ad-HCV-NS3 infec-
tion, and the expression increased dependent on infectious
dose. Furthermore, we found a significant inverse correlation
between the percentages of IFN-y-producing cells and expres-
sion of regulatory molecules in antigen-specific intrahepatic
CD8 T cells.

Conclusion: High infectious dose and the presence of HCV
core gene were strongly involved in ineffective CD8 T-cell
responses. We consider that HCV core Tg mouse infected with
high infectious dose of Ad-HCV-NS3 is useful as a chronic
infection model in the development of immunotherapy for
chronic hepatitis C.

Key words: core, functional exhaustion, hepatitis C,
infectious dose, T cell

INTRODUCTION

EPATITIS C VIRUS (HCV) is a positive-sense

single-stranded RNA virus of the genus Hepacivirus
in the family Flaviviridae, and it infects 170 million
people worldwide.! Approximately 10-60% of the
patients clear HCV spontaneously during the acute
phase of infection,” while the others develop chronic
persistent HCV infection that eventually leads to liver
cirthosis and hepatocellular carcinoma.* HCV-specific
cytotoxic T lymphocytes (CTL) play a major role in viral
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control during acute infection. Nevertheless, during
persistent infection, HCV-specific CTL effector functions
are significantly impaired.

T-cell exhaustion is one of the remarkable features of
chronic HCV infection. In chronically HCV-infected
individuals, the frequencies of CTL are relatively low;
similarly, the proliferative capacity as well as effector
functions of HCV-specific T cells are impaired, and the
production of type I cytokines (i.e. interleukin-2 and
interferon [IFN]-y) is dramatically suppressed.®®

It appears that the major factors which determine
duration and magnitude of an antiviral immune
response are antigen (Ag) localization, dose and kinet-
ics.” For example, high doses of widely disseminating
strains of lymphocytic choriomeningitis virus (LCMV)
exhaust antiviral CIL leading to establishment of a per-
sistent infection.'® Physical deletion of anti-LCMV CTL
is most likely preceded by their functional impairment
with the inability to produce effector cytokines.!'?
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