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Figure 4. CAHL interacted with HCV NS5B and CyPB. (A) [**S}-labeled in vitro translation products of HCV NS3, NS4B, NS5A, and NS58 were
incubated with a recombinant GST fusion protein of CAHL (GST-CAHL) or GST as a negative control. “1/5 input” designates the signal for 1/5 the
amount of the [**S)-labeled product used in the pull-down assay. CBB staining patterns for the pulled-down proteins are shown in the bottom panel.
(B) Mapping of the regions of NS5B responsible for the interaction with CAHL. At the left of the panel, schematic representations of the full-length
and truncated mutants of NS5B are shown. The numbers indicate the amino acid residue numbers in NS5B. “CAHL binding” summarizes the results of
the GST pull-down assay by +/—. GST pull-down data are presented as described in (A). (C) GST pull-down assay between GST-CAHL and in vitro
translated CyPA or CyPB was performed as described in (A). (D) The interaction of CAHL with CyPB was disrupted by CsA treatment. GST pull-down
assay between GST-CAHL and NS5B was performed in the absence and presence of CsA. The concentrations of CsA in lanes 4-7 are 1,2, 8, and 20 pg/

mi, respectively.
doi:10.1371/journal.pone.0018285.g004

specific for the CAHL gene (si-1, -2, -3, -4, and -5) were individually
transfected into MH-14 cells to examine RNA sequence induced
eflectively down-regulation. When si-3 siRNA was transfected into
cells, the endogenous CAHL gene expression reduced approxi-
mately 90% compared with si-control (treatment with siRNA for
non-target genc) (Fig. $3), and among them, si-3 induced down-
regulation of CAHL gene expression most cflectively. Subsequently,
we applied short hairpin RNA (shRNA) technology to stably
knockdown CAHL gene expression in MH14 cells. We cloned
DNA oligo coding the eflective siRNA against CAHL gene into
pLKO.1-puro shRNA vector. Lentivirus packed with shRNA
against CAHL (sh-CAHL) or non-targeting shRNA (sh-control)
were introduced into MH14 cells, and then these cells were cultured
in the presence puromycin. As a result, we successfully obtained
stably CAHL gene knockdown cell line, which reduced approxi-
mately to 6-fold compared with sh-control (Fig. 5A). In these sh-
CAHL cells, HCV RNA was decreased approximately to 4-fold less
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than that in the sh-control cells (Fig. 5B). Furthermore, ectopic
expression of CAHL increased the HCV replication level in a dose-
dependent manner (Fig. 5C). These results suggest that CAHL
positively plays in HCV replication.

To investigate the outcome of the interaction of CAHL with
NS5B/CyPB, we performed RNA binding activity assay using sh-
CAHL cells. NS5B is a viral RNA-dependent RNA polymerase
and possesses RNA binding activity [11]. Indeed, NS5B formed a
complex on RNA-immobilized sepharose together with CyPB and
CAHL (lane 4 in Fig. 6A). However, siRNA-mediated depletion
of endogenous CAHL dissociated CyPB from the NS5B/RNA
complex (lane 6 in Fig. 6A), indicating that CAHL mediates the
association of CyPB with NS5B/RNA. Morcover, when CsA was
added to sh-CAHL cells, both CAHL and CyPB were dissociated
from RNA (lane 6 in Fig. 6B). Thus, the possibility is suggested
that the promotion of CyPB-NS$5B complex association by CAHL
is related with the stimulatory role of CAHL in HCV replication.
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Figure 5. Establishment stably CAHL knockdown cell. (A)
Lentivirus packed with shRNA against CAHL (sh-CAHL) or non-targeting
shRNA (sh-control) were introduced into MH14 cells. Total RNAs were
harvested and the absolute mRNA copy numbers of CAHL were
examined by quantitative real time RT-PCR. (B) The same samples of
total RNAs were used for the measurement of the absolute RNA copy
number of the HCV genome by quantitative real time RT-PCR. (C) Cured
MH-14 cells were transfected with LMH14 RNA reporter together with
the expression plasmid for CAHL or the corresponding empty vector. At
four days post-transfection, luciferase activities were measured. These
results (A-C) represent the means of three independent experiments.

doi:10.1371/journal.pone.0018285.g005

. PLOS ONE | www.plosone.org

Development of Phage Screening

Celllysate  pyj down

sh-Control sh-CAHL
G pU G pU

sh-Control
sh-CAHL

t 2 3 4 5 6

Figure 6. CAHL associated with the CyPB/NS5B complex plays
critical roles in HCV replication. (A) Cells (sh-control or sh-CAHL
cells) were harvested and analyzed protein expressions by using anti-
CAHL, anti-NS5B, and anti-CyPB antibodies. White arrows indicate CAHL
protein. (B} Cells were treated with or without 2 ug/mi CsA for 24 h, and
then harvested and analyzed. These results were reproduced in three
independent experiments. White arrows indicate CAHL protein.
doi:10.1371/journal.pone.0018285.9006

Discussion

Phage display, invented by Smith and Petrenko, is a versatile
method for the detection of smail molecule-binding proteins [14].
The technique can also be used to identify binding sites within the
target protein itsell. The combination of screening a library of
phage-displayed peptides and analysis of affinity-selected peptides
is anticipated to become a powerful tool for identifying drug-
binding sites [15-19]. Screening phage display libraries gencrally
entails immaobilizing the drug onto a solid surface [20]. In the
conventional method of phage display, small molecules should be
converted into biotinylated derivatives and immobilized on a
streptavidin-coated matrix. Conventional immobilization requires
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the presence of desirable [unctional groups within the drug
molecule as well as a multistep process to prepare the biotinylated
derivatives. In contrast to biotinylation, photoimmebilization
makes it possible to covalently immobilize drugs on a solid surface
without the need for derivatization. We and Kanoh ef al. have
reported the allinity purification of proteins using aflinity matrices,
in which small molecules are photoimmobilized by photoreaction
[12,21]. Because the photoreaction proceeds in a functional
group-independent manner, the molecules are immobilized onto
the solid surface in a nonoriented fashion. Thus, photoimmobi-
lization can be a useful tool for the comprehensive analysis of
drug-binding proteins.

Using this method, we identificd CAHL as a novel target
protein for CsA. CsA is a natural compound showing multiple
biological activities, including an immunosuppressive function,
anti-chaperone activity, inhibition of transporter activity and anti-
viral activity against human immunodeliciency virus and HCV.
Thus far, p-glycoprotein and formyl peptide receptor, as well as
CyPs, were reported as binding proteins for CsA [22], which
enabled elucidation of the mechanism of the CsA-induced
immunosuppressive function, anti-chaperone activity and anti-
transporter activity, respectively. Although CyPA promotes HCV
replication [11,23,24], we cannot fully explain the whole mode of
action of CsA against HCV. CyPB is also reported to regulate
HCV replication. It was reported that the HCV replicon showing
resistance against the CsA-mediated anti-HCV effect possessed
mutations in the coding region for NS5A and NS3B [25,26],
indicating that NS5B was onc of the determinants for the
sensitivity to CsA. However, some such mutations within the
NS5B coding region were dropped outside the region interacting
with CyPA and CyPB [11,24], leading to the possibility that
another cellular protein which is targeted by CsA, binds to NS5B
and regulates HCV replication. The CAHL-NS5B regulation
machinery is consistent with this idea. Deletion analysis for NS5B
demonstrated that two separate regions (1-200aa and 401-520aa)
of NS5B are likely to be involved in the interaction with CAHL.
These regions are different from the NS5B domain interacting
with CyPB (521-591aa) [11], suggesting that NS5B would interact
with both CyPB and CAHL at the same time. Indeed, the
mutations that induced resistant to CsA, the 1432V in NS5B reside
inside the regions interacting with CAHL (1-200 aa and 401-520
aa) [26], supported the relevance of CAHL in HCV genome
replication. As another aspect, it is interesting that two CsA target
molecules interact with each other and NS5B. Although we do not
know in detail the implication of the interaction of these two CsA
target molecules, CyPB and CAHL, there is a similar example
already known: two FK506-binding proteins, P-glycoprotein (P-
gp) and FKBP42, associate with each other [27]. In this situation,
FKBP42 modulates P-gp lunction. We do not know in detail how
these two target molecules of CsA, CyPB and CAHL both regulate
NS5B function, which is a future subject of the study. Currently, a
CsA derivative shows remarkable anti-HCV effect in chronic
HCV-inlected patients in the phase 1T clinical trial, and its mode of
action needs to be fully clarified [28]. Our data suggest a new link
of CAHL, in addition to CyP family, with CsA derivative’s anti-
HCV activity.

Cellular RNA helicases have been reported to be involved in
HCV genome replication. DDX3 and DDX6 activate HCV
genome replication through yet unknown mechanism [29,30].
RNA helicase p68 (DDX35) interacts with NS5B and supports
HCV genome replication in a transient transfection assay [31].
Although the mechanism through which cach RNA helicase
regulates HCV  genome replication may be  different, the
requirement  of cellular RNA helicases for HCV  genome
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replication is interesting for understanding HCV-cellular factors
interaction.

CAHL expression in normal liver cells was much less than that
in HCV infectious cells such as Huh-7 and MH-14. This is
enigmatic since it is not clear how HCV replication start without
CAHL, which positively plays HCV replication, at very beginning
of HCV infection in normal liver cells. Tt was reported that a
proinflammatory cytokine, TNF-o gene expression in hepatocytes
and mononuclear cells derived from HCV carrier increased
compared with healthy control [32]. As we here demonstrated
CAHL induced by TNF-a, CAHL can express to some extent in
the liver under chronic hepatitis C. We also show the association
of CAHL with HCV replication. Taken together, CAHL may
form a positive feedback loop for HCV replication: CAHL gene
expression is induced by TNF-a that is highly upregulated by
HCV infection, and CAHL in turn promotes HCV replication.
Despite the low expression of CAHL in normal tissues, CAHL
may have strong potential as a pharmaceutical target protein. In
addition to CsA, isolation of specilic inhibitors to the interaction of
CAHL and NS5B could allow us to provide effective drug for
HCV treatment.

In conclusion, we took advantage of strategy of chemical biology
to isolate a cellular factor, CAHL, as CsA associated helicase-like
protein, which would form trimer complex with CyPB and NS5B
of HCV. These findings not only shed a light on new HCV
treatment but also brought about great values of chemical biology
to elucidate biological mechanisms of small-molecule and protein
interactions.

Materials and Methods

Preparation of CsA-immobilized resins

CsA was purchased from Wako Pure Chemical Industries, Lid.
(Osaka, Japan). CsA-immobilized resins were prepared on
photoallinity resins as described previously [12]. Photoallinity
resins treated with UV irradiation in the absence of CsA were used
for negative control.

Phage display screening

10 mg of CsA-immobilized resin was incubated in 1 mi of TBS
(50 pM Tris-HCI [pH 8.0} and 150 mM NaCl) for 12 hours or
longer before use. Phage screening conditions were performed as
previously described [20]. For each panning step, 50 pl of CsA-
immobilized resin slurry was added to | ml of the T7 phage
(>10" pfu) followed by incubation for 8 hours at 4°C. Alfter
incubation, the bead slurry was washed 10 times by adding 1 ml of
TBST (50 mM Tris-HCI [pH = 8.0, 150 mM NaCl, 0.1% Tween
20). To elute phage particles associated with resins, 100 pl of
Escherichia coli (ODgpg = 0.6) was added, and incubated for 10 min
at 37°C. The phage infected E. coli were transferred into 1 mi of Z.
coli (ODgoo =0.6) and grown until lysed for threc hours at 37°C
with shaking. For titer check, 10 pl ol infected E. coli was used.

RNA preparation and plasmid construction

To isolate the CAHL gene, we used total RNA derived from
human liver. DNA cloning of the CAHL gene was carried out
using a SMART-cDNA isolation kit following the manufacturer’s
instructions (Clontech Laboratories, CA, USA). In some cascs,
CAHL ¢DNA was reconstructed with pcDNA 3.1 myc-HisA
(Invitrogen Corp., CA, USA) lor overexpression experiments.

Surface plasmon resonance assay

SPR analysis was performed on a BlAcore 3000 (Biacore AB,
Uppsala, Sweden). The bacterially expressed CAHL-C was
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immobilized covalently on a hydrophilic carboxymethylated
dextran matrix on a CM5 sensor chip (Biacore AB) using a
standard amine coupling reaction in 10 mM CHsCOONa
[pH = 4.0]. Binding analyses were carried out in HBS-EP buffer
(10 mM HEPES [pH=7.4], 150 mM NaCl, 3.4 mM EDTA,
0.005% surfactant P20) containing 8% DMSO at a flow rate of
20 pl/min. Appropriate concentrations of CsA were injected over
the flow cell. CyPA or CyPB was not used as a positive control
because of two reasons: 1) those CyPs can be used for a positive
control as CsA-CyP binding, but not for CsA-CAHL binding, and
2) FK506 doesn’t bind CyPs, so that it is difficult to compare
association behaviors between FK506 and CsA. The bulk effects of
DMSO were subtracted using reference surfaces. To derive
binding constants, data were analyzed by means of global fitting
using BlAevaluation version 3.1 (Biacore AB).

Preparation of recombinant protein

CAHIL-C ¢cDNA encoding C-terminal 761 01430 amino acids
was constructed into pET2la prokaryotic expression vector
(Merck, Darmstadt, Germany), which has a His-tag. pET21-
CAHL-C construct was transformed into E.co/i BL21(DES) strain.
After overnight induction with 0.1 mM IPTG at 20°C, recombi-
nant CAHL-C was purified by nickel column chromatography
with HisTrap (Amersham biosciences, Uppsala, Sweden) accord-
ing to a manufacturer’s procedure. To concentrate and exchange
the buller, purified CAHL-C was concentrated up to 40 times with
PBS by using Amicon Ultra 30 (Millipore, EMD, Germany).

ATPase assay

ATPase activity was measured as described by Okanami el al,
[33]. Briefly, CAHL-C protein (500 ng) was incubated in 50 pl of
helicase/ATPase buffer containing 1 pl of [y-*PJATP (1 Ci/
pmol) in the presence or absence of 100 ng of total RNA derived
from liver at 30°C for 30, 60, and 180 min. An aliquot (10 pl) was
removed at the appropriate time and added to 200 ml of a solution
containing 50 mM HCI, 5 mM H;PO, and 7% activated
charcoal. After the charcoal was precipitated by centrifugation
to remove unreacted ATP, 10 pi of the supernatant was subjected
to Cerencov counting to quantitate released (SQI’Iphosphatc,

Northern blot analysis and reverse transcription PCR (RT-
PCR) analysis

Tumor cell-derived total RNA was prepared using an RNeasy
Mini Kit (QIAGEN Inc., Hilden, Germany) according to the
manufacturer’s instructions and then reverse-transcribed to cONA
with Transcriptor First Strand ¢DNA Synthesis Kit (Roche
Applied Science, Mnnheim, Germany). A reverse-transcribed
single strand DNA library of normal tissues was purchased from
Clontec, Inc. (CA, USA). In Northern blot analysis, RNA samples
were loaded to formaldehyde agarose gels and transferred onto a
Hybond N membrane (GE Healthcare UK Ltd., Buckingham-
shire, England). After UV-crosslinking, the membrane was hybrid-
ized with *?P-labeled (Rediprime II, GE Healthcare) gene-specific
probe, regions of CAHLya13-4431 and human G6PDHs4.9016 and
exposed to film for autoradiography. Measurement of CAHL gene
expression by polymerase chain reaction (PCR) was performed
using GoTaq Flexi DNA Polymerase (Promega, Co. WI, U.S.A.)
and primer sets: forward primer, 5'-GACGGGAAAGGAT-
TGGTCAA-3" and reverse primer, 5'-CATCACTTCGTGCT-
TTTT-3' for detection of CAHL, and forward primer, 5'-
GACGAAGCGCAGACAGCGTCATGGCA-3'  and  reverse
primer, 5'-GCTTGTGGGGGTTCACCCACTTG-3' for detec-
tion of G6PDH.
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Quantitative real-time RT-PCR analysis

Total RNAs reverse-transcribed to cDNA were prepared as
described above. Measurement of gene expression by quantitative
analysis was performed using the LightCycler system (Roche
Applicd Science). Primers and hybridization probes were synthe-
sized by Nihon Gene Rescarch Laboratory Inc. (Sendai, Japan).
Quantitative real time RT-PCR analyses of human glucose-6-
phosphate dehydrogenase (G6PDH) and cyclosporin A associated
helicase-like protein (CAHL, NM_022828) gene expression were
performed using the LightCycler® FastStart DNA MasterPLUS
SYBR Green I system (Roche Applied Science) with the following
primer sets: forward primer, 5’-CTGCGTTATCCTCACCTTC-
3" and reverse primer, 5'-CGGACGTCATCTGAGTTG-3" for
detection of human GG6PDH; forward primer, 5'-GTGT-
CTGGACCCCATCCTTA-3'and reverse primer, 5'-CCCAT-
CACTTCGTGCTTTTT-3"for detection of CAHL. Gene ex-
pression analysis of the HCV genome was performed using the
LightCycler® FastStart DNA Master HybProbe system (Roche
Applicd Science) with the following primer set and probe: forward
primer, 5'-CGGGAGAGCCATAGTGG-3" and reverse primer,
5'-AGTACCACAAGGCCTTTCG-3, and the fluorogenic
probe, 5'-CTGCGGAACCGGTGAGTACAC-3'. PCR amplifi-
cation of the housekeeping gene, GGPDH, was performed for each
sample as control for sample loading and to allow normalization
among samples. To determine the absolute copy number of the
target transcripts, the fragments of G6PDH or target genes
amplified by PCR using the above described primer set were
constructed with pCR4®-TOPO? cloning vector (Invitrogen). The
concentrations of these purified plasmids were measured by
absorbance at 260 nm and copy numbers were calculated [rom
concentration of samples. A standard curve was created by
plotting the threshold cycle (Ct) versus the known copy number for
cach plasmid template in the dilutions. The copy numbers for all
unknown samples were determined according to the standard
curve using LightCycler version 3.5.3 (Roche Applied Science). To
correct for differences in both RNA quality and quantity between
samples, each target genc was [irst normalized by dividing the
copy number of the target by the copy number of G6PDH, so that
the mRNA copy number of the target was the copy number per
the copy number of G6PDH. The initial value was also corrected
for the amount of G6PDH indicated as 100% to evaluate the
sequential alteration of the mRNA expression level.

Cell culture and transfection of siRNA and cDNA

The human tumor cell lines of breast adenocarcinoma MDA~
MB-231, lung adenocarcinoma A-549, colon adenocarcinoma
Wibr, hepatocellular carcinoma Huh-7, breast cancer SKBR3,
cervical carcinoma Hela, esophagus cancer KE-4, colon adeno-
carcinoma SW480, lung cancer Lu65, and esophagus squamous
cell carcinoma TE-8 were obtained [rom Health Science Rescarch
Resources Bank (Sendai, Japan)., These cells were cultured in
Dulbecco’s modified Eagle’s medium (Huh-7, SKBR3, Hela, KE-
4, and SW480 cells), RPMI 1640 (A-549, WibDr, TE-8, and Lu65
cellsy (SIGMA-ALDRICH, MO, USA), and Leibovitz’s L15
(MDA-MB-231 cells) (Invitrogen) supplemented with 10% fetal
bovine serum, MEM nonessential amino acids (Invitrogen),
200 unit/ml  penicillin  (Invitrogen), 200 pg/mi  streptomycin
(Invitrogen) and 2 mM L-glutamine (Invitrogen). MH-14 cells
carrying the HCV subgenomic replicon [34] were cultured in the
DMEM medium supplemented with 10% fetal bovine serum,
MEM nonessential amino acids {Invitrogen), 200 unit/ml penicil-
tin (Invitrogen), 200 ug/ml streptomycein {Invitrogen), 2 mM L~
glutamine (Invitrogen) and 300 pg/ml G418 (Invitrogen). Five
small interfering RNA (siRNA) duplexes containing 3’dTdT over
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the hanging sequence were synthesized (Sigma-Aldrich, St. Louis,
MO). These scquences were: si-1; 5-GGACAUUCGCAUU-
GAUGAG-3', 5i-2; 5'-CCUGUAAUUUGACUCAUAA-3', si-3;

- GCCUUGGAUGUAAAUCUCUUU -3, si-4; 5'- GGAG-
CUUUCAGUGACCAUA  -3", si-5; 5'-GGUCAAAUAAUA-
GUAGGAA-3’. A non-targeting siRNA (Sigma-Aldrich) was used
as control. Plasmid and siRNA transfection was performed
described previously [35]. In siRNA study, total RNAs from
wansfected cells were harvested after transfection for 5 days and
examined mRNA copy number of CAHL by quantitative real-
time RT-PCR.

“Establishment of stable CAHL-knockdown cell by shRNA

Based on the siRNA data, we applied short hairpin RNA
(shRNA) technology platform (Slgmd MissionRAZE) to stably
knockdown CAHL gene expression in MHI14 cells. DNA oligo
coding the cffective siRNAs against each MH14-CAHL gene (5'-
CCGGGCCTTGGATGTAAATCTCTTTCTCGAGAAAGAG-
ATTTACATCCAAGGCTTTTTTG -3') (sh-CAHL) was cloned
into pLKO.I-puro shRNA vector. Plasmid DNA including non-
targeting shRNA as control (sh-control) was transfected into
MH14 cells along with Lentiviral Packaging Mix consisting of an
envelope and packaging vector (Sigma-Aldrich) o produce
lentivirus packed with shRNA  cassettes using the standard
procedure. After transfection, cells were cultured in the presence
of 10 pg/ml puromycin.

Indirect immunofluorescence analysis

Anti-CAHL polyclonal antibody serum was gencrated in rabbits
immunized with CAHL, 937495, ILHPKRGTEDRSDQS, ac-
cording to our lab protocol [35]. Anti-NS3, NS4B, and NS5B, and
NS5A were kindly provided from Dr. Kohara at The Tokyo
Metropolitan  Institute of Medical Science, Japan and Dr.
Takamizawa at Osaka University, Japan, respectively, Cells were
fixed with ice-cold acetone for T min, and then stained with anti-
CAHL and anti-KDEL mAb (Santa Cruz Biotechnology, CA,
USA) for ER antibodies followed by Alexa Fluor 488-conjugated
goat anti-rabbit IgG and 594-conjugated goat anti-mouse IgG
(Invitrogen), respectively, and  visualized using a  Bio-Rad
MRCI1024ES laser confocal scanning microscopy system (Bio-
Rad Laboratorics, CA, USA).

Immunoblot analysis
Immunoblot analysis was performed essentially as described
previously [11,36].

RNA-protein binding precipitation assay
RNA-protein binding precipitation assay was essentially per-
formed as described [11]. Briefly, to permeabilize plasma
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Figure 81 Predicted amino acid sequences of CAHL
(NM_022828). Underlined residues (LLLGQLRA) indicate identi-
cal sequence of phage clone #13.
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using Huh-7 (A) and MH-14 (B). The primary antibodies used
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proteins (pancls b, ¢, h, k, and n, red) antibodies. Marge images of
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Figure $3 Determinant of knockdown efliciency against CAHL
gene expression. Five siRNAs for the CAHL gene were
individually transfected into MH-14 cells. After transfection, total
RNAs of these cells were collected and examined mRNA copy
number of CAHL by quantitative real-time RT-PCR.
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Table 81 List of phage clones and their encoding deduced
peptide  sequences  screened by CsA  biopanning.  *Asterisk
indicates the identical sequences.
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Lipoprotein component associated with hepatitis C virus is

essential for virus infectivity

Yuko Shimizu™®, Takayuki Hishiki'®, Saneyuki Ujino', Kazuo Sugiyama?,
Keniji Funami' and Kunitada Shimotohno'

Many chronic hepatitis patients with hepatitis C virus (HCV) are
observed to have a degree of steatosis which is a factor in the
progression of liver diseases. Transgenic mice expressing HCV
core protein develop liver steatosis before the onset of
hepatocellular carcinoma, suggesting active involvernent of
HCV in the de-regulation of lipid metabolism in host cells.
However, the role of lipid metabolism in HCV life cycle has not
been fully understood until the establishment of in vitro HCV
infection and replication system.In this review we focus on HCV
production with regard to modification of lipid metabolism
observed in an in vitro HCV infection and replication system.
The importance of lipid droplet to HCV production has been
recognized, possibly at the stage of virus assembly, although
the precise mechanism of lipid droplet for virus production
remains elusive. Association of lipoprotein with HCV in
circulating blood in chronic hepatitis C patients is observed.
In fact, HCV released from culture medium is also associated
with lipoprotein. The fact that treatment of HCV fraction with
lipoprotein lipase (L.PL) abolished infectivity indicates the
essential role of lipoprotein’s association with virus particie in
the virus life cycle. In particular, apolipoprotein E (ApoE), a
component of lipoprotein associated with HCV plays a pivotal
role in HCV infectivity by functioning as a virus ligand to
lipoprotein receptor that also functions as HCV receptor.
These results strongly suggest the direct involvement of lipid
metabolism in the regulation of the HCV life cycle.
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Introduction
Infection with hepatitis C virus (HCV), which persists with
arate of up to 80% and is difficult to climinate, is estimated

to occur in about 3% of the world population [1]. HCV
infection frequently causes chronic hepatitis, which often
leads to the development of liver cirrhosis and hepatocel-
lular carcinoma after a long latency period [2]. The com-
bined therapy of ribavirin and interferon is currently a
major treatment to infected patients, although half of them
have experienced the benefitof this treatment along with a
severe side effect. Thercfore, clarification of the under-
lying molecular mechanism of HCV life cycle is necessary
for the development of a new cffective therapy.

The progression of liver discase in patients with HCV is
thought to result from a persistent inflammation accom-
panicd by periportal necrosis and fibrosis [3]. Many
chronic hepatids patients with HCV, but not with
HBV, are also noted to have a degree of steatosis by
the examination of their liver biopsics [4]. Hepatic stea-
tosis is defined as excessive lipid accumulation/infiltration
within the hepatocyte, and has recently been recognized
as an important cause for cirrhosis [5]. It scems likely that
hepatic steatosis in chronic hepatitis C patients is some-
how related to HCV infection and its replication. Further-
more, the combination of steatosis and the presence of
HCYV has been associated with a more rapid progression of
fibrosis. Although the precise mechanism of how HCV
infection results in the accumulation of excessive lipid
levels and causcs hepatocyte steatosis remains clusive,
increasing evidence strongly suggests that HCV-encoded
protein(s) plays some roles in this process.

HCV, which belongs to the family Flaviviridae, has a 9.6-
kb positive single strand of RNA as a genome. The HCV
RNA is translated into a precursor polyprotein that is
processed concertedly with translation, or after the trans-
lation by cleavage with cellular and viral proteases to
produce about 10 viral proteins, structural proteins (core,
E1, and E2), and nonstructural proteins (p7, NS2, NS3,
NS4A, NS4B, NS5A, and NS5B). With the help of non-
structural proteins, viral replication occurs in the endo-
plasmic reticulum (ER) membranous structure. In this
review, we discuss the effect of HCV infection on host
lipid metabolism and transfer, as well as the carly event of
virus entry required for HCV life cycle.

Regulation of lipid metabolism by HCV
proteins

Expression of HCV core as well as the complete HCV
genome in some transgenic mice induces steatosis [6,7]. It
is notable to observe the association of FICV core with the
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surface of lipid droplet as well as apolipoprotein All in
vitro [8,9]. Interaction of core with lipid droplet was
molecularly dissected using core mutants, and as a result
the responsive region as well as structure of core was
revealed [10,11°%,12°]. Moreover, it has been shown that
the core has a negative effect on the microsomal trigly-
ceride transfer protein (MTP) actvity [13]. Besides the
HCYV core, the presence of subgenomic replicon that lacks
core expression has also been found to disturb MTP
activity in the hepatocytes [14]. In this case, NS5A has
been observed to interfere with MTP function [14]. As
MTP is an essential chaperone for the assembly of very
low-density lipoproteins (VLLDL), which transfers trigly-
ceride, phospholipids, and cholesterol from the hepato-
cytes, regulation of MTP is closely related to the
accumulation of lipids in the hepatocytes. In fact,
MTP deficiency results in large fac droplets in the hep-
atocytes and scattered accumulation of inflammatory cclls
[15]. HICV type-3 infected patients show reduced MTP
activity and mRNA levels as well as high degree of
steatosis [16]. So far, it is not clear whether MTP activity
is dircetly regulated by HCV. Rather, MTP is likely to be
controlled by activators (HNF1a, LRH-1, and HNF4«)
and repressors (insulin and SREBP), some of which are
modulated by HCV [14,17]. Reduced activity of MTP
results in decreased secretion of VEDL, which seemingly
leads to lipid accumulation. However, it is noteworthy
that MTP activity is not completely suppressed by HCV.
As will be described later, MTP activity is required for
virus egress from infected cells. Collectively, these results
suggest that HCV proteins alter lipid metabolism by
activating lipid synthesis and modulating sccretion of
lipoprotein through interaction with cellular proteins,
which results in accumulation and storage of lipids in
cells expressing those viral proteins. However, the role of
these viral proteins in modulating lipid metabolism
related to HCV proliferation remains unknown until an
in vitro HICV infection system was cstablished.

Association of HCV with lipoproteins in the
blood of HCV-infected individuals

HCV particles present in circulating serum show proper-
tics of heterogenous and lower density than those
cxpected from its putative viral structure and can be
captured by antilipoprotein antibody, which partly
reflects the binding of a fraction of the virions to VL.DL
or low-density lipoproteins (LDLs) [18-22]. Thesc low-
density HCV-RNA-containing particles (called as lipo-
viro-particle: LVP) contain core and apolipoprotein B
(ApoB), and arc rich in triglyceride with a diameter of
>100 nm [19].

Although the physiological meaning of HCV-containing
LVP in the circulating blood is not clear, it secems that
HCV has cither a high affinity to lipoproteins or is
assembled with lipoproteins through the mechanism of
lipoprotein synthesis. LVP-like structure may sclf-protect

from the host immunological surveillance and/or increase
interaction with lipoprotein receptor(s) which may actas a
HCV receptor [20].

Importance of the lipid droplet in establishing
a microenvironment for HCV assembly

The roles of modulation of lipid metabolism and associ-
ation of HCV proteins with host factors involved in lipid
metabolism for life cycle of HCV were not clear until an
infectious in vitro FICV replication system was estab-
lished [23-25].

Subcellular localization of HCV proteins in cells with
replication of the infectious HCV RNA revealed associ-
ation of core with ER membranc as well as lipid droplet.
"T'his finding is consistent with the previous reports that
analyzed cells expressing on the core complex [11]. NS
proteins, such as NSSA and NS5B, were found to be
distributed around the core-coated lipid droplet as well as
ER membrane. HCV envelope protein, E2, was detect-
able in the lipid droplet-enriched fraction isolated by
density gradient centrifugation. Importancly, the lipid
droplet present in the cytoplasm, detected by BODIPY
493/503 staining, was obscrved to be enriched in HCV
genome replicating cells in a core-dependent manner.
Furthermore, it was noted that the cells harboring HCV
genome, which lacked core-coding region, did not
accumulate the lipid droplet, indicating the importance
of core function to activate cellular lipid metabolism, as
suggested previously [17]. Moreover, the HCV genome
encoding a mutant core, unable to associate with the lipid
droplet, failed to produce virus. This suggests the import-
ance of the association of core with the lipid dropler for
virus assecmbly and release. The core-coated lipid droplet
is surrounded by membranous components that are rich in
nonstructural FMICV proteins that constitute FICV replica-
tion complex. This spatial microenvironment scems to be
important not only for virus asscmbly, but also for infee-
tious virus production, because the HCV genomes carry-
ing NS5A point mutations, which are not associated with
the core-coated lipid droplet, reduce or inhibit the pro-
duction of infectious virus despite minimal interference
with the replication of the genome [11,26°]. Morcover,
other NS proteins do not associate with the lipid droplet
in cclls bearing the NS5A-mutated HCV replicon. Thus,
NS5A may have a crucial role in recruiting other NS
protcins around the core-coated lipid droplet. However,
how the HICV assembly takes place from such a micro-
environment is still unclear.

Recent data have shown the importance of NS2 for viral
morphogenesis. Molecular interactions between NS2 and
other FICV proteins, such as envelope proteins (E1/E2),
p7 and NS3 have been demonstrated, which suggest
bridging between structural and nonstructural viral
proteins and involvement in the assembly process [27—
29]. NS2 accumulates in the ER-derived membranous
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structures and co-localizes with the viral envelope glyco-
proteins and viral components of the replication complex
at close proximity to the HCV core protein and lipid
droplets.

Using HCV subgenome replicon cells, we have pre-
viously shown that very few HCV nonstructural protein
complexes embedded in the membranous structure
(referred as ‘replication complex’; arcas stained with dark
blue color (Figure 2) are sufficicnt to synthesize FICV
RNA present in the HCV replicon cells [30]. The level of
the HCV proteins in the ‘replication complex,” estimated
by western blot analysis, has been found to be lower than
one-tenth of the total viral proteins in the cells. The
majority of the other HCV nonstructural proteins have
been observed to remain associated with the ER mem-
brane, possibly as a complex that is not protected by
membranous components. As NS2 is dispensable for
HCV RNA synthesis, it is likely that NS2 is not necess-
arily associated with the ‘replication complex.” However,
NS2 that is associated with cnvelopes and p7 has also
been found to be associated with NS3 in the nonstructural
protein complex that is not protected by the membrane.
In this study, we refer to this complex as the ‘TICV protein
complex.’

Involvement of lipoproteins in HCV assembly
and its infectivity

Lipoprotein is a biochcmical particle consisting of apoli-
poproteins, triglyceride, cholesterol, and phospholipids,
and transfers lipids through the bloodstream to the tis-
sues. Liver, an endogenous source of lipoproteins, syn-
thesizes VDL using MTP. Lipoprotein lipase (L.PL)
hydrolyzes VLLDL to supply lipids to the tissues, and
converts VLDL into intermediate density lipoprotein
(IDL). Hepatic triglyceride lipase (HTGL) hydrolyzes
IDL to LDL.

ApoB is a main component of VLLDL produced in the
hepatocytes. Several groups have asserted the require-
ment of ApoB for HCV production [31%,32°,33°]. Huang
er al. 131°] demonstrated that ApoB reduction by MTP
inhibitor or a siRNA against ApoB led to decreased
infectious MCV  production. Gastaminza e a4l [32°]
reported similar results. Icard o @/ [33°] showed that
the release of HCV envelopes depended on the seeretion
of ApoB. Another study [34°] showed negative data for
the requirement of ApoB, in which the authors described
that apolipoprotein E (ApoE) rather than ApoB is import-
ant for HCV production and infectivity. Thus, ApoB
requirement for virus production is still unclear.

Apoli, a component of lipoproteins, has attracted much
attention as an important factor for HCV infectivity,
because it has been shown that knockdown of ApoE
could reduce HCV infectivity at a higher degree than
the knockdown of ApoB, apolipoprotcin Al (ApoA1l), and

ApoC1 ([35°°,36°%], and data not shown). ApoE has three
major isoforms (ApoE2, ApoE3, and Apoli4) differing by
amino acid substitution at one or two sites (residues 130
and 176), which have different effects on lipid and
neuronal homcostasis. ApoE3 is the most common iso-
form with no report of association with discase. ApoE2 has
lower affinity for the low-density lipoprotein receptor
(LLDLR) and is a major risk factor for type Il hyperli-
poproteinemia, while ApoE4 is the major risk factor for
Alzheimer’s discase. Since ApoE not only functions as a
ligand for LDLR and scavenger receptor class B type 1
(SR-B1), but also is associated with FICV, the effect of
ApokE associated with HCV on the interaction of these
lipoprotein receprors was cxamined by measuring the
infectivity in naive cells. Rescue of ApoE with ApoE3
cctopic expression in ApoE-knockdown cells recovered
HCYV infectivity, whereas ectopic ApoE2 expression did
not. This result strongly indicates that Apok, in particular
some isoforms of ApolZ, is necessary for HCV infectivity.
ApoAl, a component of chylomicron, LDL, and high-
density lipoprotein (HDL), is also important for HCV
production, but is found to be less effective than ApoE
([37] and unpublished data). Taken together, HCV is
scemingly produced as a hybrid of HCV and lipoproteins.
While VLDL is a main lipoprotein scereted from normal
hepatocytes, GV may modulate the production of lipo-
proteins in the host cells to make the original lipoproteins
more effectivefappropriate for viral replication and per-
sistence.

T'o further strengthen the involvement of lipoproteins in
HCV infectivity, we evaluated FICV as a substrate of LPL
[38°]. LPL trecatment significantly suppressed HCV
infectivity and increased the buoyant density of HCV
(Figurce 1a; modified from Ref. [38°]). This indicates that
LPL hydrolyzes lipoproteins fused with HCV to resultin
decreased HCV infectivity. In accordance with the
change in the buoyant density, the amount of Apol
associated with HCV decreased. As the HCV-bearing
supernatant used in this study contained endogenous
HTGL from the hepatocytes, these cffects might result
from H'T'GL in addition to LPL. Thus, we consider that
detachment of ApoE from the FICV particle led to
rcduced HCV entry.

Relation between HCV particle size and
infectivity

Ultracentrifugation of HCV in a gradient of iodixanol has
revealed the discrepancy in buoyant density between the
major virus peak and the virus with infectivity; the latcer
showed lower buoyant density than the former. However,
the underlying physicochemical differences between
noninfectious and infectious viruses still remain clusive.
Thus, we tried to characterize the infectious virus from a
different perspective. To evaluate the relationship be-
tween virus size and infectivity, the virus was analyzed by
gel filtration chromatography (Shimizu e/ @/., unpublished
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Relationship between physicochemical properties and infectivity of
HCV. (a) LPL treatment shifts HCV to higher buoyant density and
reduces HCV infectivity. The HCV (JFH1)-bearing culture medium was
treated with PBS or LPL (500 wg/ml) for 1 hour at 37 "C and
ultracentrifuged through iodixanol gradients. Thirty fractions were
collected for analyzing the amount of core by ELISA. Culture medium
from HuH7.5 cells inoculated with aliquots of each fraction was
subjected to Core ELISA for infectivity. (b) Size distribution of HCV,
infectious HCV, and HCV associated with ApoE. The HCV (JFH1)-
bearing culture medium was subjected to gel filtration
chromatography. The sample was eluted with 0.05 mol/l Tris-buffered
acetate (pH 8.0) containing 0.3 mol/l sodium acetate, 0.05% sodium
azide, and 0.005% Brij-35. A total of 50 fractions collected were
analyzed for core, infectivity, and HCV RNA associated with ApoE.
The representative fractions from 1 to 35 (core and infectivity) and
from 7 to 30 (HCV RNA associated with ApoE) are shown. Elution of
VLDL, LDL, and HDL was found in fractions 7-14, 15-19, and 20-26,
respectively.

data). HCV rcleased from infected HuH7.5 cclls was
applicd to in-tandem-connected columns (300 mm X
7.8 mm) of TSKgel LipopropakXL. resin (Tosoh, Tokyo).
The cluent from the column was continuously separated
into a total of 50 fractions. Then, cach fraction was
analyzed for core, HCV RNA, infectivity, ApoE, and
E2. The major peak of the corc was in fraction (frac.)
11 (Figure 1b). The HCV RNA peak corresponded to the
core peak. E2 associated with the viral particle, analyzed
by immunoprecipitation (IP) using anti-E2 antibody fol-
lowed by RT-PCR for HICV RNA, was also in this
fraction. This suggests that FICV cluted to frac. 11
retained the virus-like structure. However, importantly,
HCV in frac. 11 did not have infectivity. The HCV
fraction associated with infectivity showed multiple
peaks ranging from frac. 15 to 22. Furthermore, frac. 15
demonstrated highest infectivity among all the fractions,
and there was no lincar correlation between the virus size
and infectivity.

"T'o determine whether the lack of ApokE is implicated in
undetecrable infectivity of FICV in frac. 11, we quantified
HCV RNA associated with ApoE in cach fraction by IP
using anti-Apoll antibody, followed by RT-PCR. The
HCV RNA associated with ApoE was detected from
fractions irrespective of FICV infectivity (Figure 1b). This
indicates that the association with ApoE is a necessary
factor, but not sufficient for HCV infectivity.

Model of HCV budding into ER lumen

By tking these observations on FICV assembly into
consideration, we drew the model of HCV asscmbly
process and virus cgress to ER lumen (Figure 2). The
microenvironment of membranous structure of the core-
coated lipid droplet has been found to play important
roles in virus assembly [11°%]. However, there is no proof
to show a direct interaction of the core-coated lipid
droplet with other HCV proteins. We presume that the
core-coated lipid droplet may be localized at the vicinity
of the ‘HCV protein complex’ enriched ER membrane,
and that the triglyceride and cholesterol of the lipid
droplet are reversely transferred to the inside of the
bilayer of the ER membrane to where the core gets
accumulated (Figure 2, stage a) [11*°]. Core protein is
not only enriched on the lipid droplet, but also visible on
the ER by confocal microscopy [11°*]. The presence of
membranous web structure in the HCV genome replicat-
ing cclis suggests dynamic alteration of the ER mem-
brane structure [39]. Formation of the membranous web
may include production of the ‘replication complex’ as
well as dynamic alteration of ER membranous structure
surrounding the core-coated lipid droplet, to make close
association of ‘replication complex’ with core-enriched
putative budding site of the viral particle (Figure 2, stage
b). IICV protein complexes may gather cach other to
cstablish a compartment to constitute the ‘replication
complex’ and putative virus precursor, so that the HCV
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Figure 2
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A model of virus egress to ER iumen. Stage (a): Accumulation of triglyceride and cholesterol in the inside of the ER bilayer membrane enhances core
association with the cytoplasmic monolayer membrane, These lipids may be reversely transferred from the core-coated lipid droplet or may be present
in the inside of the ER bilayer membrane ab origine. On the membrane of ER, ‘replication complex’ as well as "HCV protein complex’ exists. Stage (b):
Distortion of the ER membrane, which seems to be driven by HCV protein complexes, makes the “Replication complex’ location in the vicinity of the
core-coated lipid-rich ER membrane, where HCV RNA secreted from the “replication complex” is exported to the putative virus budding site to

establish a nascent HCV nucleocapsid. Simultaneously, ApoB and MTP function to synthesize lipoprotein-like structure surrounding the viral particle.

Stages (c) and (d}: Progressing images of Stage B until egress of the virus/lipoprotein complex into ER lumen.

genome synthesized in the ‘replication complex’ is
exported to the putative precursor of the viral particle
to make a nascent HCV nucleocapsid. Simultancously,
lipoprotein formation proceeds with the help of MTP and
ApoB, and buds into the ER lumen (Figure 2, stages ¢ and
d). Itis still not clear at which stage of the virus assembly,
other apolipoproteins, such as ApoAl and ApoE, arc
incorporated into the virus/lipoprotein complex. How-
ever, NS5A may play some roles in incorporating ApoE
into virus/lipoprotein complex during the process of virus
assembly, because Apoll associates with NS5A [40].

Both LDLR and SR-B1 are likely to be
recognized by HCV for adsorption into naive
cells for entry

Scveral cell-surface molecules, such as CD81, Claudin,
Occludin, SR-B1, LDLR, and glycosaminoglycan
heparan sulfate (FIS) function as receptors for HCV in-
fection [41,42,43%,44°° 45]. Suppressed expression of any
of these molccules in naive Hul7.5 cells reduces or

inhibits HCV infection [44°°,46], indicating the necessity
of concerted action by these molecules for entry and full
establishment of HCV infection. However, hicrarchical
order of actions by these molecules in the process of HCV
entry remains clusive.

SR-B1 is expressed in many cells, but is mainly expressed
in the liver and steroidogenic tissucs. SR-B1 recognizes
various types of lipoproteins that include HDL, LDL,
and VLDL, as well as modified lipoproteins, such as
oxidized and acetylated LDL. In additon, SR-B1 is
shown to be associated with the soluble recombinant
HCV E2 glycoprotein [47]. LDLR, expressed in many
tissues including liver, is a cell-surface receptor that
recognizes ApoB in LDL and ApoE in IDL and VLLDL.

It is still controversial whether LDIR or SR-B1 is used as
an entry receptor by FICV [42,44°%]. To address this
problem, infectivity was analyzed on HCV bearing a
different Apoll isoform [36°*]. As described earlicr,
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Both LDLR and SR-B1 are required for HCV entry. {a) HCV produced from cells bearing ApoE2 (white) or ApoE3 (black) expression was used to infect
HuH7.5 cells, whose LDLR and/or SR-B1 were knocked down. Forty-eight hours after inoculation, HCV infection was analyzed by fluorescence
microscopy after staining with anti-NSSA antibodies. Infectious HCV titer was quantified by focus-forming unit assay. HCV/ApoE2: HCV-bearing
ApoE2; HCV/ApcE3: HCV-bearing ApoE3. The data represent the means of three independent experiments. (b) A model for HCV entry. Both LDLR and
SR-B1 are required for HCV to gain high infectivity. On the other hand, HCV infectivity of cells is found to be reduced if only one of them is expressed.

HCV-bearing ApoE2 showed reduced infectivity in
Hul7.5 cells, which indicates that LDLR is a necessary
receptor for HCV infection [36°*]. Further, infectivity of
HCV to LDLR or SR-B1 knockdown cells was examined.
Infectivity of HCV-bearing ApoE3 was reduced almost to
the same level in LDLR or SR-B1 knockdown cells. With
the expectation of additive reduction in infectivity in the
cells with double knockdown of LDLR and SR-B1, in-
fection in the double knockdown cells was analyzed
[36°*]. Unexpectedly, cells with suppressed expression
of both the receptors did not show additive reduction in
infectivity (Figure 3a). The level of infection of HCV-
bearing ApoE2 to cells with suppressed expression of
LDLR, SR-B1, or LDLR/SR-B1 was almost the same as
that of the si-control transduced HulH7.5 cells (Figure 3a).

With regard to LDLR knockdown cells, the result was as
expected, because ApoE2 has been found to have low
affinity to LDLR. However, with regard to SR-B1 knock-
down cells, we expected further reduction in HCV in-
fection than that observed in si-control cells, because
there was no significant difference in the association of
ApoE2 and ApoE3 with SR-B1 [48]. Infectivity analysis
using antibodies against LDLR/SR-B1 showed similar
resule as that observed in infectivity to LDLR or SR-B1
knockdown cells. From these results, we presume that
HCV requires both LLDLR and SR-B1 for infection and
lack of cither of the proteins suppresses HCV infectivity,
as shown in Figure 3b. However, it is not known why the
interaction of HCV with these two molecules results in
high infectivity.

It is unlikely that in cells with suppressed expression of
LLDLR or SR-B1, the presence of residual amount of
these proteins could establish infectivity of HCV-bear-
ing ApoE3, because >90% reduction of these proteins
in the knockdown cells has been confirmed [36]. How-
cver, this suggests the presence of another receptor
through which ApoE-associated HCV could interact.
To isolate a new candidate for HCV receptor(s), we
focused our attention on lipoprotein receptor(s) in
Hull7.5 cells. High expression of LLRP1 and LLRP8
was obscrved in this cell line among the candidates.
However, knockdown of these genes in the cells did not
reduce their susceptibility to HCV infection. Thus, it is
likely that an unidentified protein in the HuH7.5 cells
could play a role.

Conclusion

Patients with chronic hepatitis C often develop steato-
hepatitis. However, the reason why HCV-infected indi-
viduals cause abnormal lipid metabolism remains clusive.
Recently it is suggested that HCV diverts lipid metab-
olism of host cells to establish its own proliferative
machinery. This includes accumulation of lipid droplets
to establish the microcnvironment for virus assembly as
modeled in this paper, and modification of lipid transfer
for virus cgress. Association of lipoprotein with HCV was
biochemically demonstrated. Morcover, lipoprotein com-
ponent(s) such as ApoLE associated with virus is required
for viral entry and may determine cell tropism. Further
clucidation of the entirec mechanism of HCV infection as
well as identification of the host factors involved in this

Current Opinion in Virology 2011, 1:19-26
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process may contribute to more cffective therapies for
liver discases caused by HCV infection.
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Heat-shock protein 90 (Hsp90) is a molecular chaperone that plays a key role in the conformational
maturation of various transcription factors and protein kinases in signal transduction. The hepatitis Cvirus
(HCV) internal ribosome entry site (IRES) RNA drives translation by directly recruiting the 40S ribosomal
subunits that bind to eukaryotic initiation factor 3 (elF3). Our data indicate that Hsp90 binds indirectly

to elF3 subunit ¢ by interacting with it through the HCV IRES RNA, and the functional consequence of

this Hsp90-elF3c-HCV-IRES RNA interaction is the prevention of ubiquiti

ion and the pr

le(leévcxords. dependent degradation of elF3c. Hsp90 activity interference by Hsp90 inhibitors appears to be the result
Hsp90 of the dissociation of elF3¢ from Hsp90 in the presence of HCV IRES RNA and the resuitant induction of the
HCV IRES degradation of the free forms of elF3c. Moreover, the interaction between Hsp90 and elF3c is dependent
17-AAG on HCV IRES RNA binding. Furthermore, we demonstrate, by knockdown of elF3c, that the silencing of

Translation initiation

elF3c results in inhibitory effects on translation of HCV-derived RNA but does not affect cap-dependent

translation. These results indicate that the interaction between Hsp90 and elF3c may play an important
role in HCV IRES-mediated translation.

© 2011 Elsevier B.V. All rights reserved.

The hepatitis C virus (HCV), a member of the Flaviviridae
family, has a positive-strand RNA genome (Taylor et al., 1999;
Bartenschlager and Lohmann, 2001) encoding a large precursor
polyprotein that is cleaved by host and viral proteases to gen-
erate at least 10 functional viral proteins: core, envelope 1 (E1),
E2, p7, nonstructural protein (NS2), NS3, NS4A, NS4B, NS5A, and
NS5B (Grakoui et al., 1993; Hijikata et al,, 1993). Ishii et al. iden-
tified an HCV replicon system in which the full HCV genomic
RNA autonomously replicates in the Huh-7 human hepatoma cell
line (Fig. 1A) (Ishii et al,, 2006). This HCV replicon system allows
researchers to study HCV genome replication in cell culture, HCV
protein synthesis is initiated by the HCV RNA genome. This genome
contains a conserved structure in its 5-untranslated region (5'-
UTR) that acts as an internal ribosome entry site (IRES) (Lukavsky,
2008). Briefly, the small ribosomal subunit (40S) and the eukary-
otic initiation factor elF3 bind specifically to the HCV IRES RNA,
allowing for direct recognition of the start codon present in the 5/-
UTR of the viral mRNA (Spahn et al., 2001; Collier et al,, 2002; Kieft

* Corresponding author. Tel.: +81 47 478 0407: fax: +81 47 478 0407.
E-mail address: hiroshi.takaku@it-chiba.ac.jp (H. Takaku).

0168-1702/$ - see front matter © 2011 Elsevier B.V. Al rights reserved.
doi:10.1016/j.virusres.2011.10.003

et al, 2002; Fraser and Doudna, 2007; Julien et al., 2009). Consis-
tent with its diverse functions, elF3 is the largest and most complex
initiation factor. The mammalian version, for example, contains 13
nonidentical subunits designated elF3a to elF3m. The elF3 core sub-
unit (elF3a-c, g, and i) is essential for translation (Kieft et al., 2002;
Hinnebusch, 2006; Masutani et al., 2007; Zhou et al,, 2008), and
elF3 specifically associates with the apical half of domain Il of the
HCV IRES (Kieft et al., 2001, 2002; Siridechadilok et al,, 2005; Fraser
and Doudna, 2007).

Hsp90 is a heat-shock protein that is abundant in the cytosol
of eukaryotes and prokaryotes. In contrast to other chaperones, a
number of substrates are known to contain Hsp90 (Schulte et al.,
1995). Studies of eukaryotes have revealed that these Hsp30 client
proteins include a variety of transcription factors (Coumailleau
et al,, 1995; Garcia-Cardena et al., 1998; Nagata et al,, 1999; Sato
et al,, 2000; Richter and Buchner, 2001; Xu et al, 2001; Wazaetal,,
2005). Recently, many studies have reported that Hsp90 is involved
with not only HCV RNA replication and viral protein but also HCV
IRES-mediated translation (Waxman et al,, 2001; Kim et al., 2006;
Okamoto et al., 2006; Nakagawa et al,, 2007; Ujino et al,, 2009). In
the present study, we demonstrate that elF3 forms a complex with
Hsp90 that is critical for HCV IRES-mediated translation.
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Fig. 1. inhibition of IRES-mediated

by an Hspa0 inhibitor. (A) The structure of the HCV replicon RNA molecules comprising the HCV 5-UTR, including the HCV

IRES, the neomycin phosphotransferase gene (Neor), and the coding region for the HCV proteins core to NS5B (in the HCV full-length replicon). (B) A schematic representation
of the bicistronic HCV IRES or EMCV IRES reporter construct pRenilla-HCV IRES-firefly luciferase (RL-HCV IRES-FL) or pRenilla-EMCV IRES-firefly luciferase (RL-EMCV [RES-FL)
driven by the CMV promoter to direct cap-dependent translation of renilla luciferase (RL) and HCV IRES or EMCV IRES-dependent translation of firefly luciferase (FL). The
vector construct for HCV IRES-mediated translation of firefly luciferase, pHCV IRES-firefly luciferase (HCV IRES-FL) (Ujino et al.. 2010). (C) The structure of the Hsp90 inhibitor

17-AAG (17-allylamino-17-d 1

in, Sigma-Aldrich Chemical Co.), (D) Inhibition of IRES-mediated translation by 17-AAG. Huh-7 cells (1x 10° cells/well

on 12-well plates) treated with 17-AAG (25 and 50nM) and DMSO as a control for 24 h, and were then transfected with pRenilla-HCV IRES-firefly luciferase (RL-HCV IRES-
FL) using Lipofectamine 2000 (Invitrogen). At 24 h post-transfection, Renilla luciferase (cap-dependent translation) and firefly luciferase (HCV IRES-dependent translation)
activities were measured with a Dual-Luciferase Reporter Assay System (Promega). The data represent the mean = standard deviations (SDs) from the experiments performed

in triplicate.

To investigate the effects of the Hsp90 inhibitor 17-AAG on HCV
IRES translation, a bicistronic reporter system was used that con-
sisted of an upstream reporter, Renilla luciferase (RL), expressed
by cap-dependent translation and a downstream reporter, fire-
fly luciferase (FL), which is under the translational control of the
HCV IRES. To construct pcDNA-HCV IRES-firefly Luc, pHCV IRES-
firefly Luc (HCV IRES-FL) (Ujino et al., 2010) (Fig. 1B) was digested
with BamHI and Sall. The IRES-firefly Luc fragments were inserted
into the BamHI-Xhol site of pcDNA3.1 (Invitrogen, Carlsbad, CA).
To construct pRenilla-HCV IRES-firefly luciferase (RL-HCV IRES-FL),
Renilla luciferase fragments were amplified by PCR from a pEN11A
Flexi vector (Promega, Madison, WI), and the PCR products were
inserted into the BamHI site of pcDNA-HCV IRES-firefly Luc. The
human hepatoma cell line Huh-7 was maintained in Dulbecco’s
modified Eagle's medium (DMEM,; Invitrogen) containing 10% fetal
bovine serum (FBS). The benzoquinone ansamycin, the antibiotic
geldanamycin (GA) and its less toxic analogue 17-allylamino-
17-demethoxygeldanamycin (17-AAG) (Fig. 1C) (Sigma-Aldrich
Chemical Co., St Louis, MO) directly bind to the ATP/ADP binding
pocket of Hsp90, thus preventing ATP binding and the completion
of client protein refolding (Neckers, 2003). The client proteins of
Hsp90 appear to shift the role of the primary chaperone from Hsp90
to Hsp70in cells treated with Hsp90 inhibitors (Doong et al., 2003).
Itis also well known that 17-AAG causes amodest increase in Hsp70
levels (Morimoto, 1998; Bagatell et al., 2000; Guo et al,, 2005). In
our previous report, a significant induction of Hsp70 was detected
(Ujino et al., 2009).

For the reporter gene assay, Huh-7 cells were treated with dif-
ferent concentrations of the Hsp90 inhibitor, 17-AAG, or DMSO as

a control for 24 h. They were then transfected with the bicistronic
reporter construct RL-HCV [RES-FL using Lipofectamine 2000
(Invitrogen), which directs cap-dependent translation of the RL
gene and HCV IRES-dependent translation of FL genes (Invitrogen).
At 24h post-transfection, the Renilla luciferase (cap-dependent
translation) and firefly luciferase (HCV IRES-dependent translation)
activities were measured with a Dual-Luciferase Reporter Assay
System (Promega, Madison, WI). In cells treated with 50nM 17-
AAG, firefly luciferase activity was reduced by 55% with RL-HCV
IRES-FL, whereas Renilla luciferase activity was mostly maintained
(Fig. 1D). The inhibition of HCV IRES-mediated translation occurred
in a dose-dependent manner. Recently, Kim et al. (2006) demon-
strated that Hsp90 regulates ribosomal function by maintaining the
stability of 40S ribosomal proteins such as rp$S3 and rpS6. The inter-
action between the 40S ribosomal proteins and Hsp90 has also been
associated with ribosomal activities such as protein synthesis. We
also found that the Hsp90 inhibitor 17-AAG influences HCV IRES-
mediated luciferase activity, suggesting that 17-AAG inhibited HCV
RNA replication and HCV IRES-mediated translation.

The HCV [RES is recognized specifically by the small ribosomal
subunit and elF3 before the initiation of viral translation. Although
the degradation of rpS3, a component of the small ribosomal sub-
unit, hasbeen shown to occur in the presence of the Hsp90inhibitor
(Kim et al., 2006), the influence of Hsp90 inhibition on elF3 is not
understood. To determine whether 17-AAG affects the expression
of the elF3 subunit, we analyzed elF3a, elF3b, elF3c, elF3g and
elF3i protein expression by western blot analysis. The HCV replicon
cell line NNC#2 (NN/1b/FL), which carries a full genome replicon,
was cultured in DMEM with 10% FBS, nonessential amino acids,
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Fig. 2. Effect of 17-AAG treatment on elF3 expression. (A) Western blot analysis of elF3 protein expression in Huh-7 or NNC#2 cells treated with 17-AAG (25nM and 50nM).
The cell lysates were analyzed by western blot 48 h after treatment. The primary antibodies used were monoclonal or polyclonal antibodies against elF3a, elF3b, elF3c, elF3g,
and elF3i (Santa Cruz Biotechnology). Horseradish peroxidase-conjugated anti-rabbit antibody (Sigma-Aldrich Chemical Co.) was used as the secondary antibody. (B) The
reduction of elF3c expression was prevented by proteasome inhibitor treatment. NNC#2 cells treated with 17-AAG (50 nM) or DMSO as a control. After 8 h treatment, the cells
were treated with the proteasome inhibitor MG-132 (5 uM) or DMSO as a control. The cell lysates were analyzed by western blot 40 h after treatment. The primary antibody
used was the elF3c or 3-actin (Santa Cruz Biotechnology). Horseradish peroxidase-conjugated anti-rabbit antibody (Sigma-Aldrich Chemical Co.) was used as the secondary
antibody. (C) elF3c degradation is mediated by the ubiquitin-dependent protease pathway. NNC#2 cells were transfected with pCMV-Myc-Ubi using Lipofectamine 2000
(Invitrogen). At 24 h post-transfection, the cells were treated with 17-AAG (50 nM) or DMSO as a control for 8 h and were then treated with the proteasome inhibitor MG-132
{5uM) for 16 h. The cell lysates were subjected to an immunoprecipitation assay using an anti-aMyc antibody (Cell Signaling) followed by an immunoblot analysis using
anti-elF3c antibody.

L-glutamine, penicillin/streptomycin, and 1 mg/mL G418 (Invit-
rogen) at 37°C in 5% CO; (Ishii et al., 2006). For western blot
analysis, NNC#2 cells and Huh-7 cells were lysed in 1x chloram-
phenicol acetyltransferase (CAT) enzyme-linked immunosorbent
assay buffer (Roche, Basel, Switzerland). The cell lysates were
separated by 10% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, transferred to nitrocellulose membranes, and blocked
with 5% skimmed milk. The primary antibodies used were mono-
clonal or polyclonal antibodies against FLAG-M2 (Sigma-Aldrich
Chemical Co.), Hsp90 (Cell Signaling Tech., Beverly, MA), elF3a,
elF3b, elF3c, elF3g, and elF3i (Santa Cruz Biotechnology, Santa
Cruz, CA). Horseradish peroxidase-conjugated anti-rabbit antibody
(Sigma-Aldrich Chemical Co.) was used as the secondary antibody.
‘When the HCV replicon cell line NNC#2 (NN/1b/FL) and Huh-7 cells
were treated with increasing doses of 17-AAG, the expression of
the elF3c subunit was markedly reduced in NNC#2 cells, but the
expression in Huh-7 cells was unaffected (Fig. 2A). These results
suggest that Hsp90 is involved in elF3c stability through a physical
interaction in the presence of HCV IRES RNA.

Protein degradation in cells is mediated by several protease sys-
tems; however, the stability of most proteins is regulated by Hsp90,
and they appear to be degraded by proteasomes. To investigate
whether the reduction of elF3c was due to proteasomal degrada-
tion, we treated NNC#2 cells with a proteasome inhibitor, MG132,
to prevent the 17-AAG-induced degradation of elF3c. Our resuits
indicated that 17-AAG-induced elF3c degradation can be blocked
by proteasome inhibitors (Fig. 2B). Proteasome inhibitors substan-
tially prevented the degradation of elF3c in cells treated with
17-AAG. This is most likely because the disruption of Hsp90 by the
Hsp90 inhibitor treatment destabilized the elF3c protein. There-
fore, it is clear that proteasome-dependent degradation results in
the decreased level of elF3c protein. This indicates that the sta-
bility of elF3c was supported by Hsp90, and unstable elF3c was
removed by proteasomes. Furthermore, we investigated whether
the ubiquitination of elF3c was affected by the Hsp90 inhibitor,
17-AAC. We transfected pCMV-Myc-Ubi (provided by Dr. A. Ryo)
using Lipofectamine 2000 (Invitrogen) into NNC#2 cells, which

were then treated with 17-AAG (50 uM). After treatment, the cells
were then treated with 5 M MG132 and subjected to immuno-
precipitation with an anti-aMyc antibody (Cell Signaling) followed
by an immunoblot analysis using an anti-elF3c antibody. Notably,
polyubiquitinated forms of eiF3c was detected in cells treated with
17-AAG (Fig. 2C). These results suggest that the destabilized elF3c
protein is degraded by proteasome-dependent proteolysis medi-
ated by ubiquitin conjugation, and Hsp90 plays an important role
in maintaining the stable form of the elF3c protein in vivo.

To investigate the influence of elF3c silencing on HCV IRES-
mediated translation, Huh-7 cells were transfected with siRNA
targeted to elF3c at a concentration of 50 nM using Lipofectamine
2000 (Invitrogen), and they were then transfected with RL-HCV
IRES-FL. Control small interference RNA (siRNA) and elF3 p110
(eukaryotic translation initiation factor 3, subunit 8, 110kDa)
siRNA were purchased from Santa Cruz Biotechnology. The protein
levels of elF3c were examined by western blot analysis, and HCV
IRES-mediated translation was analyzed with a Dual-Luciferase
Assay. As demonstrated in Fig. 3A, when compared to Huh-7 cells
treated with control siRNA, the elF3c protein level was markedly
reduced in Huh-7 cells transfected with elF3 p110 siRNA targeting
elF3c. Furthermore, firefly luciferase activity in RL-HCV IRES-FL was
also reduced by approximately 63% in the cells treated with siRNA
targeted to elF3c, whereas Renilla luciferase activity was mostly
maintained (Fig. 3B). The inhibition of HCV IRES-mediated transla-
tion by siRNA against elF3c indicates that the suppression of HCV
IRES-mediated translation by Hsp90 inhibition leads to a reduction
in elF3c. To further characterize the HCV IRES inhibitory effect
of siRNA targeting elF3c, we used additional bicistronic reporter
plasmids for transient transfection assays with Huh-7 cells. Since
we were mainly interested in viral IRESs, we chose to investigate
the effect of the luciferase activities on translation derived from
the IRES of EMCV in place of the HCV IRES (Fig. 1B). To generate
pcDNA-EMCV IRES-firefly Luc, EMCV IRES fragments were created
by PCR using the following primers: 5-GAC TGG ATC CCC CCC CCC
CCT AAC-3’ and 5/-CAG TGG GCC CTA TTA TCG TGT TTT TCA AAG
GAA AAC C-3'. The PCR products were inserted into the BamHI and
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Fig. 3. Knockdown of elF3c expression inhibits HCV IRES-mediated translation. (A) elF3c protein expression in Huh-7 cells transfected with control siRNA or elF3¢ siRNA ata
concentration of 50 nM using Lipofectamine 2000 (Invitrogen). Cell lysates were analyzed by western blot 24 h post-treatment. elF3c or 3-actin antibodies were used as the
primary antibodies (Santa Cruz Biotechnology). Horseradish peroxidase-conjugated anti-rabbit antibody (Sigma-Aldrich Chemical Co.) was used as the secondary antibody.
(BYHuh-7 cells were transfected with siRNA targeted to elF3c (50 nM) or nontarget control siRNA (50 nM) using Lipofectamine 2000 (Invitrogen). At 24 h post-transfection, the
cells were then transfected with RL-HCV [RES-FL or RL-EMCV IRES-FL using Lipofectamine 2000 (Invitrogen). At 24 h post-transfection, the Renilla luciferase (cap-dependent
translation} and firefly luciferase (HCV IRES or EMCV IRES-dependent translation) activities were measured with a Dual-Luciferase Reporter Assay System (Promega). Results
are representative of three independent experiments. and error bars indicate the =+ standard deviations (SDs) of the means. P> 0.05 (Student's t-test). (C) HCV IRES-mediated
translational inhibition with elF3 p110 siRNA by HCV full-genome RNA (NN/1b/FL), Huh-7 cells were transfected with eIF3 p110 siRNA or control siRNA at a concentration of

50nM using Lipofectamine 2000 (Invitrogen). At 24 h post-transfection, the cells were transfected with 2 pg of HCV full-genome RNA (NN/1b/fFL) using Lipofectamine 2000

{Invitrogen). After 24 h, intracellular HCV core-protein levels were measured using a fully automated HCV core-protein antigen ch:
(CLEIA) according to the manufacturer's instructions (Aoyagi et al., 1999). The relative ch

ent enzyme i y

ence units were d and used to determine the concentration ol

the HCV core antigen according to a standard curve generated using recombinant HCV core antigen. The concentration was expressed in units of femtomole/L (fmol/L). The
data represent the mean = standard deviations (SDs) from the experiments performed in triplicate.

Apal sites of pcDNA3.1, and firefly Luc fragments were cloned into
the Apal site of the resulting plasmid. To construct pcDNA-Renilla-
EMCV IRES-firefly Luc (RL-EMCV IRES-FL), pcDNA-Renilla-EMCV
IRES-firefly Luc was digested with BamHI, and the renilla Luc frag-
ments were inserted into BamHI site of pcDNA-EMCV IRES-firefly
Luc (Fig. 1B). Huh-7 cells were transfected with control small
interference RNA (siRNA) or elF3 p110 siRNA at a concentration of
50nM using Lipofectamine 2000 (Invitrogen) and then transfected
with RL-EMCV IRES-FL. Following transient transfection in Huh-7
cells, firefly luciferase activity in RL-EMCV IRES-FL was also reduced
by approximately 43% in cells treated with siRNA targeting elF3c,
but Renilla luciferase activity was mostly maintained (Fig. 3B). The
knockdown of elF3c expression also resulted in inhibitory effects
on translation derived from HCV and EMCV (Fig. 3B) but did not
affect cap-dependent translation. These results indicate that elF3c
may play a more important initiation factor in IRES-mediated
translation than cap-dependent translation. However, it remains
the subject of future investigation to determine whether only
elF3¢ proteins are subject to the IRES-mediated transiation.

We also examined the HCV IRES-mediated transiational inhibi-
tion with elF3 p110 siRNA by HCV full-genome RNA ((NN/1b/FL)
(Ishii et al., 2006). Huh-7 cells were transfected with elF3 p110

siRNA or control siRNA at a concentration of 50 nM using Lipo-
fectamine 2000 (Invitrogen). At 24 h post-transfection, the cells
were transfected with HCV full-genome RNA (NN/1b/FL). After 24 h,
the intracellular HCV core-protein levels were measured using
a fully automated HCV core-protein antigen chemiluminescent
enzyme immunoassay (CLEIA) according to the manufacturer's
instructions (Aoyagi et al., 1999). The core-protein expression in
cells treated with elF3 p110 siRNA was reduced by approximately
61% when compared to cells treated with control siRNA (Fig. 3C).
These findings further confirmed that HCV IRES-mediated trans-
lational inhibition occurs through a reduction of elF3c expression
caused by the Hsp90 inhibitor-mediated disruption of the interac-
tion between elF3c¢ and Hsp90 with HCV IRES RNA.

To investigate the role of Hsp90 in HCV IRES-mediated transla-
tion further, we confirmed the interaction of elF3c and Hsp90 by
immunoprecipitation. The pFLAG-elF3c vector was constructed by
subcloning a DNA fragment encoding full-length human eiF3c into
the EcoRI and Xbal sites of the pFLAG CMV™.2 expression vec-
tor (Sigma-Aldrich Chemical Co.) so that the amino-terminal FLAG
epitope was fused in-frame with elF3c. The pFLAG-elF3c expres-
sion vector or the control vector pFLAG-CMV2 was transfected into
NNC#2 cells or Huh-7 cells. After 48h, the immunoprecipitates
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Fig. 4. An interaction between elF3c and Hsp90 was induced by HCV IRES. (A) The pFLAG-elF3c vector was constructed by subcloning a DNA fragment encoding full-length
human eiF3c into the EcoRI and Xbal sites of the pFLAG CMV™.2 expression vector (Sigma-Aldrich Chemical Co.) such that the amino-terminal FLAG epitope was fused
in-frame with elF3c. Huh-7 and NNC#2 cells were transfected with pFLAG-elF3c or pFLAG-CMV2 control plasmids using Lipofectamine 2000 {Invitrogen). Cell lysates were
immunoprecipitated by the anti-FLAG M2 antibody 48 h after transfection. The precipitates were analyzed by western blot using the anti-Hsp90 antibody. (B) The Huh-7

cells were transfected with or without pHCV IRES-firefly luciferase (HCV IRES-FL) (Fig.

1B) and then treated with or without 17-AAG (50 nM). Cell lysates were analyzed

by western blot 48 h post-treatment with an elF3c primary antibody (Santa Cruz Biotechnology). Horseradish peroxidase-conjugated anti-rabbit antibody (Sigma-Aldrich
Chemical Co.) was used as the secondary antibody. B-Actin was used as an internal control. (C) The interruption of Hsp90-elF3c interaction by RNase A treatment. NNC#2
cell lysates were treated with RNase A (5 U/ul) (Sigma-Aldrich Chemical Co.). After 4 h, the cell lysates were subjected to immunoprecipitation using an anti-elF3¢ antibody,
followed by immunoblot analysis using an anti-Hsp80 antibody. (D) elF3¢ or Hsp30 co-immunoprecipitates with Hsp90 or elF3c from cells transfected or untransfected with
PHCV IRES-FL. Huh-7 cells were transfected with pHCV IRES-FL using Lipofectamine 2000 (Invitrogen) and subject to immunoprecipitation using the indicated antibodies at
24 h post-transfection. The precipitates were analyzed by western blot using the indicated antibodies. (E) The inhibitor 17-AAG dissociates Hsp90 and elF3c from the HCV
IRES complex. Huh-7 cells were transfected with pHCV IRES-FL using Lipofectamine 2000 (invitrogen). At 24 h post-transfection, cells were treated with 17-AAG (50nM)
or DMSO as a control for 8h and were then treated with MG132 (5 M) for 16 h. Cell lysates were subjected to immunoprecipitation using an anti-elF3c antibody, and the

precipitates were analyzed by western blot using the anti-Hsp90 antibody.

(anti-FLAG antibody) were determined by western blot analysis
(Fig. 4A). The western blot analysis clearly indicated that elF3c
and Hsp90 coprecipitated in NNC#2 cells, whereas they did not
coprecipitate in Huh-7 cells, suggesting that elF3c was bound to
the chaperone complex that formed with Hsp90 in NNC#2 cells
(Fig. 4A). This interaction between Hsp90 and elF3c in NNC#2 cells
suggests that HCV translation is due to the interaction between
elF3c and Hsp90. Given the observed binding of elF3 with the
HCV IRES RNA, this Hsp90-elF3c interaction occurring in HCV
replicon cells was likely mediated by HCV IRES RNA. To address
this question, Huh-7 cells were transfected with pHCV IRES-firefly
luciferase (HCV IRES-FL) (Fig. 1B) using Lipofectamine 2000 (Invit-
rogen)and then treated with 17-AAG (50 nM)or DMSO as a control.
After treatment, the cell lysates were analyzed by western blot
(Fig. 4B). The level of elF3c was reduced by the 17-AAG treat-
ment in cells transfected with pHCV IRES-FL compared to control
DMSO, but elF3c¢ was not reduced in cells transfected with pHCV
IRES-FL. The disruption of Hsp90 activity by the Hsp90 inhibitor,
17-AAG, appears to dissociate elF3c from the Hsp90-elF3c-HCV
IRES complex and induce the degradation of the free forms of
elF3c. To verify this result, NNC#2 cell lysates were further treated
with RNase A (5U/uL) (Sigma-Aldrich Chemical Co.). After treat-
ment, anti-elF3c antibody immunoprecipitates were determined
by western blot analysis (Fig. 4C). The analysis clearly indicated
thatelF3c and Hsp90 coprecipitated in NNC#2 cell lysates, whereas

they did not coprecipitate in NNC#2 cells lysates treated with
RNase A. The interaction between Hsp90 and elF3c was inter-
rupted by RNase A treatment. These results suggest that the
interaction of elF3c and Hsp90 is dependent on HCV IRES bind-
ing. Next, to further demonstrate whether HCV IRES is required
for the interaction between elF3c and Hsp90, we performed a co-
immunoprecipitation assay using the extracts of cells transfected
with pHCV IRES-FL. elF3c co-immunoprecipitated with anti-Hsp90
(Fig. 4D). The interaction of elF3c and Hsp90 was further con-
firmed by reverse co-immunoprecipitation of Hsp90 and elF3c
(Fig. 4D). These results also indicated that the interaction of elF3c
and Hsp90 was supported by the HCV IRES. Furthermore, we per-
formed an immunoprecipitation assay to confirm that elF3c and
Hsp90 interaction was influenced by the treatment with 17-AAG in
cells transfected with pHCV IRES-FL. Huh-7 cells were transfected
with pHCV IRES-FL using Lipofectamine 2000 (Invitrogen). At 24 h
post-transfection, the cells were treated with 17-AAG (50nM) or
DMSO as a control for 8h and then MG132 (5 uM) for 16 h. An
immunoprecipitation assay with the cell lysates was performed
using the anti-elF3c antibody, and the precipitates were analyzed
by western blot using the anti-Hsp90 antibody. Although treat-
ment with both 17-AAG and MG132 in cells transfected with pHCV
IRES-FL resulted in a reduction in the interaction of Hsp90 and
elF3c, elF3c expression recovered upon treatment with the pro-
teasome inhibitor MG132 (Fig. 4E), but the interaction between
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Hsp90 and elF3c was not restored (Fig. 4E). Furthermore, elF3c
was not detected in cells not treated with MG132 (Fig. 2B), which
indicates that elF3c is a client protein for active Hsp90 (Fig. 2C).
In contrast, an interaction between Hsp90 and elF3c was observed
in cells not treated with 17-AAG (Fig. 4E). These results suggest
that the interaction between Hsp90 and elF3c is specific to HCV
IRES-expressing cells. However, the interaction of Hsp90 and elF3c
in the presence of 17-AAG, which blocks the association of Hsp90
with elF3c, may dissociate Hsp90 and elF3c from the overall HCV
IRES complex (Figs. 2B and C, and 4B and E).

In conclusion, our results demonstrate that HCV IRES-mediated
translational inhibition occurs through a reduction of elF3c expres-
sion caused by the Hsp90 inhibitor-mediated disruption of the
interaction between elF3c and Hsp90 with HCV IRES RNA. Fur-
thermore, the interaction between Hsp90 and elF3c requires HCV
IRES RNA. Taken together, our results suggest that the interac-
tion between Hsp90 and elF3c plays an important role in HCV
IRES-mediated translation. More experiments are needed to ver-
ify the relationship between eukaryotic initiation factor 3 (elF3)
and Hsp30.
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Chronic hepatitis C virus (HCV) infection is often associated with type 2 diabetes. However, the precise
mechanism underlying this association is still unclear. Here, using Huh-7.5 cells cither harboring HCV-1b
RNA rephcons or infected with HCV-2a, we showed that HCV transcriptionally upregulated the genes for

Ipyruvate carbox;

(PEPCK) and glucose 6-phosphatase (G6Pase), the rate-limiting enzymes

for hepauc gluconeogenesis. In this way, HCV enhanced the cellular production of glucose 6-phosphate (G6P)
and glucose. PEPCK and G6Pase gene expressions are controlled by the transeription factor forkhead box O1
(FoxO1). We observed that although neither the mRNA [evels nor the protein levels of FoxO1 expression were
affected by HCYV, the level of phosphorylation of FoxO1 at Sér319 was markedly diminished in HCV-infected
cells compared to the control cells, resulting in an increased nuclear accumulation of FoxO1, which is essential
for sustaining its transcriptional activity. It was unlikely that the decreased level of FoxO1 phosphorylation was
mediated through Akt inactivation, as we observed an increased phosphorylation of Akt at Ser473 in HCV-
infected cells compared to control cells. By using specific inhibitors of c-Jun N-terminal kinase (JNK) and
reactive oxygen species (ROS), we demonstrated that HCV infection induced JNK activation via increased
mitochondrial ROS production, resulting in decreased FoxO1 phosphorylation, FoxQ1 nuclear accumulation,
and, eventually, increased glucose production. We also found that HCV NS5A mediated increased ROS
production and JNK activation, which is directly linked with the FoxO1-dependent increased gluconeogenesis.
Taken together, these observations suggest that HCV promotes hepatic gluconeogenesis through an NS5A-

mediated, FoxOl-dependent pathway.

Hepatitis C virus (HCV) is a small, enveloped RNA virus
that belongs to the genus Hepacivirus of the family Flaviviridae,
and the molecular mechanisms underlying its viral replication
are currently being unraveled (40). The TICV genome encodes
a single polyprotein of about 3,000 amino acids, which is
cleaved by host and viral proteases to generate at least 10 viral
proteins, such as core, envelope 1 (E1), E2, p7, NS2, NS3,
NS4A, NS4B, NS5A, and NS5B. FICV can be classified into
seven genotypes, with cach genotype further classified into a
number of subtypes, such as HCV-1a and HCV-1b (18, 24, 59).

HCYV infects more than 120 million people worldwide (57).
Persistent FICV infection causes not only liver discases
(chronic hepatitis, liver cirrhosis, and hepatocellular carci-
noma) but also cxtrahepatic manifestations, such as type 2
diabetes (2, 11, 20, 23). While it is known that liver cirrhosis
impairs the glucose metabolism of the liver, there are some
reports showing that HCV-infected patients over 40 years of
age have an increased risk of type 2 diabetes compared with
individuals without IICV infection (43). In addition, insulin
receptor substrate 1 (IRS-1)/phosphatidylinositol 3-kinase
(PI3-kinase) signaling was more impaired in HCV-infected
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patients than in non-HCV-infected controls (3). These studies
imply that HCV infection may directly predispose the host
toward type 2 diabetes. However, the precise mechanisms are
poorly understood.

Hepatocytes play an important role in maintaining plasma
glucose homeostasis by adjusting the balance between hepatic
glucose production and utilization via the gluconeogenic and
glycolytic pathways, respectively. It was proposed previously

that increased hepatic glucose production is a major feature of

type 2 diabetes (13). It is also known that hyperglycemia and
the subsequent development of type 2 diabetes mellitus result,
at lcast in part, from impaired insulin signaling together with
clevated glucagon levels (5, 19). Hepatic glucose production
and utilization, physiologically opposed cascades, are regu-
lated, at least in part, at the transcriptional level of the glucose
6-phosphatase (G6Pase) and glucokinase (GK) genes, which
catalyze the last and the first rate-limiting steps in gluconeo-
genesis and glycolysis, respectively. A number of studies have
shown that fasting/feeding (or hormones) controls the tran-
scription of these two enzymes in the opposite directions.
Go6Pasc transcription is negatively regulated by insulin or feed-
ing and is markedly increascd in a fasting state (62). On the
other hand, GK transcription is positively regulated by insulin
or feeding and markedly decreased in a fasting state (33). It has
also been reported that the gene expressions of gluconeogenic
and glycolytic enzymes, such as G6Pase, GK, and phospho-
cnolpyruvate carboxykinase (PEPCK), another rate-limiting en-
zyme for hepatic gluconeogenesis, are regulated by certain
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TABLE 1. Sequences and positions of primers used in this study

Gene (GenBank accession no.) Primer Positions PCR product (bp)

GK (M69051) §'-GCCTCCCAAAGCATCTACCIC-3 119-139 444
5"-GCTCCACTGCCCCTCCTCACC-3’ 562-542

G6Pase (U01120) 5"-CCTGGGGCTGGCTICICAACTC-3 889-909 309
5-AATAGTAGTCCTCCTCAATCC-3' 1197-1177

PEPCK (BC023978) 5'-CCAGGCAGTGAGGGAGTTTCT-3 210-230 217
5-ACTGTGTCICTTTGCTCTTGG-3" 426406

FoxO1 (NM_002915) 5'-GAGGGTTAGTGAGCAGGTTAC-3' 2352-2372 217
5-AGTCCTTATCTACAGCAGCAC-3' 2568-2548

HCV NS3A (11343793) 5'-AGACGTATTGAGGTCCATGC-3' 6899-6918 133
5'-CCGCAGCGACGGTGCTGATAG-3" 7011-7031

B-Glucuronidase (M15182) 5'-ATCAAAAACGCAGAAAATACG-3 1747-1767 238
5-ACGCAGGTGGTATCAGTCTTG-3' 1984-1964

GAPDH (NM_002046) 5"-GCCATCAATGACCCCTTC ! 196-216 149
5" TCTCGCTCCTGGAAGATGG-3' 326-344

transcription factors, including forkhead box O1 (FoxO1) (26,
50, 54), hepatic nuclear factor 4o (HINF-4ar) (26), Kriippel-like
factor 15 (KLF15) (64), and cyclic AMP (cAMP) response
element binding protein (CREB) (52, 56). The deregulation of
the otherwise balanced control of hepatic glucose homeostasis
would potentially lead to hyperglycemia and, cventually, type 2
diabetes.

In this study, by using Huh-7.5 cells harboring HCV-1b RNA
replicons, i.e., either a subgenomic RNA replicon (SGR) or a
full-genomic RNA replicon (FGR) (37), and cells infccted with
HCV-2a (14, 37, 39), we investigated the possible effects of
HCV on glucose metabolism. We report here that HCV pro-
motes hepatic gluconeogenesis, resulting in increased cellular
glucose production in hepatocytes via an NS5A-mediated,
FoxO1-dependent pathway.

MATERIALS AND METHODS

Cells, HCV RNA replicons, and virus. The human hepatoma-derived cell line
Huh-7.5 (7) was kindly provided by C. M. Rice (Rockefleller University, New
York, NY). The SGR and I¥ (‘R were prcpared by usm& pt K913/2884Gly (A1) (a
kind gift from R. Bar h University of Heidelb. Heidelt Ger-
many) and pON/C-5B (31) (a kind gift from N. Kato, Okayama University,
Okayama, Japan), respectively. The SGR and FGR cells are of polyclonat origin
to avoid clonal varjation. Plasmid pFL-J6/IFH1, which encodes the entire viral
genome of a chimeric strain of HCV-2a (J6/JFH1) (39), was kindly provided by
C. M. Rice. The HCV RNA genome was transcribed in vitro from pFL-J6/JFH1
and transfected into Huh-7.5 cells to yield infectious HCV particles, as described
previously (14). A cell culture-adapted P-47 strain (9, 14) was used throughout
the experiments. Virus infection was performed at a multiplicity of infection
(MOI) of 2.0. Virus inlectivity was measured by indirect immunofluorescence
analysis, as described below, and expressed as cell-infecting units/ml. In some
experiments, SGR and FGR cells, as well as HCV-infected cells at 5 days after
virus infection, were treated with 1,000 IU/ml of alpha interferon (IFN) (Sigma
Chemical, St. Louis, MO) for 10 days to climinate HCV replication.

Plasmid construction. Expression plasmids for core, p7, NS2, NS3, NS3/4A,
NS4A, NS4B, NS5A, and NSSB were reported elsewhere previously (15, 32).

Real-time guantitative RT-PCR. Total cellular RNA was isolated by using
RNAiso reagent (Takara, Kyoto, Japan), and ¢DNA was generated by using a
QuantiTect reverse transcription (RT) system (Qiagen, Valencia, CA). Real-
time quantitative PCR was performed by using SYBR Premix Ex Taq (Takara)
with SYBR green chemistry on an ABI Prism 7000 system (Applied Biosystems,
Foster City, CA), as reported previously (37). 8-Glucuronidase and GAPDH

{glyceraldehyde-3-phosphate dehydrogenase) were used as internal controls. The
primers used are shown in Table 1.

G6P production assay. Huh-7.5 cells sceded into a 10-cm dish at a density of
1.0 X 10° cells/dish were infected with HCV or left uninfected. At different time
points after infection, the cells were washed twice with 5% mannitol solution and
covered with methanol (1 ml) containing 25 uM (each) four internal standards
(3-aminopyrolidine, 1.-methionine sulfone, trimesate, and 2-morpholinoethane-
sulfonic acid) for enzyme inactivation. The mixtures of methanol and cells were
collected and mixed with Milli-Q water and chloroform at ratios of 2:1:2. Both
the medium and cell sample solutions were then centrifuged at 20,000 X g for 15
min, and the aqueous layers were collected for centrifugal filtration through a
S-kDa-cutoff filter at 9,000 X g for 2 h. The extracted metabolites were concen-
trated with a centrifugal concentrator and stored at —80°C until analysis. Glu-
cose 6-phosphate (G6P) co ions were by capillary el ph
resis time-of-flight mass spectrometry (CE-TOEMS), and the results were
normalized 1o the cell number as described previously (60, 61).

Glucose production assay. Culture medium was replaced with glucose pro-
duction bulfer consisting of glucose-free Dulbecco’s modifiecd Eagle’s medium
(DMIEM) (Sigma Chemical), without phenol red, supplemented with a ghico-
neogenic substrate (2 mM sodium pyruvate and 20 mM sodium lactate). After
24 h of incubation, the medium was collected, and the total glucose concentra-
tion was measured by using a commercial kit (Glucose CI Test Wako: Wako
Pure Chemical Industries, Osaka, Japan) and normalized to the cellular protein
content. As the bascline of glucose production, glucose-free DMEM with neither
sodium pyruvate nor sodium lactate was used. Glucose production via gluconco-
genesis equals the total glucose production minus the bascline glucose produc-
tion,

Luciferase reporter assay. The PEPCK gene promoter (position —1263/+225)
and a deletion mutant (position —998/+225) were inserted into the pGL3 lucif-
erase reporter plasmid (Promega, Madison, WI). The constructs were designated
IPEPCK-PS(~1263)-pGl.3basic  and  rPEPCK-P4(—998)-pGL3basic. pRL-
CMV-Renilla (Promega), wi expresses Renilla luciferase, was used as an
internal control. Huh-7.5 cells prepared in a 12-well tissue culture plate at a
density of 1.0 X 10% cellshvell were transiently transfected with pRL-CMV-
Renilla and rPEPCK-P5(—1263)-pGL3basic or rPEPCK-P4(—998)-pGl.3basic
in the presence of 1/NS4A, pEEFT/NSSA, or a control vector (32). After 48 h,
a luciferase assay was performed by using the Dual-Luciferase reporter assay
system (Promega). Firefly and Renillu I activitics were iwith a
Lumat LB 9501 luminometer (Berthold, Bad Wildbad, Germany). Firefly lucif-
erasc activity was normalized to Renilla luciferase activity for each sample.

Detection of mitochondrial ROS. Mitochondrial reactive oxygen species
{ROS) production was analyzed as described previously (14). Briefly, cells
seeded onto glass coverslips in a 24-well plate were incubated with 5 pM
MitoSOX red (Molecular Probes, Eugene, OR) al 37°C for 10 min and then fixed
with 3.7% paraformaldchyde and observed under a confocal laser scanning
microscope (Carl Zeiss, Oberkochen, Germany). When needed, the fixed cells
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were d to indirect i cence analysis to confirm HCV infec-
tion or NSSA expression, as described below.

Indirect immunoffuorescence. Huh-7.5 cells sceded onto glass coverslips in a
24-well plate were infected with HICV or transfected with an NSSA expression
plasmid. At 5 days postinfection (dpi) or 3 days posttransfection, the cells were

fixed with 3.7% paraformaldehyde in phosphate-buffered saline (PBS) for 15 min
at room temperature and permeabilized with 0.1% Triton X-100 in PBS for 15
min at room temp ¢. Mock-infected or empty-vector-( d cells were

similarly treated as controls for comparisons. After being washed with PBS twice,
cells were consecutively stained with primary and secondary antibodies. The
primary antibodies used were anti-FoxO1 rabbit monoclonal antibody (Cell
Signaling Technology, Danvers, MA), anti-NS5A mouse monoclonal antibody
(Chemicon International, Temecula, CA), and serum from an HCV-infected
patient. Secondary antibodies used were Alexa Fluor 488-conjugated goat anti-
rabbit immunoglobulin G (IgG), Alexa Fluor 594-conjugated goat anti-mouse
1gG or anti-human IgG (Molecular Probes), and fluorescein isothiocyanate
(FITC)-conjugated goal anti-mouse 1gG or anti-human IgG (MBL, Nagoya,
Japan). The stained cells were observed under a confocal laser scanning micro-
scope (Carl Zeiss).

Cell fractionation and i Nuclear and ic extracts from
cells were prepared by using an NE-PER nuclear and cytoplasmic extraction
reagent kit (Pierce Chemical, Rockford, IL). For immunoblotting, cells were
lysed with SDS sample buffer, and equal amounts of protein were subjected to
SDS-polyacrylamide gel electrophoresis and transferred onto a polyvinylidene
difluoride membrane (Millipore, Bedford, MA), which was then incubated with
the respective primary antibodies. The primary antibodies used were mouse
monoclonal antibodies against HCV core (clone 2H9; a kind gift from T. Wakita,
Department of Virology 11, National Institute of Infectious Diseases, Tokyo,
Japan), NS3, NS4A, NS5A, GAPDH (Chemicon), FoxO1 (Sigma Chemical),
phospho-Akt (Ser473) (Cell Signaling Technology), and c-Myc (9E10; Santa
Cruz Biotechnology, Santa Cruz, CA); rabbit polyclonal antibodies against phos-
pho-FoxO1 (Ser139), Oct-1 (Santa Cruz Biotechnology), c-Jun N-terminal ki-
nase (INK), phospho-JNK (Thr183/Tyr185), c-Jun, phospho-c-Jun (Ser63), and
Akt (Cell Signaling Technology): and goat polyclonal antibody against HSP60
(Santa Cruz Biotechnology). Horseradish peroxidase-conjugated goat anti-
mouse IgG, goat anti-rabbit IgG (Molecular Probes), and donkey anti-goat IgG
(Santa Cruz Biotechnology) were used to visualize the respective proteins by
means of an enhanced chemiluminescence detection system (ECL; GE Health-
care, Buckinghamshire, United Kingdom).

Statistical analysis. Results were expressed as means # standard errors of the
means (SEM). istical significance was cval i by analysis of variance
(ANOVA) and was defined as a P value of <0.05.

RESULTS

HCYV upregulates gene expression of PEPCK and G6Pase
and downregulates gene expression of GK. We first examined
the expression levels of the genes for the rate-limiting enzymes
in hepatic gluconeogenesis, PEPCK and G6Pase, and of those
for GK, which catalyzes the first step of glycolysis, by means of
real-time quantitative RT-PCR analysis. We observed that the
PEPCK and G6Pase genes were transcriptionally activated in
SGR- and FGR-harboring cells (Fig. 1A and B, left). Similarly,
the PEPCK and GGPase genes were upregulated in HCV-
infected cells in a time-dependent manner, starting from 3 or 5
days postinfection (dpi) up to 14 dpi (Fig. 1A and B, middle).
On the other hand, the GK genc was transcriptionally down-
regulated in SGR- and FGR-harboring cells and HCV-in-
fected cells in a time-dependent manner (Fig. 1C). It is note-
worthy that the gene expressions of six glycolytic enzymes (not
including GK) were observed to be upregulated in HCV-in-
fected cells at 1 dpi (16). .

When IFN treatment eliminated HCV from the cells, the
observed upregulation of PEPCK and G6Pase gene expres-
sions as well as the downregulation of GK gene expression in
SGR- and FGR-harboring cells and HCV-infected cells were
cancelled (Fig. 1A, B, and C, left and right). Thus, our results

J. VIROL.

suggest that there was a trend toward an increase in gluconeo-
genesis in SGR- and FGR-harboring cells and HCV-inlected
cells. In subsequent studies we further examined whether or
not HCV replication was correlated with gluconeogenesis.

HCV promotes cellular production of glucose and G6P. We
then examined the effect of HCV on cellular glucose produc-
tion. The results showed that SGR- and FGR-harboring cells
and HCV-infected cells produced greater amounts of glucose
than did the control cells (Fig. 2A, top and middle). IFN
treatment cancelled the enhanced glucose production in SGR-
and FGR-harboring cells and in HCV-infected cells (Fig. 24,
top and bottom). We also investigated the production of G6P,
which is an important precursor molecule that is converted to
glucose in the gluconeogenesis pathway, by means of metabo-
lome analysis. As shown in Fig. 2B, a significantly higher level
of G6P was accumulated in HCV-infected cells than in control
cells. Taken together, these results indicate that HCV indeed
promotes hepatic gluconeogenesis to cause hyperglycemia. In
the following analyses, we examined the possible mechanisms
of HCV-induced increased gluconcogenesis.

HCYV suppresses FoxO1 phosphorylation at Ser319, leading
to the nuclear accumulation of FoxOl. It was demonstrated
previously that FoxO1 in hepatocytes enhances gluconeogen-
esis through the transcriptional activation of various genes,
including G6Pase and PEPCK (25). To investigate the possible
effects of FoxO1 on HCV-induced gluconeogenesis, we exam-
ined the gene expression levels of FoxO1 by real-time quanti-
tative RT-PCR analysis. As shown in Fig. 3A, there was neither
an upregulation nor a downregulation of FoxO1 gene expres-
sion in SGR- or FGR-harboring cells or HCV-infected cells.
The FoxO1 transcription factor is controlled by various post-
translational modifications, which include phosphorylation,
ubiquitylation, and acetylation. The phosphorylated form of
FoxO1 is exported from the nucleus and thereby loses its
transcriptional function (30). We therefore examined the phos-
phorylation status of FoxO1 at Ser319, which is critical for
FoxO1 nuclear exclusion (72). The results showed that FoxO1
phosphorylation at Ser319 was markedly suppressed in HCV-
infected cells from 4 dpi up to 8 dpi, compared to that in the
HCV-negative control cells (Fig. 3B, first panel), in a time-
dependent manner that was roughly the inverse of the pattern
observed for PEPCK and G6Pase mRNA upregulations (Fig.
1A and B) and glucose production (Fig. 2A), while the total
protein expression levels of FoxO1 were unchanged (Fig. 3B,
second panel). Regarding this connection, Banerjee et al. re-
ported previously that FoxO1 phosphorylation at Ser256 was
also inhibited in HCV-infected cells (4). Since FoxO1 is known
to be phosphorylated by Akt so as to be exported from the
nucleus and transcriptionally inactivated (38), we examined
whether Akt function was suppressed through its impaired
phosphorylation in HCV-infected cells. The result obtained
revealed that this was not the case: Akt phosphorylation was
enhanced in HCV-infected cells from 4 dpi up to 6 dpi com-
pared with the control cells (Fig. 3B, third panel), while the
total protein expression levels of Akt were comparable (Fig.
3B, fourth panel). This result is consistent with a recent obser-
vation by Burdette et al. (10) showing that the Akt phosphor-
ylation level was clevated in HCV-infected cells. These data
suggest that the observed decrease in FoxO1 phosphorylation
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as 1.0. , P < 0.01 compared with the control.

in HCV-infected cells is caused by a mechanism independent
of Akt.

Next, we tested whether HCV indeed promoted FoxO1 nu-
clear accumulation. The majority of FoxO1 was accumulated in
the nuclear fraction in HCV-infected cells (Fig. 3C, second
panel, lanes 2 and 4), whereas in control cells FoxO1 was
distributed in both the nuclear and cytoplasmic fractions (lancs
1 and 3). Taken together, these results suggest that HCV
suppressed FoxO1 phosphorylation, leading to the nuclear ac-
cumulation of FoxOl1.

HCV-induced JNK activation is involved in the suppression
of FoxO1 phosphorylation. Recent studies demonstrated that a
signaling pathway that involves the stress-sensitive serine/thre-
onine kinase JNK regulates FoxO at multiple levels (36, 66).
We therefore investigated whether HCV induced JNK activa-
tion in Huh-7.5 cells. As shown in Fig. 4A, the amount of

phosphorylated (activated) JNK markedly increased in HCV-
infected cells in a time-dependent manner, similar to that ob-
served for the suppression of FoxO1 phosphorylation, while
the total expression levels of INK were unchanged. As a result,
¢-Jun, a key substrate for JNK, was phosphorylated (activated)
in HCV-infected cells but not in the mock-infected control
cells. It should also be noted that the total expression levels of
c-Jun in HCV-infected cells were significantly higher than
those in the mock-infected control cells, suggesting that c-Jun
activation through its phosphorylation stabilizes c-Jun protein
expression in HCV-infected cells, as was proposed previously
by Zhang et al (71).

We next sought to determine whether JNK activation was
involved in the HCV-induced suppression of FoxO1 phosphor-
ylation. HCV-infected cells at 5 days after virus infection were
treated with the specific JNK inhibitor SP600125 (20 pM) (6)
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(P-FoxO1), Akt, and phospho-Akt (Scr473) were analyzed by immuno-
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pho-FoxO1 (Ser319), NS3, Hsp60, and Oct-1. The amounts of Hsp60 and
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for 24 h. The catalytic JNK activity was assayed by monitoring
the phosphorylation of ¢-Jun. As shown in Fig. 4B, SP600125
clearly prevented the phosphorylation of ¢-Jun and concomi-
tantly recovered the suppression of FoxO1 phosphorylation in
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FIG. 4. HCV-induced JNK activation is required for the suppres-
sion of FoxO1 phosphorylation. (A) HCV activates the JNK/c-Jun
signaling pathway. The activation (phosphorylation) of JNK (Thr183/
Tyr185) and c-Jun (Ser63) in whole-cell lysates of HCV-infected cells
and mock-infected control cells was analyzed by immunoblotting. Blots
were reprobed with antibodies recognizing total INK and c-Jun, NS3,
and GAPDH. The amounts of GAPDH were measured as an internal
control to verify equal amounts of sample loading. (B) Pretreatment
with the INK inhibitor SP600123 abrogates HCV-induced ¢-Jun acti-
vation and FoxO1 phosphorylation suppression. The phosphorylation
of c-Jun (Ser63) and that of FoxO1 (Ser319) were analyzed by immu-
noblotting at 6 dpi in HCV-infected cells and mock-infected control
cells with or without SP600125 pretreatment (20 uM for 24 h). Blots
were reprobed with antibodies recognizing total c-Jun and FoxO1,
NS3, and GAPDH. The amounts of GAPDIT were measured as an
internal control to verify equal amounts of sample loading.

HCV-infected cells. These results suggest that HCV activates
the JNK/c-Jun signaling pathway, which induces the nuclear
accumulation of FoxO1 by reducing its phosphorylation status.

HCV-induced mitochondrial ROS production is involved in
FoxO1 phosphorylation suppression, FoxO1 nuclear accumu-
lation, and increased glucose production through JNK activa-
tion. We previously reported that HCV infection increases
mitochondrial ROS production (14). JNK is known to be ac-
tivated by ROS (35). We therefore sought to determine
whether the HCV-induced increase in ROS production is an
event occurring upstream of JNK activation by HCV. The
pretreatment of HCV-infected cells (at 6 dpi) with 5 mM
N-acetyl cysteine (NAC) (a general antioxidant) for 2 h signil-
icantly reduced the HCV-induced increase in ROS levels (Fig.
5A and B), as revealed by using MitoSOX, a fluorescent probe
specific for superoxide that selectively accumulates in the mi-
tochondrial compartment. As shown in Fig. 5C, NAC clearly
prevented the phosphorylation of JNK and concomitantly re-
covered the suppression of FoxO1 phosphorylation in ICV-
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FIG. 5. HCV-induced production of mitochondrial ROS sup-
presses FoxO1 phosphorylation through activation of INK. (A) Pre-
treatment with NAC abrogales the HCV-induced increased produc-
tion of mitochondrial ROS. HCV-infected cells and mock-infected
controls were pretreated with 5 mM NAC for 2 h at 6 dpi. The cells
were then incubated with MitoSOX (top) and then stained for HCV
antigens by using serum from an HCV-infected patient, followed by
FITC-conjugaled goat anti-human IgG (bottom). (B) Quantification of
MitoSOX-stained cells. The percentages of cells stained with
MiloSOX were determined for FICV-infected cells and mock-infected
controls with or without NAC pretreatment. Data represent means =
SEM of data from two independent experiments. #, P < 0.01. (C) NAC
pretreatment abrogates ICV-induced INK activation and FoxO1
phosphorylation suppression. The phosphorylation of INK (Thr183/
Tyr185) and thal of FoxO1 (Ser319) were analyzed by immunoblotling
al 6 dpi in HCV-infected cells and mock-infected controls with or
without NAC pretreatment (5 mM for 2 h). The blots were reprobed
with antibodics recognizing total INK and FoxO1, NS3, and GAPDH.
The amounts of GAPDH were measured as an internal control to
verily equal amounts of sample loading.

infected cells. These results suggest that HCV-induced ROS
production is involved in JNK activation, which results in the
inhibition of FoxO1 phosphorylation.

We next investigated the effects of JNK activation and ROS
production on the subcellular localization of FoxO1 in HCV-
infected cells by indirect immunofluorescence staining. As
shown in Fig. 6A and B, FoxO1 was localized predominantly in
the cytoplasm of mock-infected control cells. On the other
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FIG. 6. HCV-induced JNK activation and ROS production are involved in FoxO1 nuclear accumulation and increased glucose production.
(A) Subcellular localization of FoxO1 in HCV-infected cells and mock-infected controls with or without JNK inhibitor (SP600125 at 20 M for
24 h) or antioxidant (NAC at 5 mM for 2 h) pretreatment at 5 dpi was examined by confocal microscopy. Alter fixation and permeabilization, the
cells were incubated with an anti-FoxO1 rabbit monoclonal antibody followed by Alexa Fluor 488-conjugated goat anti-rabbit IgG (top) and with
serum from an FICV-infected patient followed by Alexa Fluor 594-conjugated goat anti-human IgG (bottom). (B) The percentages of cells with
FoxO1 nuclear localization were determined for HCV-infected cells and mock-infected controls with or without SP600125 or NAC pretreatment.
Dala represent means = SEM of data from two independent experiments. *, P < 0.01. (C) Extraceliular glucose production was measured in
HCV-infected cells and mock-infected controls with or without SP600125 or NAC pretreatment at 7 dpi and normalized to lotal cellular protein
expression levels. Dala represent means + SEM of data from two independent experiments, and the value for the controt cells was arbitrarily
expressed as 1.0. *, P < 0.01. (D) Cellular expression levels of NS3 in HCV-infected cells and mock-infected control cells with or without sodium
lactate (SL), sodium pyruvate (SP), SP600125, or NAC are shown. The amounts of GAPDH were measured as an internal control to verily equal
amounts of sample loading. (E) Amounts of HCV RNA were measured by quantitative RT-PCR analysis of HCV-infected cells treated with
SP600125 or NAC or left untreated at 6 dpi. The amounts were normalized to GAPDH mRNA expression levels. Data represent means = SEM
of data from two independent experiments, and the value for the nontreated HCV-infected cells was arbitrarily expressed as 1.0. (F) Virus
infectivity in the culture supernatants of HCV-infected cells treated with SP600125 or NAC or lefi untreated at 6 dpi was measured. Data represent
means * SEM ol dala [rom (wo independent experiments. CIU, cell-infecting units.

hand, the nuclear accumulation of FoxO1 was clearly observed of the HCV NS3 protein (Fig. 6D). We also examined the
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FIG. 7. HCV NS5A is involved in increased mRNA expression levels for G6Pase and PEPCK. Huh-7.5 cells were transfected with the indicated
HCV viral protein expression plasmids. (A and B) AL 3 and 5 days posttransfection, quantitative RT-PCR analyses of mRNA for G6Pase (A) and
PEPCK (B) were conducted, and the results were normalized to B-glucuronidase mRNA expression levels. Data represent means = SEM of data
from three independent experiments, and the values for the control cells were arbitrarily expressed as 1.0. #, P < 0.01 compared with the control.
(C) At 3 days postiransfection, the expression levels of each of the HCV proteins were examined by immunoblot analysis using antibodies against
c-Myc, core, NS4A, and GAPDH. The amounts of GAPDH served as an internal control to verify equal amounts of sample loading. (D) NSSA
and NS4A enhance PEPCK promoter activity. NS5A and NS4A expression plasmids were each cotransfected with rPEPCK-P5(~1263)-pGL3basic
or rPEPCK-P4(—998)-pGL3basic in Huh-7.5 cells. At 48 h after transfection, the PEPCK promoter activitics were measured by using a luciferase
reporter assay. Dala represent means = SEM of data from three independent experiments, and the values [or the control cells were arbitrarily
expressed as 1.0. *, P < 0.05 compared with the control.

in approximately 35% of HCV-infected cells at 5 dpi. The
treatment of HCV-infected cells with a JNK inhibitor
(SP600125 at 20 wM for 24 h) or an antioxidant (NAC at 5 mM
for 2 h) significantly inhibited HCV-induced FoxO1 nuclear
accumulation.

To further verify the role played by JNK activation and ROS
production in HCV-induced hepatic gluconeogenesis, the glu-
cose production in SP600125- or NAC-treated HCV-infected
cells was assessed. Treatment with SP600125 or NAC signifi-
cantly impaired the HCV-induced increased glucose produc-
tion at 7 dpi (Fig. 6C) but did not affect the overall abundance

possible effects of SP600125 or NAC on HCV RNA replication
and infectious-virus production. The results obtained revealed
that treatment with SP600125 (20 M for 24 h) or NAC (5 mM
for 2 h) barely affected HCV RNA replication (Fig. 6E). On
the other hand, we noted a tendency [or infectious-virus pro-
duction to be only slightly suppressed by SP600125 but not by
NAC (Fig. 6F). A short-term inhibition of glucose production
might not sufficiently affect HCV RNA replication or virus
production.

Taken together, these results indicate that ROS-mediated
JNK activation plays a key role in the suppression of FoxO1

phosphorylation, the nuclear accumulation of FoxO1, and the
cnhancement of glucose production in HCV-infected cells.
HCV NSS5A is involved in the enhancement of glucose pro-
duction. To examine which HCV protein(s) is involved in the
enhancement of gluconecogenesis, expression constructs of
cach of the HCV viral proteins were transfected into Huh-7.5
cells, and the gene expression levels of PEPCK and G6Pase
were examined by real-time quantitative RT-PCR analysis. We

observed that NS3A significantly promoted G6Pasc gene ex-
pression (Fig. 7A). Moreover, both the NS5A and NS4A pro-
teins significantly enhanced PEPCK gene expression at 3 and 5
days posttransfection, respectively (Fig. 7B). The expression of
cach of the HCV proteins except NS2 was verified by immu-
noblot analysis (Fig. 7C). NS2 was reported previously to be
unstable and rapidly degraded by the proteasome (22).

Next, we performed a luciferase reporter assay to examine
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the possible ellccts of NS5A and NS4A on PEPCK promoter
aclivitics. The construct rPEPCK-P5(—1263)-pGL3basic car-
rics 1,263 bp of the PEPCK 5'-flanking region (—1263
PEPCK) and is used to monitor PEPCK promoter activity. The
results demonstrated that the levels of PEPCK promoter ac-
tivitics were significantly higher in both NS5A- and NS4A-
cxpressing cells than in the control cells (Fig. 7D). Interest-
ingly, when the region of the PEPCK promoter from positions
—1263 1o —998 was deleted, the activation of PEPCK pro-
moter activity in cells expressing NS5A and NS4A was abol-
ished. These results confirmed that NS5A and NS4A activate
the PEPCK promoter, leading to an increase in PEPCK
mRNA expression levels. Database scarches of the deleted
sequence did not reveal any potential binding sequences for
transcription factors (data not shown).

Recently reported data suggest that ROS production is in-
duced in NS5A-expressing cells (17) or in hepatocytes of NS5A
transgenic mice (68). We therefore sough to determine
whether NSSA contributes to increased hepatic gluconeogen-
csis through the induction of ROS production. The NS5A
cxpression plasmid was transfected into Huh-7.5 cells, and
ROS production was assessed by MitoSOX at 3 days posttrans-
fection. As shown in Fig. 8A and B, approximately 30% of
NSS5A-cxpressing cells displayed a much stronger signal than
that observed for vector-transfected control cells.

We then examined whether NS5A mediated INK/c-Jun ac-
tivation and FoxO1 phosphorylation inhibition. The results
obtained revealed that both the phosphorylation level at Ser63
and the total expression level of ¢-Jun were upregulated in
NS5A-cxpressing cells compared to the control cells trans-
fected with the vector plasmid or cells expressing the other
HCYV proteins (Fig. 8C and DD, top two panels). Concomitantly,
FoxO1 phosphorylation at Ser319 was clearly suppressed in
NS5A- and NS4A-expressing cells compared to the control
cells (Fig. 8C, compare lanes 6, 5, and 1, respectively, in the
third pancl). NS4A, a small protein of ca. 7 kDa, forms a stable
complex with NS3 to function as a cofactor for NS3 serine
protease and RNA helicase activitics (51). We previously re-
ported that NS4A caused mitochondrial damage when ex-
pressed alone but not when coexpressed with NS3 (47). We
therefore speculated that the otherwise observed decrease in
FoxO1 phosphorylation levels in NS4A-expressing cells might
be canceled when NS4A is coexpressed with NS3. To verify this
notion, we tested FoxO1 phosphorylation in cells cocxpressing
NS3 and NS4A. As had been expected, FoxO1 phosphoryla-
tion levels did not difler between NS3/4A-coexpressing cells
and vector-transfected control cells (Fig. 8C, compare lancs 4
and 1, respectively).

Notably, we obscrved that the HCV core protein did not
alter the phosphorylation status of c-Jun and FoxO1 (Fig. 8C,
compare lanes 1 and 2), with the result being consistent with
what was observed f{or gene expression levels of PEPCK and
G6Pase in HCV core-cxpressing cells (Fig. 7A and B). These
results imply that corc is not primarily involved in HCV-in-
duced increased gluconcogenesis under our experimental con-
ditions. Similarly, other HCV nonstructural proteins, such as
NS4B and NSSB, did not significantly influence the phosphor-
ylation status of ¢c-Jun and FoxO1 (Fig. 8D).

In order to further verily the effect of NSSA on the nuclear
accumulation of FoxQ1, we examined the subcellular localiza-
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tion of FoxO1 in NS5A-expressing cells by indirect immuno-
fluorescence staining. As shown in Fig. 8E and F, the nuclear
accumulation of FoxO1 was clearly observed for approximately
25% of NS5A-expressing cells but not the vector-transfected
control. These results suggest that NS5A activates the INK/c-
Jun signaling pathway via increased ROS production, which
results in the decreased phosphorylation and nuclear accumu-
lation of FoxO1.

Finally, we cxamined the effects of NS5A and NS4A on
glucose production. As shown in Fig. 9, the amounts of glucose
were significantly increased in culture supernatants of NSSA-
and NS4A-expressing cells, compared with the amounts of
glucose in control cells, at 5 days posttransfection. Again, it is
reasonable to assume that the observed increase in glucose
production in NS4A-expressing cells might be canceled when
NS4A is cocxpressed with NS3.

These results collectively suggest that NS5A plays a role, at
least to some extent, in the FCV-induced enhancement of
hepatic gluconeogenesis.

DISCUSSION

Hepatocytes play an important role in maintaining plasma
glucose homeostasis by adjusting the balance between hepatic
glucose production and utilization via the gluconeogenic and
glycolytic pathways, respectively. We previously reported that
HCYV suppresses cellular glucose uptake by downregulating the
surface expression of the glucose transporters GLUTI1 and
GLUT2 (37). In this study, we have demonstrated that HCV
promotes FoxO1l-mediated hepatic gluconeogencsis, as evi-
denced by the increased accumulation of FoxQO1 in the nucleus
via the reduction of its phosphorylation status (Fig. 3 and GA
and B), which leads to increased PEPCK and G6Pase gene
expression Ievels (Fig. 1A and B) and the subsequent upregu-
lation of G6P and glucose production (Fig. 2). Moreover, our
results indicate that TICV-induced ROS production causes
JNK activation, which results in the decreased phosphorylation
and nuclear accumulation of FoxO1, leading cventually to in-
creased glucose production (Fig. 4 to 6). Our results thus
suggest that FoxO1 is a prime transcription factor in the HCV-
mediated progression of hepatic gluconeogenesis through an
ROS/INK-dependent mechanism, as summarized in the
schema in Fig. 10. Our results also suggest that HCV NS5A
plays a role in enhanced hepatic gluconeogenesis by promoting
ROS production and JNK activation (Fig. 7 to 9). In line with
our observations, the NS5A-mediated induction of ROS pro-
duction (68) and JNK activation (49) was reported previously
by other investigators.

Increasing evidence suggests that mitochondrial dysfunction
is causative of insulin resistance and type 2 diabetes. Mitochon-
drial dysfunction causes the upregulation of PEPCK and
G6Pase, leading to increased gluconcogenesis and insulin re-
sistance (42, 46). We previously reported that TICV causes
mitochondrial damage and mitochondrion-mediated apoptosis
(14, 47). Our current data further support the concept that
altered mitochondrial function plays a role in the development
of increased glucose production in hepatocytes.

We and other groups have reported that HCV infection
increases the production of mitochondrial ROS, which plays an
important role in the development and progression of inflam-
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FIG. 8. HCV NS3A is involved in increased ROS production, JNK activation, FoxO1 phosphorylation suppression, and FoxO1 nuclear
accumulation. (A) NS5A promotes ROS production. Huh-7.5 cells transfected with an NS5A expression plasmid or the empty controt {vector) were
incubated with MitoSOX (lop) at 3 days posttransfection and then stained for NSSA by using anti-NSSA mouse monoclonal antibody, followed
by FITC-conjugated goat anti-mouse IgG (bottom). (B) Quantification of MitoSOX-stained cells. The percentages of cells stained with MitoSOX
were determined for NSSA-expressing cells and control cells. Data represent means = SEM of data from two independent experiments. *, P <
0.01. (C and D) HCV NS5A activates c-Jun phosphorylation and suppresses FoxO1 phosphorylation. ITuh-7.5 cells transfected with the indicated
HCV viral protein expression plasmids were harvested at 3 days posttranslection, and the whole-cell lysates were subjected to immunoblot analysis
using antibodies against phospho-c-Jun (Ser63), ¢-Jun, phospho-FoxO1 (Ser319), FoxO1, GAPDI, core, NS3, NS4A, and NS5A (C) or c-Myce (D).
The amounts of GAPDH were measured as an internal control to verify equal amounts of sample loading. (12) NS5A [acilitates FoxO1 nuclear
accumulation. Huh-7.5 cells transfected with an NSSA expression plasmid or the empty controt (vector) were fixed and permeabilized at 3 days
posttransfection. The cells were incubated with an anti-FoxO1 rabbit monoclonal antibody followed by Alexa Fluor 488-conjugated goat anti-rabbit
1gG (top) or with anti-NS5A mouse monoclonal antibody followed by Alexa Fluor 594-conjugated goat anti-mouse IgG (bottom). (F) The
percentages of cells with a nuclear localization of FoxO1 were determined for NS5A-expressing cells and control cells. Data represent means =
SEM of data from wo independent experiments. *, P < 0.01.
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FIG. 9. HCV NS5A and NS4A enhance glucose production.
(A) Huh-7.5 cells were transfected with cither an NSSA or NS4A
expression plasmid. At 5 days posttransfection, extracellular glucose
production was measured and normalized to the total cellular protein
expression level. Data represent means = SEM of data from two
independent experiments, and the values for the controf cells were
arbitrarily expressed as 1.0. %, P < 0.05 compared with the control.
(B) Cellular expression levels of NS4A and NSSA in the absence and
presence of sodium lactate (SL) and sodium pyruvate (SP) are shown.

matory liver disease mediated by HCV (12, 14). Increased
mitochondrial ROS generation was also shown previously to be
an underlying mediator of multiple forms of insulin resistance,
including inflammation- or glucocorticoid-induced insulin re-
sistance (27, 29). Moreover, a significant correlation was ob-
served between oxidative stress and insulin resistance in pa-
tients infected with HCV genotype 1 or 2 (44). ROS have also
been shown to regulate the activity of the FoxO transcription
factor by posttranslational modifications, including phosphor-
ylation (21), deacetylation (8), and ubiquitylation (67).
Although this study showed that JNK induces the nuclear
accumulation of FoxO1 by reducing its phosphorylation status
under oxidative stress conditions in HCV-infected cells, the
precise mechanism(s) of the interplay between JNK and
FoxO1 still remains to be addressed. It was reported previously
that activated JNK phosphorylates IRS-1 at Ser3(7, which
results in attenuated insulin signal transduction through the
inhibition of the tyrosine phosphorylation of IRS-1 (1). Akt is
a major downstream signaling protein [or insulin/IRS-1 signal-
ing and is activated through its phosphorylation on Thr308 and
Ser473, the latter of which is believed to be more crucial (53).
Therefore, an impairment of the insulin/IRS-1 signaling path-
way should involve the downregulation of Akt phosphoryla-
tion. However, our present data showed that Akt phosphory-
lation on Serd73 was upregulated in HCV-infected cells at 4
and 6 dpi (Fig. 3B), suggesting that an Akt-independent path-
way is involved in the JNK-mediated suppression of FoxOl1
phosphorylation. Regarding this connection, it should be noted
that the 14-3-3 protein, a binding partner for phosphorylated
FoxO1 that mediates its nuclear export (72), is phosphorylated
by JNK and that the phosphorylated 14-3-3 protein releases its
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FIG. 10. Schematic representation of the HCV-dysregulated he-
patic gluconeogenesis signaling pathway. HCV induces mitochondrial
dysfunction (14). This results in increased ROS production and JNK
activation, which induces the nuclear accumulation of FoxO1 by re-
ducing its phosphorylation status. Consequently, PEPCK and G6Pase
gene expressions are upregulated, leading to an upregulation of G6P
and glucose production. NS5A plays a role in HCV-induced gluconeo-
genesis via the induction of ROS production. IRE, insulin response
element.

binding partners, which would facilitate the nuclear accumu-
lation of FoxO (63, 65, 70). Further studies are needed to
elucidate this issue.

Another trigger that causes excessive JNK activation and
insulin resistance is endoplasmic reticulum (ER) stress (28,
48). Several previous studies reported that HCV infection in-
duces ER stress (34, 55). Under our experimental conditions,
however, we did not detect significant ER stress in HCV-
infected cells (14). It is thus likely that ER stress was not the
primary cause of the increased gluconeogenesis in our exper-
imental system using Huh-7.5 cells and the P-47 strain of HCV
JG/IFH-1 (9, 14).

Notably, our present data showed that cells harboring the
SGR or FGR and HCV-infected cells produced greater
amounts of glucose than did the control cells (Fig. 2A); how-
cver, the changes in the phosphorylation status of FoxO1 and
JNK in SGR- and FGR-harboring cells were not so significant
compared to those in virus-infected cells (data not shown).
One of the reasons for this difference is that SGR- and FGR-
harboring cells were obtained through a longer cultivation in a
selection medium for a month or more and that the balance of
host gene induction may be somewhat different from that in
virus-infected cells. Therefore, it is possible that, in addition to
the JNK-FoxO1 pathway, another signaling pathway(s) is in-
volved in the increased gluconeogenesis in SGR- and FGR-
harboring cells. Studics on this issue are now under way in our
laboratory.

We observed that HCV infection modulated, either posi-
tively or negatively, the transcription of the PEPCK, G6Pase,
and GK genes at 3 to 5 dpi (Fig. 1). Virus infection, in general,
causes dynamically changing induction and the suppression of
a wide variety of host gencs. For example, expression levels of
certain genes, such as interferon genes, increase during an
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early phase of virus infection, e.g., at 1 dpi, but return to
normal levels within a few days in a cell culture system. On the
other hand, the virus-infection-induced expression of other
genes, such as the extracellular signal-regulated kinase (ERK)
gene, remains for a prolonged period of time (data not shown).
Also, some of the gene products induced in the acute phase
may suppress the expression of other genes. Under these bal-
anced conditions, it is quite possible that certain genes are
induced only at a later time, e.g., 3 to 5 dpi, but not immedi-
ately after virus infection.

It was reported previously that HCV core protein-expressing
transgenic mice exhibit marked insulin resistance by inhibiting
IRS-1 tyrosine phosphorylation and Akt phosphorylation (45,
58). However, our present results showed that HCV NS5A, but
not the core protein, was associated with increased gluconco-
genesis. Moreover, it was recently reported that HCV infection
significantly inhibited cellular glucose levels at 10 dpi (69),
which is quite the opposite of what we observed in the present
study. These results collectively suggest the possibility that
multiple pathways are involved in glucose metabolism in HCV-
infected cells. Also, the possible effect(s) of the dysregulation
of hepatic gluconeogenesis on the HCV life cycle needs to be
clarified.

In conclusion, our present results collectively suggest that
HCV promotes hepatic gluconeogenesis, resulting in increased
glucose production in hepatocytes via an NS5A-mediated,
FoxO1-dependent pathway.
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ABSTRACT

Persistent infection with hepatitis C virus (HCV) is closely correlated with type 2 diabetes. In this study,
replication of HCV at different glucose concentrations was investigated by using J6/JFH1-derived cell-
adapted HCV in Huh-7.5 cells and the mechanism of regulation of HCV replication by AMP-activated
protein kinase (AMPK) as an energy sensor of the cell analyzed. Reducing the glucose concentration
in the cell culture medium from 4.5 to 1.0 g/L resulted in suppression of HCV replication, along with
activation of AMPK, Whereas treatment of cells with AMPK activator 5-aminoimidazole-4-carboxamide
1-B-D-ribofuranoside (AICAR) suppressed HCV replication, compound C, a specific AMPK inhibitor,
prevented AICAR’s effect, suggesting that AICAR suppresses the replication of HCV by activating AMPK
in Huh-7.5 cells. In contrast, compound C induced further suppression of HCV replication when the cells
were cultured in low glucose concentrations or with metformin. These results suggest that low glucose
concentrations and metformin have anti-HCV effects independently of AMPK activation,

Key words 5-aminoimidazole-4-carboxamide 1-g-D-ribofuranoside (AICAR), adenosine monophosphate-activated protein

kinase (AMPK), diabetes, metformin.

Hepatitis C virus, which is classified within the family
Flaviviridae, is a small enveloped virus that possesses a
positive-sense single-stranded RNA genome. HCV infec-
tion proceeds to a persistent stage at a high rate, leading
to cirrhosis and hepatocellular carcinoma. Despite recent
advances in the development of antiviral therapies, cer-
tain patient populations are difficult to treat (1) due to
host factors such as obesity, hyperglycemia and insulin
resistance (2—4).

Adenosine monophosphate-activated protein kinase is
a major cellular energy sensor that is activated by cel-
lular stresses that increase intracellular AMP (5). ZMP,
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which mimics AMP, also activates AMPK (6). AMPK is a
heterotrimer composed of a catalytic & subunit and reg-
ulatory B8 and y subunits (7). Phosphorylation of Thr!'7
in its activation loop of a subunit by upstream kinases,
namely, LKBI (8,9) and Ca?*/calmodulin-dependent ki-
nase kinase (10,11) can increase its kinase activity (12).
Activated AMPK inhibits the synthesis of fatty acids,
cholesterol, proteins and gluconeogenesis in hepatocytes
(13-16). Phosphorylation of Ser*®***! by protein kinase
B is known to inhibit AMPK activity (17).

Hepatitis C virus infection suppresses cellular glucose
uptake through down-regulation of cell surface expression
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of glucose transporters (18). Our preliminary experi-
ments demonstrated that HCV infection alters the ex-
pression of 5-aminoimidazole-4-carboxamide ribonu-
cleotide formyltransferase/inosine monophosphate cyclo-
hydrolase, which catalyzes ZMP in purine nucleotide syn-
thesis. ZMP is known to mimic the activating effects of
AMP on AMPK (6). We postulated that glucose usage
and/or activation of AMPK might affect the infection and
replication of HCV.

In this study, we have investigated HCV replication with
different glucose concentrations in the culture medium,
with treatment of cells with AMPK activators (AICAR,
metformin) or with the AMPK inhibitor compound C in
the cell culture medium,

MATERIALS AND METHODS

Cells

The Huh-7.5 cell line used in this study, a highly HCV-
susceptible subclone of Huh7 cells, was a kind gift from
Dr. C. M. Rice (Center for the Study of Hepatitis C, The
Rockefeller University, New York, N, USA) (19). The cells
were propagated in Dulbecco’s modified Eagle medium
supplemented with 10% heat-inactivated FBS and 0.1 mM
nonessential amino acids.

Viruses

The virus stock was prepared as described previously
(20,21). The pFL-J6/JFH1 plasmid that encodes the entire
viral genome of a chimeric strain of HCV-2a, J6/JFH 1, was
kindly provided by Dr. C. M. Rice. The HCV RNA genome
was transcribed 71 vitro from pFL-]6/JFH1 and transfected
to Huh-7.5 cells. The supernatant was harvested as a virus
stock. In this study we used an adapted strain of the virus
obtained by passaging the HCV genotype 2a, J6/JFH],
infected cells 47 times (20,22). Virus infection was per-
formed at a MOI of three. Culture supernatants of un-
infected cells were used as controls (mock preparation).
Virus infectivity was measured by indirect immunofluo-
rescence analysis as described previously (20).

Reagents

5-aminoimidazole-4-carboxamide 1-8-D-ribofuranoside
and uridine were purchased from Sigma (St. Louis, MO,
USA), compound C from Chemdea (Ridgewood, NJ,
USA), metformin from Enzo Life Sciences (Plymouth
Meeting, PA, USA) and Hoechst 33258 from Wako (Osaka,
Japan).

© 2011 The Societies and Blackwell Publishing Asia Pty Ltd

Immunoblotting

Immunoblotting was essentially as described previously
(23). Cells were solubilized in a lysis buffer (50 mM
Tris-HCIl, pH 7.4, 150 mM NaCl, 100 mM NaF, 0.1 mM
Na3zVOy, 10 mM EDTA, 1% Triton-X, and protease in-
hibitor cocktail [Sigma]). Cell debris was removed by
centrifugation and resulted supernatants were diluted 1:2
(v/v) with 3xsampling buffer. Protein quantification was
carried out using a bicinchoninic acid protein assay kit
(Thermo Fisher Scientific, Rockford, IL, USA). Equal
amounts of soluble proteins were subjected to SDS-PAGE
and transferred onto a polyvinylidene difluoride transfer
membrane (Millipore, Billerica, MA, USA). After block-
ing in 5% milk in TBST (25 mM Tris, pH 8.0, 150 mM
NaCl, and 0.1% Tween 20), the blots were reacted with
the respective primary antibodies. The primary antibodies
used were anti-phospho-AMPKe (Thr172) monoclonal
antibody (clone D79.5E, Cell Signaling Technology, Dan-
vers, MA, USA), anti-AMPKa antibody (Cell Signaling
Technology), anti-HCV core monoclonal antibody (clone
C7-50, Thermo Fisher Scientific), anti-AMPKa antibody
(Phospho-Ser®®5/41) (anti-pAMPK [Ser485/491]) (Gen-
Script, Piscataway, NJ, USA), and anti-HCV NS3 mon-
oclonal antibody (Millipore). Horseradish peroxidase-
conjugated goat anti-mouse IgG or goat anti-rabbit IgG
(Jackson ImmunoResearch Laboratories, West Grove, PA,
USA) were used as secondary antibodies. The respective
protein bands were visualized by enhanced chemilumines-
cence (PerkinElmer, Waltham, MA, USA) (24,25). Protein
loading was normalized by probing with anti-GAPDH
monoclonal antibody (clone 6C5, Millipore).

Indirect immunofluorescence

Cells seeded in 96-well plates were infected with HCV ata
MOI of 3.0 for 4 hr or left uninfected. The cells were incu-
bated for 30 hr and fixed with cold methanol for 10 min
at room temperature. After being washed with PBS twice,
the cells were stained with anti-HCV core monoclonal
antibody and visualized by using horseradish peroxidase-
conjugated goat anti-mouse IgG (Bio-Rad Laboratories,
Hercules, CA, USA) and the tyramide signal amplification
cyanine 3 system (Perkin Elmer). Stained cell samples were
examined by fluorescence microscopy (Olympus IX70 mi-
croscope system, Tokyo, Japan).

Statistical analysis

The one-tailed Student t-test was applied to evaluate the
statistical significance of differences found. A P value of
<0.05 was considered statistically significant.
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RESULTS

Glucose shortage in the culture medium
suppresses the replication of hepatitis C
virus along with activation of adenosine
monophosphate-activated protein kinase

Any virus requires an energy source for replication. We
surmised that glucose shortage in the cell culture medium
would have a harmful effect on energy metabolism in
HCV-infected Huh-7.5 cells. We used Huh-7.5 cells and a
J6/]FH1-derived, cell-adapted strain of HCV throughout
this study. First, we examined the effect of alterations in
glucose concentration in the cell culture medium on the
replication of HCV. Reducing the glucose concentration
from 4.5 to 1.0 g/L resulted in a significant decrease in
HCV replication, as demonstrated by decreased virus in-
fectivity in culture supernatants (Fig. 1a), and decreased
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production of HCV core protein (Fig. 1D, third panel). In
order to estimate the intracellular energy status, we exam-
ined the kinase activity of AMPK by the immunoblotting
of phosphorylated Thr'”? in AMPK. Reducing the glucose
concentration from 4.5 t0 2.0 g/L resulted in a dramatic in-
crease in phosphorylation of Thr'”? in AMPK, suggesting
that Huh-7.5 cells sensed poor nutrition when cultured
with 2.0 g/L of glucose in the medium, irrespective of in-
fection with HCV (Fig. 1b). Phosphorylation of Ser?35/45!
of AMPK was not affected by infection with HCV (Fig. 1¢).
Phosphorylation of AMPK was not affected by infection
with HCV, although almost all of the cells were infected in
this experiment (Fig. 1d). These results demonstrate that
glucose shortage in the cell culture medium suppresses
replication of HCV along with activation of AMPK in
Huh-7.5 cells. Glucose shortage activates AMPK regardless
of HCV infection.

b mock HCY
Glu.conc. {g/l) 45 20 1.0 45 20 10

L s T p—
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29~
R —
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mock HCV

Fig. 1. Glucose shortage suppresses HCV replication and activates AMPK. (a) Huh-7.5 cells were infected with HCV at a MOI of 3.0 for 4 hr and
then incubated at the indicated concentration of glucose in serum-free DMEM. Infectivity titer in culture supernatants of HCV-infected cells cultured
in medium containing 4.5 g/L glucose at day 1 postinfection was arbitrarily expressed as 1.0. Data are expressed as means =+ standard deviations {SD)
of three independent experiments. *, P < 0.05, compared with the control. (b and ¢) Huh-7.5 cells were mock infected or infected with HCV ata
MOl of 3.0 for 4 hr and then incubated at the indicated concentrations of glucose in serum-free DMEM for 30 hr. (b) Cell lysates were separated
by SDS-PAGE and analyzed by immunoblotting with anti-phospho-AMPKe (Thr172) (anti-pAMPK (Thr172)), anti-AMPK, anti-HCV core, anti-GAPDH
antibodies as indicated. () Cell lysates were analyzed by immunoblotting with anti-AMPKe antibody (anti-pAMPK (Ser485/491)) and anti-GAPDH
monoclonal antibody. (d) Huh-7.5 cells mock infected or infected with HCV at a MOI of 3.0 for 4 hr were subjected to indirect immunofluorescence
analysis by anti-HCV core antibody. Nuclei were stained with Hoechst 33258, Scale bar, 200 jem. Molecular size markers are indicated at the left in
kilodaltons, The results are representative of three independent experiments. Conc., concentration; glu., glucose.
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Fig. 2. AICAR suppresses HCV replication by activating AMPK. Huh-7.5 cells were infected with HCV at a MOI of 3.0 for 4 hr. (a) The cells were
treated with the indicated concentrations of AICAR for 20 hr. {b) 10 M compound C was added to the cells 30 min prior to the addition of AICAR
and was present in the medium during the entire 20 hr of incubation with AICAR. (c) The cells were treated with 1 mM AICAR for 20 hr with or
without supplementation with 100 ;2M uridine. Cell lysates were separated by SDS-PAGE and analyzed by immunoblotting as Figure 1. The results are

representative of three independent experiments,

5-aminoimidazole-4-carboxamide
1-g-D-ribofuranoside suppresses the
replication of hepatitis C virus by activating
adenosine monophosphate-activated
protein kinase in Huh-7.5 cells

Activated AMPK inhibits the synthesis of fatty acids,
cholesterol, proteins and gluconeogenesis (13-16). Im-
balance of these metabolic pathways in liver cells might
affect the replication of HCV. Therefore we next exam-
ined whether activated AMPK suppresses the replication
of HCV by using an activator (AICAR) and an inhibitor
(compound C) of AMPK. Mankauri J. et al. have pre-
viously reported that treatment of Huh-7 parental cells
with AICAR suppresses the replication of JFH-1 (26). In
this study, we adopted a more efficient HCV replication
systemn, Huh-7.5 cells and a J6/JFH 1-derived, cell-adapted
strain of HCV. Similar to the previous finding, activation
of AMPK by AICAR suppressed the expression of HCV
core protein in Huh-7.5 cells (Fig. 2a, lanes 1-3). Activa-
tion of AMPK by AICAR was observed when the cells were
treated with relatively low concentrations (0.5 or 1.0 mM),
but not with higher concentrations (2.0 or 4.0 mM). Pos-
sible reasons for the latter effect are that higher concen-
trations of AICAR could suppress the synthesis of purine
nucleotides and/or increase the concentration of ZTP, thus
inhibiting AMPK (6,27).

To examine whether the inhibitory effect of AICAR on
HCYV replication is mediated by activation of AMPK, we
tested an AMPK inhibitor (compound C) in this exper-
iment. We found that pretreatment of cells with 10 uM
compound C attenuates AICAR-mediated suppression of
HCV core protein expression (Fig. 2b, lane 4). This sug-
gests that AICAR-mediated suppression of HCV repli-

© 2011 The Societies and Blackwell Publishing Asia Pty Ltd

cation is mediated by activation of AMPK. Addition of
compound C to the cell culture medium without AICAR
did not affect the expression of HCV core protein, sug-
gesting that this inhibitor does not affect the replication
of HCV under nutritious condition in which AMPK is
inactive (Fig. 2b, lane 2).

In the presence of AICAR, the amounts of uridine
triphosphate and cytidine triphosphate are decreased
in the cultured cells as a result of PRPP depletion
(27). PRPP is an important precursor for pyrimidine
nucleotide synthesis. PRPP-derived pyrophosphate can
increase ZTP/ZMP which are then no longer able to acti-
vate AMPK (6,28). To complement the pyrimidine short-
age in Huh-7.5 cells treated with AICAR, the cells were
co-incubated with 100 M uridine in the presence of
1 mM AICAR. This resulted in the complete preven-
tion of AICAR-mediated activation of AMPK and the
resulting suppression of HCV (Fig. 2¢, lane 4). Taken
together, these data demonstrate that AICAR suppresses
the replication of HCV by activating AMPK in Huh-7.5
cells.

Glucose shortage and metformin have an
anti-hepatitis C virus effect independently of
adenosine monophosphate-activated
protein kinase activation

It is important to note that glucose shortage activates
AMPK because of cellular energy limitations, whereas
AICAR can activate AMPK regardless of cellular energy
status. Therefore we tried another AMPK activator, met-
formin, which activates AMPK by impairing complex 1
of the mitochondrial respiratory chain (29,30). In addi-
tion, in mice metformin has a LKBI/AMPK-independent
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Fig. 3. Comp 1 C, an AMPK inhibi imul; the anti-HCV effects of giucose shortage or metformin. Huh-7.5 cells were infected

with HCV at a MOI of 3.0 for 4 hr. (a) The cells were treated with the indicated concentration of metformin for 20 hr. (b) 10 «M compound C was
added to the cells 30 min prior to the addition of metformin and present in the medium during the entire 20 hr of incubation with metformin. ()
The cells were incubated with or without 10 M compound C at the indicated glucose concentrations in serum-free DMEM for 15 hr. Cell lysates
were separated by SDS-PAGE and analyzed by immunoblotting as Figure 1. The results are representative of three independent experiments. Conc.,

concentration; glu., glucose.

inhibitory role on gluconeogenesis by decreasing the hep-
atic energy state (31). Treatment of cells with metformin
activated AMPK and suppressed replication of HCV
in a concentration-dependent manner in Huh-7.5 cells
(Fig. 3a). However, co-incubation of cells with compound
C, an inhibitor of AMPK, did not prevent metformin-
mediated suppression of HCV replication (Fig. 3b, lane 3).
Relatively speaking, compound C enhances the suppres-
sion of HCV replication induced by metformin. Likewise,
compound C promoted suppression of HCV replication
when the cells were cultured under conditions of glucose
shortage (Fig. 3¢, lane 3). These results demonstrate that
glucose shortage and metformin inhibit HCV replication
independently of AMPK activation.

The effects of adenosine
monophosphate-activated protein kinase
activators/inhibitor on hepatitis C virus
non-structural protein 3

Finally, we tested the effects of AMPK activators/inhibitor
on the expression of other HCV protein besides core pro-
tein (Fig. 4). As shown, treatment of cells with AICAR,
metformin or glucose shortage suppressed the expres-
sion of NS3 protein. In addition, compound C atten-
uated the anti-HCV effect of AICAR, whereas it en-
hanced the anti-HCV effect of metformin or glucose
shortage. These results support the conclusion that AMPK
activators/inhibitor affect the replication of HCV, as
demonstrated by the expression of HCV core protein
(Figs. 1-3).
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DISCUSSION

Previous reports have suggested that HCV infection di-
rectly causes insulin resistance, resulting in the progres-
sion of diabetes (32,33). Moreover it has been reported
that insulin resistance is a negative predictor of the re-
sponse to antiviral therapy in chronic hepatitis C patients
treated with peginterferon plus ribavirin (4). However, the
association between virus proliferation and hyperglycemia
due to insulin resistance remains elusive. In this study, we
have demonstrated that HCV proliferation is promoted in
Huh-7.5 cells cultured at 4.5 g/L glucose, the equivalent
of the blood glucose concentrations of diabetes patients
(Fig. 1). This result suggests that intensive control of glu-
cose concentrations would aid antiviral therapy in hepati-
tis C patients with diabetes.

We have demonstrated that activation of AMPK sup-
presses HCV replication (Fig. 2). This result suggests that
AMPK as a potential target for the treatment of chronic
hepatitis C. Therapeutic interest has recently been in-
creased by the findings that hepatic AMPK is activated by
adiponectin (34) and by thiazolidinedione-type antidi-
abetic drugs (35). Pharmacological activation of AMPK
may provide a new strategy for both the management of
chronic hepatitis C itself and metabolic hepatic disorders
linked to HCV infection.

Adenosine monophosphate-activated protein kinase, a
major energy sensor, is activated by energy depletion.
AMPK is directly activated by AICAR, being metabo-
lized to ZMP in the cell, regardless of the cellular energy
status (6). We have demonstrated that AICAR-mediated
suppression of HCV proliferation is AMPK-dependent
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Fig. 4. AMPK activators/inhibitors’ effect on the expression of HCV NS3 protein. Huh-7.5 cells were infected with HCV at a MOI of 3.0 for
4 hr. The cells were treated with the indicated reagents. Cell lysates were separated by SDS-PAGE and analyzed by immunoblotting with anti-HCV
NS3 and anti-GAPDH antibodies. The results are representative of three independent experiments.

(Fig. 2). In terms of phosphorylation of AMPK, the most
effective concentration of AICAR was 0.5 mM, whereas
the most effective concentration of AICAR for suppres-
sion of HCV replication was clearly 1.0 mM. One of the
possible explanations of this discrepancy is that the for-
mer immunoblot shows the state of AMPK phosphoryla-
tion at the endpoint of the experiment, whereas the latter
immunoblot reflects the accumulation of the expression
of core protein during the whole period of the experi-
ment. Compound C, a specific AMPK inhibitor that com-
petes with ATP (36), could inhibit the effect of AICAR on
HCV proliferation (Fig. 2b). Compound C did not com-
pletely reverse the suppressive effect of AICAR treatment
on HCV replication. In general, inhibitors do not com-
pletely suppress the effect of reagents or enzymes; however
it is still possible that the suppression of HCV replication
by AICAR cannot be explained purely by activation of
AMPK. Uridine as a source of pyrimidine could also pre-
vent the effect of AICAR (Fig. 2c). Moreover, we focused
on another mechanism of AICAR-mediated inhibition of
HCV replication. Activated AMPK causes inhibitions of
fatty acids and cholesterol synthesis. Recent reports have
shown a crucial involvement of fatty acids, cholesterol
and lipid droplets in infectious virion production (37—
40). Therefore, we predicted that AICAR-mediated inhi-
bition of HCV replication might be due to lipid depletion.
To investigate this possibility, we added mevalonolactone
and/or oleic acid in the presence of AICAR to the cell
culture medium, and then examined the replication of
HCV. However, the addition of lipids had almost no effect
on AICAR-mediated suppression of HCV (Fig. S1). This
suggests that HCV replication does not require additional
lipids when the cells are treated with AICAR, which shifts
cellular metabolism from energy expenditure to energy
production by activating AMPK.

Cell confluency is known to activate AMPK, and LKB1
is a major kinase that activates AMPK. Replication of
the HCV replicon is known to be inhibited in confluent
Huh-7 cells (41). Replication of HCV replicon in HeLa
cells, a known LKB1-deficient cell line, is not affected by

© 2011 The Societies and Blackwell Publishing Asia Pty Ltd

their confluence (42). These data suggest that confluence-
mediated suppression of HCV replication requires the
LKB1-AMPK pathway. Our experiments demonstrated
that confluence of cells can activate AMPK and suppress
replication of HCV in Huh-7.5 cells (Fig. $2). It is still
not clear whether this anti-HCV effect is due to relative
undernutrition resulting from increased cell numbers or
the activation of AMPK by the confluence itself.

Culturing cells under a shortage of glucose or with met-
formin can activate cellular AMPK and suppress replica-
tion of HCV in the cells (Fig. 1 and 3). Under such low en-
ergy conditions, compound C, a specific AMPK inhibitor,
can induce further suppression of HCV replication. The
explanation of this phenomenon is as follows: AMPK is
activated in order to restore energy status. In the presence
of glucose depletion or energy limitations by metformin,
compound C-induced AMPK inhibition may lead to fail-
ure to maintain ATP concentrations. Various compen-
satory mechanisms may maintain intraceliular ATP con-
centrations. In other words, under energy limitations the
breakdown of the fuel gauge, AMPK, may proceed to im-
balance in metabolism leading to poor replication of HCV.
Recent reports have shown that metformin therapy is as-
sociated with a reduced hepatocarcinogenesis risk in type
2 diabetes patients (43) and an improvement of sustained
virological response in chronic hepatitis C patients (44).
The present study provides evidence for the possibility
that not only metformin monotherapy, but also AMPK
inhibitor and metformin combination therapy, may be
helpful in the treatment of chronic hepatitis C.

In a previous study using JFH-1 strain of HCV and
Huh-7 cells, it was reported that HCV-infection causes
Ser*®/4! phosphorylation of AMPK and inhibits the ki-
nase activity of AMPK. Inhibition of AMPK facilitates
HCV replication (26). In the present study using Huh-7.5
cells and a J6/JFH1-derived, cell-adapted strain of HCV,
inhibition of AMPK by HCV replication was not observed.
Moreover, phosphorylation of Ser***/4! was not affected
by HCV-infection (Fig. 1c). Since this experimental system
using Huh-7.5 and the cell-adapted HCV strain produces
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infectious HCV particles efficiently, inhibition of AMPK
by HCV replication may play a minor role in efficient HCV
replication. In addition, a previous study having shown
that AMPK activators suppress HCV replication, we fur-
ther investigated the mechanisms of AMPK involvement
in HCV replication by using a specific AMPK inhibitor.
AICAR-induced AMPK activation plays a critical role in
the suppression of HCV (Fig. 2), meanwhile AMPK in-
hibitor rather potentiates the anti-HCV effects of met-
formin or glucose shortage (Fig. 3). These data suggest
that AMPK activation does not simply lead to an anti-
HCV effect.

In conclusion, we have shown the replication of HCV
by AMPK-dependent and -independent mechanisms in
Huh-7.5 cells. HCV does not replicate efficiently under
the low energy conditions that activate AMPK. Hence,
correction of hyperglycemia in hepatitis C patients should
have a beneficial effect on anti-HCV therapy and the clin-
ical course of hepatitis C. We suggest that AMPK is a
therapeutic target for the treatment of chronic hepatitis C
patients.
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