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mutations on the production of infectious HCV.
(a) Schematic representation of the wild-type
(wt) and mutant chimeric HCV J6/JFH1
genomes. The HCV J6/JFH1 genomes with a
combination of adaptive mutations at nt 146
(U to A} in the 5'-UTR and amino acid changes
at K78E, T396A, T416A, N534H, A712V,
Y852H, W879R, F2281L and M2876L are
indicated by @. (b) Recombinant mutant
viruses with a combination of mutations were
generated. Naive Huh-7.5 cells were infected
with each virus at an m.o.i. of 0.01 and cultured
for 12 days. The ability of each mutant to
release infectious virus particles was examined
by titration assay. Infectivity titres reached
maximal levels at 10 or 11 days post-infection
and the maximal infectivity titres were plotted.
Error bars represent sp for triplicate measure-
ments.

We next examined the growth curves of the core protein
levels by infecting cells with the recombinant viruses. The
intracellular and extracellular core protein levels in cells
infected with the P-1, R-27, R-38 and R-47 viruses were

Table 2. Specific-infectivity titres of the recombinant adaptive
mutant viruses

quantified. Huh-7.5 cells (1.2 x 10° cells per 12-well plate)
were infected with these viruses at an m.o.d. of 0.2. The
intracellular core protein levels in cells infected with the R-
27, R-38 and R-47 viruses were 3- to 5-fold higher at day 1
post-infection than those in the P-l-infected cells. The
intracellular core protein levels in the cells infected with the
mutant viruses were 7- to 11-fold higher at day 3 post-
infection than those in the P-1-infected cells (Fig. 5¢). The
extracellular core protein levels in the P-1-infected cells were
comparable to the levels in cells infected with mutant viruses
at day 1 post-infection. However, the extracellular core
protein levels in cells infected with the R-27, R-38 and R-47
viruses increased more rapidly and reached 4.4- to 5.8-fold
higher at day 3 post-infection than those in cells infected
with the P-1 virus (Fig. 5d). Taken together, these data
suggest that the adaptive mutants have advantages at the
entry level, rather than the virus replication/translation level.

Virus HCV RNA  Infectivity titre  Specific
copies [logo(f.fu. infectivity
[log;o(GE ml™)] ml™)] (f.f.u.: GE)
P-1 6.6+0.1 4.34+0.1 1:197
R-27 6.8+0.1 51+0.2 1:46
R-38 6.9+0 15.4+0.1 1:35
R-47 6.9+0.1 51401 1:54
1686

Journal of General Virology 90



Efficient production of infectious HCV

(b) HCV (+)
(kDa) Mock 7

80~

8 R4z

e

35

*
25 *
*
2.01
15
1.0
0.5 .

Fig. 4. Efficient expression of HCV proteins in Huh-7.5 cells
infected with the adaptive mutants. Huh-7.5 cells (6x10* cells per
24-well plate) were infected with 200 w P-1, R-27, R-38 or R-47
virus (6x10% ffu. mI™") at an m.o.i. of 0.2. (a) Cells were fixed
5 days post-infection and stained for immunofluorescence with
anti-HCV-positive sera. Bars, 10 pum. (b) Immunoblot analysis of
core and NS3 proteins in Huh-7.5 cells infected with R-27, R-38
and R-47 viruses. Data are representative of three independent
experiments. (c) Quantification of the data shown in (b). Intensities
of the gel bands were quantified by using the Scion Image for
Windows program. The level of actin served as a loading control.
Error bars represent sD for triplicate measurements. The difference
between P-1 and the adaptive mutant (R-27, R-38 or R-47) was
significant (*P<0.05 by Student's t-test).
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Blocking of virus attachment and entry with
anti-CD81 antibody

To determine whether the adapted mutant viruses have
advantages at the entry level, we examined CD81-
dependent entry into Huh-7.5 cells. Naive Huh-7.5 cells
were incubated with CD81-specific or non-specific anti-
body prior to inoculation. We scored infection by
immunofluorescence at 24 h post-infection. As shown in
Fig. 6(a), the anti-CD81 antibody inhibited the entry of the

mutant viruses R-27, R-38 and R-47, as well as the wild-
type virus, in a dose-dependent manner, suggesting that
interaction between CD81 and HCV E2 glycoprotein is
crucial for virus entry for all of these viruses. However,
infections by the mutant viruses R-27, R-38 and R-47 were
less dependent on CD81 than the wild-type virus. This
result suggests that the mutations in the E2 glycoprotein
confer an advantage to the mutant viruses at the entry level.
We further analysed the mutant viruses to determine which
mutation(s) is important for the advantage at the entry
level. We infected Huh-7.5 cells with mutant viruses with a
single point mutation in the E2 glycoprotein, such as
T396A, T416A, N534H or A712V, or with all of the four
mutations in E2. Blocking of virus entry with the anti-
CD81 antibody was examined as shown in Fig. 6(b).
Infection by the mutant virus N534H, as well as the mutant
viruses E2, R-27, R-38 and R-47, was less dependent on
CD81 than infection by the wild-type virus, whereas the
other mutant viruses T396A, T416A and A712V showed a
similar pattern to the wild type. These results indicate that
the N534H mutation in the E2 region confers an advantage
to the adaptive mutant viruses at the entry level.

DISCUSSION

In this study, we established an efficient HCV-production
system by serial passaging of Huh-7.5 cells infected with
the chimeric HCV J6/JFH1. Sequence analyses revealed that
the adapted viruses possessed more than eight non-
synonymous mutations in the genomes. Reverse-genetics
analysis revealed that the recombinant viruses R-27, R-38
and R-47 exhibited higher expression of the HCV proteins
than the wild-type virus. Moreover, we demonstrated that
the N534H mutation in the E2 glycoprotein confers an
advantage to the mutant viruses at the entry level.

The adaptive mutant viruses possessed four mutations
(T396A, T416A, N534H and A712V) in E2. Two of these
mutations (T416A and N534H) are in the regions that are
involved in E2-CD81 binding and are, therefore, the
possible target for neutralizing antibodies inhibiting E2—
CD81 interactions (Helle & Dubuisson, 2008). The
blocking of virus attachment and entry with CD81-specific
antibody in this study revealed that the infections by the E2
R-27, R-38, R-47 and N534H mutants were less dependent
on the CD81 molecule than that by the wild type J6/JFH1,
suggesting that the N534H mutation gives the mutant
viruses a selective advantage at the entry level. The N534H
mutation is located in the sixth of 11 N-glycosylation sites,
and is predicted to remove this N-glycosylation. The
removal of N-glycosylation sites has been shown to have
variable effects on CD81 binding and infectivity (Owsianka
et al, 2006; Roccasecca et al, 2003). The glycans at
positions 417, 532 and 645 (E2N1, E2N6 and E2N11) were
shown to reduce the sensitivity of HCV pseudoparticles to
antibody neutralization and to reduce the access of CD81
to its binding site on E2 (Goffard er al,, 2005). JFH-1 virus
with the N534K mutation spread faster than the wild-type

http://virsgmjournals.org
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tein-specific ELISA.

JFH-1 virus after two successive amplifications in naive
cells, although the numbers of infectious viruses in the
supernatant of transfected cells were initially low
(Delgrange et al., 2007). Our results in the growth curves
of the viruses in the transfected cells and infected cells were
consistent with their report. The CD81 inhibition assay in
this study demonstrated clearly that the N534H mutation
of the J6/JFH-1 virus confers a selective advantage for J6/
JFH-1 at the entry level. To our knowledge, the present
study is the first to prove that the mutation at site N534
gives infectious HCV a selective advantage at the entry
level. These results raise two possibilities. One is that the
N534H mutation in the E2 glycoprotein removes N-
glycosylation and this mutant E2 glycoprotein possesses a
higher affinity for the CD81 molecule, resulting in efficient
entry to the cells. Another possibility is that the E2
glycoprotein with the N534H mutation gains higher
affinity for other HCV receptors. Further investigation
will be required to elucidate the mechanism of this
adaptive mutation.

Our results showed that a combination of the mutations in
E2, together with four additional mutations in NS2, NS5A
and NS5B, resulted in higher infectivity of HCV, suggesting
that the additional four mutations possess an advantage at
different steps.

NS2 is a membrane-associated cysteine protease (Grakoui
et al., 1993; Hijikata et al., 1993b; Lorenz et al.,, 2006). The
N terminus of NS2 consists of one or more transmembrane
domains, whilst the C-terminal domain of NS2, together
with the N-terminal one-third of NS3, forms the NS2-3
protease, an enzyme that catalyses a single cleavage at the
NS2/NS3 boundary. The crystal structure of the C-terminal
domain of NS2 has recently been determined and reveals a
dimeric protease containing two composite active sites
(Lorenz et al., 2006). Jones et al. (2007) showed that NS2
and p7 are essential for HCV infectivity. The Y852 and
W879 residues are located in the hydrophobic region of
NS2. Although the exact topology of NS2 is disputed, the
Y852H and W879R mutations would be predicted to lie
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Fig. 6. Blocking of virus attachment and entry
with anti-CD81 antibody. (a) Huh-7.5 cells
(2x10° cells per six-well plate) were pre-
treated with 0, 1, 10 or 30 pg CD81 antibody
(clone JS-81) mI™" for 1 h and then infected
with the wild-type (@, P-1) or recombinant
mutant (M, R-27; ¢, R-38; A, R-47) viruses
at an m.o.i. of 0.5. The cells were cultured for
24 h. The infection was monitored by HCV
immunofluorescence and the numbers of
HCV-positive foci were counted. Each resuit

R-47 is expressed as a fraction of the number of foci
E2 observed in wells that received the control
g:gg antibody instead of anti-CD81. Error bars
N534H represent sp for triplicate measurements.

(b) Huh-7.5 cells (2x10° cells per six-well
plate) were pretreated with 0, 0.25, 0.5, 1, 5 or
10 ug CD81 antibody mi™" for 1 h and then
?Z:;X infected with the wild-type (®, P-1) or
T396A recombinant (M, R-27; ¢, R-38; A, R-47; X,
P E2; [, T396A; ©, T416A; O, N634H; A,
A712V) viruses at an m.o.i. of 0.01. Blocking of
virus entry with anti-CD81 antibody was
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examined. The infection was monitored by
HCV immunofluorescence and the number of
HCV-positive foci was counted.

within the second and third transmembrane domains,
respectively (Yamaga & Ou, 2002). Murray et al. (2007)
demonstrated that the A880P mutation increased infec-
tious virus production significantly in the context of the J6/
JFH1 genome, suggesting that the mutations in the
transmembrane domain of NS2 play an important role in
HCV infectivity. It is possible that the Y852H and W879R
mutations in the transmembrane domain affect the
topology and localization of NS2, and thereby HCV
infectivity. Interestingly, NS2 has been found to interact
with all other HCV NS proteins in in vitro pull-down
assays, as well as cell-based colocalization and co-
immunoprecipitation experiments (Dimitrova et al,
2003; Hijikata et al., 1993b), suggesting a role for NS2 as
part of the replication complex.

Sequence analyses of HCV replicon cells revealed that
highly adaptive mutations lie within the NS4B, NS5A and
NS5B coding regions, with the majority clustering in NS5A.
However, the mechanism underlying the replication
enhancement is not known (Bartenschlager & Sparacio,
2007). The mutant viruses possessed an F2281L mutation
that was located in domain II of NS5A. NS5A is an RNA-
binding phosphoprotein composed of three domains that
are separated by trypsin-sensitive low-complexity
sequences (LCS I and LCS II) and an N-terminal
amphipathic «-helix that anchors the protein stably to
intracellular membranes (Brass et al, 2002; Penin et al.,
2004; Tellinghuisen et al, 2004). According to the X-ray

crystal structure of domain 1, it forms a dimer with a claw-
like shape that can accommodate a single-stranded RNA
molecule (Tellinghuisen et al., 2005). Domain III of NS5A
plays an important role in virus assembly and the
production of infectious particles (Appel et al, 2008;
Masaki et al., 2008; Tellinghuisen et al, 2008). However,
the role played by domain II of NS5A in the HCV
replication cycle is unknown. Further examination will be
required to clarify the effects of the F2281L mutation on
the infectivity of the virus. Kaul et al. (2007) reported the
V2941M mutation in NS5B in the context of the JFHI
genome. Lohmann et al. (2001) reported the R2884G
mutation in the context of Conl-based replicon cells.
Amino acid substitutions within NS5B may favour HCV
replication and virus production in ways that remain to be
determined.

Miyanari et al. (2007) proposed that HCV NS proteins and
replication complexes are recruited to lipid droplet-
associated membranes by the HCV core protein and that
this recruitment is critical for producing infectious viruses.
Cholesterol and sphingolipid associated with HCV particles
are important for virion maturation and infectivity (Aizaki
et al., 2008). We speculate that the additional four mutations
in NS2, NS5A and NS5B may confer an advantage in the
maturation of virus particles or modification of virus
envelopes with cholesterol and sphingolipid. Further
investigation will be necessary to elucidate the mechanism
of the adaptive mutations in NS2, NS5A and NS5B.

http://virsgmjournals.org
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In conclusion, we have developed an efficient HCV-
production system by passaging HCV J6/JFHI-infected
Huh-7.5 cells. We have demonstrated that an efficient
HCV-production system could be obtained by introducing
adaptive mutations into the J6/JFH1 genome. The J6/JFH1-
derived mutant viruses presented here would be a good
tool for producing HCV particles with enhanced infectivity
and for studying the molecular mechanism of HCV entry.
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Background/Aims: Persistent infection with hepatitis C virus (HCV) causes extrahepatic diseases, including diabetes.
We investigated the possible effect(s) of HCYV replication on cellular glucose uptake and expression of the facilitative glu-
cose transporter (GLUT) 2 and 1.

Methods: We used Huh-7.5 cells harboring either an HCV subgenomic RNA replicon (SGR) or an HCV full-genomic
RNA replicon (FGR), HCV-infected cells, and the respective cells treated with interferon (IFN). We also used liver tissue
samples obtained from patients with or without HCV infection.

Results: Glucose uptake and surface expression of GLUT2 and GLUT1 were suppressed in SGR, FGR and HCV-
infected cells compared to the control cells. Expression levels of GLUT2 mRNA, but not GLUT1 mRNA, were lower
in SGR, FGR and HCV-infected cells than in the control. Luciferase reporter assay demonstrated decreased GLUT?2 pro-
moter activities in SGR, FGR and HCV-infected cells. IFN treatment restored glucose uptake, GLUT2 surface expres-
sion, GLUT2 mRNA expression and GLUT2 promoter activities. Also, GLUT2 expression was reduced in hepatocytes of
liver tissues obtained from HCV-infected patients.

Conclusions: HCV replication down-regulates cell surface expression of GLUT?2 partly at the transcriptional level, and
possibly at the intracellular trafficking level as suggested for GLUT1, thereby lowering glucose uptake by hepatocytes.
© 2009 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.
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Interferon; Replicon
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Hepatitis C virus (HCV) is a small, enveloped RNA
virus, which belongs to the genus Hepacivirus within
the family Flaviviridae. The viral genome consists of sin-
gle-stranded, positive-sense RNA of 9.6 kb that encodes
a polyprotein of about 3000 amino acids. There are six
major genotypes of HCV worldwide, with each geno-
type being further classified into a number of subtypes,
such as HCV-1a and -1b [1,2]. The polyprotein is pro-
cessed by host cellular and viral proteases to yield at
least 10 structural and nonstructural (NS) proteins, such
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as core protein, envelope glycoproteins (E1 and E2), p7,
NS2, NS3, NS4A, NS4B, NS5A and NS5B [34].

HCYV prevails in most parts of the world with an esti-
mated number of about 170 million carriers and, hence,
HCYV infection is a major global healthcare problem [5].
Persistent infection with HCV causes not only liver dis-
eases, including hepatitis, but also extrahepatic manifes-
tations, such as type 2 diabetes [6-8]. While it has been
known that liver cirrhosis impairs the glucose metabolism
of the liver, there are some reports showing that HCV-
infected patients over 40 years old have an increased risk
for type 2 diabetes — three times higher than that for
patients without HCV infection [9,10]. These reports
imply the possibility that HCV infection directly predis-
poses the host towards type 2 diabetes. However, the pre-
cise mechanism(s) is poorly understood.

Glucose is transported into the cell via various iso-
forms of the facilitative glucose transporter (GLUT)
that are present in most cells. Currently, a total of 14
isoforms have been identified in the GLUT family [11-
13]. GLUT?2 is expressed tissue-specifically in the liver,
pancreatic B-cells, hypothalamic glial cells, retina and
enterocytes [14]. On the other hand, GLUTI1 is
expressed at high levels in all fetal tissues and, in adults,
it is widely expressed but most abundant in erythrocytes,
endothelial cells of the blood-brain barrier, renal
tubules of the kidney, and any kind of malignant cells
including hepatocellular carcinoma [13].

In the present study, we demonstrated that HCV infec-
tion suppressed hepatocytic glucose uptake through
down-regulation of surface expression of GLUT in a
human hepatocellular carcinoma-derived cell line Huh-
7.5. We also demonstrated that GLUT2 expression in
hepatocytes of theliver tissues from HCV-infected patients
was lower than in those from patients without HCV infec-
tion. We propose that HCV replication decreases glucose
uptake and cell surface expression of GLUT, which would
eventually lead to glucose metabolism disorder.

2. Materials and methods

2.1. Cell culture, HCV RNA replication, HCV infection
and IFN treatment

A human hepatoma-derived cell line, Huh-7.5, which is highly per-
missive to HCV RNA replication [15], was kindly provided by Dr.
C.M. Rice (The Rockefeller University, New York, NY, USA). The
cells were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% heat-inactivated fetal calf serum.

Huh-7.5 cells stably harboring an HCV-1b subgenomic RNA rep-
licon (referred to as SGR cells, hereafter) were prepared as describe
previously [16-18], using pFK5B/2884Gly (a kind gift from Dr. R.
Bartenschlager, University of Heidelberg, Heidelberg, Germany). In
SGR cells, the HCV subgenomic RNA replicon autonomously repli-
cates to express NS3 to NS5B of HCV (Fig. 1). Cells harboring a
full-length HCV-1b RNA replicon derived from pON/C-5B (referred
to as FGR cells, hereafter) were described previously [19,20]. In

FGR cells, the genome-size HCV RNA replicon autonomously repli-
cates to express all the HCV proteins (the core protein, El, E2, p7,
NS2, NS3 to NSSB).

The pFL-J6/JFHI1 plasmid that encodes the entire viral genome
of a chimeric strain of HCV-2a, J6/JFHI1 {21], was kindly provided
by Dr. C.M. Rice. The HCV RNA genome was transcribed in vitro
from pFL-J6/JFHI and transfected to Huh-7.5 cells. The virus pro-
duced in the culture supernatant was used for infection experiments
at multiplicities of infection of 1.0 and cultured for 5 days after
virus infection.

In some experiments, SGR and FGR cells, as well as HCV-infected
cells at 5 days after virus infection, were treated with 1000 IU/ml of
IFN (Sigma, St. Louis, MI, USA) for 10 days to eliminate HCV
replication.

2.2. Immunofluorescence

Cells were fixed with 3.7% paraformaldehyde and incubated with
mouse monoclonal antibody against HCV NS5A (Chemicon Interna-
tional, Inc., Temecula, CA, USA) or HCV core (Abcam, Tokyo,
Japan). The cells were then incubated with fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse IgG (MBL Co. Ltd., Nagoya,
Japan), and observed under a fluorescent microscope (BX51; Olympus,
Tokyo, Japan).

2.3. Immunoblotting

Cells were solubilized in lysis buffer as reported previously [22], The
cell lysates were electrophoresed subjected to 8% polyacrylamide gel
electrophoresis and transferred to polyvinylidene difluoride membrane
{Millipore Corp., Billerica, MA, USA). The membranes were incu-
bated with mouse monoclonal antibodies against HCV NS5A or
NS3 (Chemicon), followed by incubation with peroxidase-conjugated
goat anti-mouse IgG (MBL). The positive bands were visualized by
using ECL detection system (GE Healthcare UK Ltd., Buckingham-
shire, UK).

2.4. Uptake of 2-deoxy-p-glucose and thymidine

Cells cultured in 12-well plates were deprived of serum by incuba-
tion in serum-free medium for 12 h. The cells were then pre-incubated
for 20 min in 450 pl of KRH (25 mM Hepes, 120 mM NaCl, 5 mM
KCl, 1.2mM MgSO,, 1.3mM CaCl,, 1.3 mM KH,PO,4 and 0.1%
BSA, pH 7.4). Glucose uptake assay was performed as describe previ-
ously [23]. In brief, glucose uptake was initiated by addition of 50 pl of
reaction solution (KRH containing 0.5 mM, 0.25uCi 2-deoxy-p-
[1,2-*H]glucose) to each well. As a negative control, 100 pM phloretin
was added to reaction solution. After 10 min, transport was terminated
by washing the cells with ice-cold KRH buffer containing 100 yM
phioretin. The cells were solubilized by 0.1% sodium dodecy! sulfate,
and the incorporated radioactivity was measured by liquid scintillation
counter (LS6500; Beckman Coulter, Fullerton, CA). In some experi-
ments, GLUT! and GLUT2 were ectopically expressed by using the
pCAGGS expression vector [24] and glucose uptake was measured
as described above.

2.5. Flow cytometry

To examine cell surface expression of GLUT! and GLUT?2, cells
harvested in PBS containing 0.2% EDTA were incubated with rabbit
polyclonal antibodies against GLUT1 or GLUT?2 (1:200; Alpha Diag-
nostic International, San Antonio, TX, USA) on ice for 1 h. After
being washed, the cells were incubated with FITC-labeled goat anti-
rabbit IgG (1:200; BD Pharmingen, Franklin Lakes, NJ, USA) on
ice for another I h. Analysis was carried out using flow cytometer
and a total of 10,000 live cell events were measured. Results were dis-
played graphically as overlaying histograms demonstrating the shift of
the mean FITC staining value.
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Fig. 1. The HCV genome and HCV RNA replicons. Schematic diagram of the HCV genome, SGR, FGR and the chimeric HCV J6/JFH1 genome are
shown. EMCV IRES, encephalomyocarditis virus internal ribosome entry site; Neo, neomycin-resistance gene.

2.6. Real-time quantitative RT-PCR

Total cellular RNA was isolated using the TRIzol reagent (Invitro-
gen Corp., Carlsbad, CA, USA) and ¢cDNA was generated using
QuantiTect Reverse Transcription system (Qiagen, Valencia, CA,
USA). Real-time quantitative PCR was performed on a SYBR Prentix
Ex Taq (Takara Bio, Kyoto, Japan) using SYBR green chemistry in
ABI PRISM 7000 (Applied Biosystems, Foster, CA, USA). B-Glucu-
ronidase was used as an internal control. The primers used are shown
in Table 1.

2.7. Luciferase reporter assay

We constructed the human GLUT?2 promoter-luciferase reporter
gene (pGLUT2-1291Luc) by cloning a 1.6-kb genomic fragment that
encompasses the human GLUT2 promoter (—1291 to +308) [14] into
the pGL4 vector plasmid (Promega, Madison, WI, USA). pGLUT2-
1291Luc thus contains a 1291-bp fragment of the human GLUT2 pro-
moter upstream of the minimal promoter and the coding sequence of
the Photimus pyralis (firefly) luciferase. pRL-CMV-Renilla (Promega)
was used as an internal control. Cells were transfected with
pGLUT2-1291Luc (1 pg) and pRL-CMV-Renilla (10 ng). After 24 h,
a luciferase assay was performed by using Dual-luciferase reporter
assay system (Promega). Firefly and Renilla luciferase activities were
measured by Lumat LB 9501 (Berthold, Bad Wildbad, Germany).
Firefly luciferase activity was normalized to Renilla luciferase activity
for each sample.

2.8. Immunohistochemistry

Human adult liver autopsy materials and surgically removed
liver tissues of patients with HCV- or HBV-associated hepatocellu-
lar carcinoma, and those with metastatic liver cancer were
obtained with written informed consent. The tissues were fixed
with 10% buffered formalin (pH 7.0), embedded in paraffin and
sectioned at intervals of 4 pm. Immunohistochemical staining was
performed with a DAKO ENVISION+ Kit (Dako, Glostrup,
Denmark). In brief, fixed sections were treated with 3% hydrogen
peroxide, and were autoclaved at 121°C for 20 min. Then, the
sections were incubated with a blocking solution and then with
either anti-GLUT2 rabbit polyclonal antibody (Santa Cruz Bio-
technology, Santa Cruz, CA, USA) or normal rabbit IgG (Santa
Cruz Biotechnology) as a control. The sections were incubated
with horseradish peroxidase-labeled polymer-conjugated goat anti-
rabbit IgG, followed by incubation in a chromogenic solution.
The sections were then counterstained with hematoxylin and
examined with a light microscope. GLUT2 expression levels were
arbitrarily determined by two examiners, including a pathologist,
in a blinded manner.

2.9. Statistical analysis

Results were expressed as mean + SEM. Statistical significance was
evaluated by ANOVA, and statistical significance was defined as
P <0.05.

Table 1

Sequences and positions of the primers used in this study.

Gene name (GenBank ID) Primer Position PCR product (bp)
GLUT2 5“TGGGCTGAGGAAGAGACTGT-3 279-298 461
(JO3810) 5-AGAGACTGAAGGATGGCTCG-¥ 739-720

GLUTI 5-TGAACCTGCTGGCCTTC-3 437-453 399
(AK292791) 5-GCAGCTTCTTTAGCACA-3 835-819

HCV NSSB 5-ACCAAGCTCAAACTCACTCCA-3 9191-9211 119
(AJ238799) 5'-AGCGGGGTCGGGCACGAGACA-3 9309-9289

B-glucuronidase 5-ATCAAAAACGCAGAAAATACG-3 1747-1767 238
(M15182) 5-ACGCAGGTGGTATCAGTCTTG-3 19841964
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Fig. 2. Expression of HCV proteins in SGR, FGR, HCV-infected cells and the respective cells treated with IFN. (A) Cells were immunostained with anti-
NS5A antibody (for SGR, FGR and the control cells) or anti-core antibedy (for HCV-infected cells and the control). In parallel, cells were treated with
IFN (1000 IU/ml) for 10 days te eliminate HCYV replication before being subjected to immunostaining. (B) Cells were analyzed by immunoblotting with
anti-NS5A antibody (upper panel) or anti-NS3 antibody (lower panel). In parallel, cells were treated with IFN (1,000 IU/ml) for 10 days to eliminate
HCY replication before being subjected to immunoblotting.
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3. Results

3.1. HCV protein expression in SGR, FGR, HCV-infected
cells and those treated with IFN

Immunofluorescence analysis revealed that almost all
the cells in SGR and FGR cultures, and >90% of the cells
in the HCV J6/JFH1-infected culture were positive for
HCV antigens {Fig. 2A). Western blot analysis also con-
firmed HCV protein expression in SGR, FGR and HCV-
infected cells (Fig. 2B). In some experiments, HCV
replication in SGR, FGR and HCV-infected cells was
eliminated by IFN treatment for 10 days (Fig. 2A and B).

3.2. Selective suppression of cellular glucose uptake by
HCYV replication

2-Deoxygluose uptake levels in SGR, FGR and HCV-
infected cells were significantly suppressed by about 50—
60%, compared with the control Huh-7.5 cells (Fig. 3A
and B). On the other hand, thymidine uptake, which
was used as a control, did not significantly differ among
all the cells tested (data not shown). Moreover, glucose
uptake levels in SGR, FGR and HCV-infected cells were
restored by IFN treatment (Fig. 3A and B). These results
strongly suggest that cellular glucose uptake is selectively
suppressed by HCV RNA replication.

3.3. Down-regulation of cell surface expression of GLUTZ2
and GLUTI by HCV replication

GLUT? is the principal glucose transporter of hepa-
tocytes in vivo while GLUT1 is expressed in a wide vari-
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Fig. 3. Selective suppression of cellular glucose uptake by HCV
replication. (A) Uptake of 2-deoxy-n-{1,2-3H] glucose in SGR, FGR
and HCV-negative control. In parallel, cells were treated with IFN
(1000 YU/ml) for 10 days to eliminate HCYV replication before being
subjected to glucose uptake analysis. Data represent mean * SEM of
four independent experiments and the values for the control cells were
arbitrarily expressed as 1.0. P < 0.01, compared with the control. (B)
Uptake of 2-deoxy-p-[1,2->H] glucose in J6/JFH-1-infected cells and the
uninfected control. In parallel, cells at 5 days after infection were treated
with IFN (1000 TU/ml) for 10 days to eliminate HCV replication before
being subjected to glucose uptake analysis.

ety of cultured cells. We therefore examined cell surface
expression of GLUT2 and GLUTI1 by flow cytometry
analysis. As shown in Fig. 4A, cell surface expression
of GLUT?2 and GLUTI1 was markedly down-regulated
in SGR and FGR cells, compared with the control.
On the other hand, cell surface expression of transferrin
receptor was not significantly suppressed in SGR or
FGR, compared with the control, with the result ensur-
ing the specificity of the down-regulation of GLUT2 and
GLUT1 cell surface expression in SGR and FGR
(Fig. 4A). Moreover, treatment of SGR and FGR cells
with IFN restored the surface expression of GLUT2
and GLUT1 (Fig. 4A). These results suggest that
HCYV RNA replication specifically mediates down-regu-
lation of GLUT2 and GLUT]1.

Down-regulation of GLUT?2 surface expression was
observed also in HCV-infected cells (Fig. 4B). On the
other hand, down-regulation of GLUT1 surface expres-
sion was only marginal and, compared to that of
GLUT?2, less evidently observed in HCV-infected cells.
As a control, cell surface expression of transferrin recep-
tor did not differ at all between HCV-infected cells and
the control. Again, treatment of HCV-infected cells with
IFN restored surface expression of GLUT2 (Fig. 4B).

3.4. Proteasomal degradation is not involved in the down-
regulation of GLUT2 or GLUTI

Some viruses down-regulate cell surface molecules,
such as immunoreceptors and intercellular adhesion
molecules, through ubiquitination and proteasomal deg-
radation of the target proteins [25]. To test this possibil-
ity, we treated SGR and FGR cells with lactacystin, a
potent proteasome inhibitor. While lactacystin treat-
ment enhanced cell surface expression of transferrin
receptor, the same treatment did not increase cell surface
expression of GLUT2 or GLUT! in SGR or FGR cells
(Fig. 5). This result suggested that down-regulation of
cell surface expression of GLUT2 or GLUT! in HCV-
replicating cells was not due to increased degradation
through the ubiquitin-proteasome system. The result
rather implied the possible involvement of another
mechanism(s), e.g., transcriptional suppression and/or
impaired intracellular trafficking.

3.5. Transcriptional suppression of GLUT2, but not
GLUTI, by HCV replication

To examine whether HCV RNA replication sup-
presses GLUT2 and GLUT1 expression at the transcrip-
tional level, we measured mRNA expression levels by
quantitative RT-PCR. The results obtained revealed
that GLUT2 mRNA levels were reduced significantly
in SGR, FGR and HCV-infected cells, compared to
the control (Fig. 6A). It should be noted that the degree
of GLUT2 mRNA suppression was greater in FGR
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Fig. 4. Down-regulation of cell surface expressions of GLUT2 and GLUT1 by HCYV replication. (A) SGR, FGR, the HCV-negative control cells were
stained with specific antibodies, followed by FITC-conjugated second antibody (GLUT2, red line; GLUTI, green line) or stained with FITC-conjugated
antibody alone (black line). Transferrin receptor (TfR) served as a control (blue line). In parallel, cells were treated with IFN (1000 IU/ml) for 10 days to
eliminate HCYV replication before being subjected to flow cytometry. (B) HCV-infected cells and the uninfected control were analyzed by flow cytometry
as in (A). In parallel, cells at 5 days after infection were treated with IFN (1000 IU/ml) for 10 days to eliminate HCYV replication before being subjected to
flow cytometry analysis.
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Fig. 4 (continued)

than in SGR cells. On the other hand, GLUT! mRNA
levels were not affected by HCV RNA replication (SGR
and FGR) or HCYV infection (Fig. 6B).

We also confirmed that GLUT2 mRNA expression
levels in SGR, FGR and HCV-infected cells were
restored by IFN treatment (Fig. 6A).

3.6. Suppression of GLUT2 promoter activity by HCV
replication

Next, we performed luciferase reporter assay to
examine the possible effect of HCV replication on
GLUT2 promoter activities. The result obtained demon-
strated that GLUT2 promoter activities were signifi-
cantly suppressed in SGR, FGR and HCV-infected
cells, compared to the control cells (Fig. 6C). Further-
more, GLUT2 promoter activities in SGR, FGR and
HCV-infected cells were restored by IFN treatment. It

is thus likely that HCV replication suppresses GLUT2
promoter activity, thereby decreasing GLUT2 mRNA
levels.

3.7. Ectopically expressed GLUTI or GLUT2 mediates
increased glucose uptake in SGR, FGR and HCV-infected
cells

We examined the possible effects of ectopically
expressed GLUT! and GLUT2 on glucose uptake in
SGR, FGR and HCV-infected cells. Glucose uptake
was significantly increased by ectopically expressed
GLUT! or GLUT2 in SGR, FGR and HCV-infected
cells as well as in the control Huh-7.5 cells (Fig. 6D).
It should be noted that, in this series of transient trans-
fection experiments, only ca. 20% of the cells were ectop-
ically overexpressing GLUT1 or GLUT?2. These results
collectively suggest the possibility that down-regulation
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of GLUT! and GLUT? expression is primarily involved
in the decreased glucose uptake in SGR, FGR and
HCV-infected cells.

3.8. Decreased GLUT2 expression in hepatocytes
obtained from HCV-infected patients

GLUT?2 is the principal glucose transporter expressed
in hepatocytes in vivo. As shown in Fig. 7B, practically
all hepatocytes obtained from patients without HCV
infection showed positive staining for GLUT2, which
was most evidently observed near the plasma mem-
brane. On the other hand, hepatocytes obtained from
HCV-infected patients showed markedly = reduced
GLUT?2 staining in most, if not the entire, areas of the
section, compared with the ~uninfected control
(Fig. 7D). This heterogeneous staining pattern might
reflect concomitant presence of areas comprising either
virus-infected or uninfected hepatocytes in a tissue sam-
ple. Whereas all the sections obtained from 8 patients
without HCYV infection showed evenly positive staining
for GLUT?2, sections from 8 (89%) of 9 HCV-infected
patients showed moderately to  markedly  reduced
GLUT?2: staining (Table 2).. Reduced GLUT?2. staining
was obseived also with hepatocytes in the liver tissues
obtained from HBV-infected patients. However, the
areas of reduced GLUT?2 staining appeared to be more
restricted - in " sections obtained from . HBV-infected
patients:.than in those from HCV-infected ones.

4. Discussion

HCV infection is known as an initiation and precipi-
tating factor of type 2 diabetes [7-10,26,27]. Progression
of liver fibrosis induced by persistent viral infection may
mduce diabetes [28]. Furthermore, it has been reported
that the prevalence of diabetes is higher among patients
with HCV-associated liver cirrhosis than in those with
HBV-associated cirrhosis [7]. It is likely, therefore, that
HCV infection itself is a risk factor of diabetes. Previous
reports suggest that HCV infection directly causes insu-
lin resistance that would cause the progression of diabe-
tes [29-31]. -However, the underlying mechanism(s) is
not yet completely elucidated. In this study, we analyzed
the effect of HCV infection on cellular glucose uptake
and expression of glucose transporters.

We observed that glucose uptake was suppressed in
cells ‘harboring HCV RNA replicons (SGR and FGR)
and those infected with HCV than in the control cells
(Fig. 3). It has been reported that glucose disposal
in vivo occurs through both insulin-dependent and insu-
lin-independent mechanism [32]. We observed that treat-
ment'of SGR, FGR and the control Huh-7.5 cells with
insulin (10~* M to 1072 M) increased glucose uptake
by only:about 50% from their- basal levels (data not
shown). ' Nevertheless, decreased : glucose uptake by
HCV-infected hepatocytes is a potential cause of hyper-
glycemia as the liver is a big organ accounting for 2% of
the total body weight.
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Fig. 7. Down-regulation of GLUT2 expression in HCV-infected human
liver tissues in vivo. Normal human adult liver tissues (A and B) and
HCV-infected, non-cancerous liver tissues (C and D) were fixed with
formalin, sectioned and stained with normal rabbit IgG (A and C) or
polyclonal anti-GLUT2 antibody (B and D). Scale bar = 100 pm.

Any proliferating cell requires energy sources, includ-
ing glucose, and GLUTs play an important role in glu-
cose uptake into the cell. In the liver; GLUT2. is the
predominant glucose transporter, which regulates glu-
cose metabolism by mediating a bidirectional transport,
both entry and exit, of glucose into and from hepato-
cytes [13]. GLUT]I, on the other hand, is known to be

Table 2
Reduction: of GLUT2: expression in hepatocytes of HCV-infected and
HBV-infected human liver tissues:

Liver tissues Sample No. Reduction of GLUT2 expression
Uninfected 1 - ¥
2 _
3 _
4 _
5 _
6 _
7 _
8 _
HCV-infected 9 1+ (Focal)®
10 1+ (Focal)
11 3+ (Diffuse)
12 3+ (Diffuse)
13 3+ (Diffuse)
14 3+ (Focal)
15 -
16 2+ (Focal)
17 3+ (Diffuse)
HBV-infected 18 -
19 3+ (Diffuse)
20 1+ (Focal)
21 -
22 2+ (Focal)
23 1+ (Focal)
24 2+ (Focal)

* .,'no reduction; 1+, weak reduction; 2+, moderate reduction; 3-+,
strong reduction.

* Parentheses indicate either focal or diffuse appearance of the areas
with reduced GLUT? expression in each liver tissue sample.

expressed in malignant cells including hepatocellular
carcinoma [12,13] and a wide variety of cultured cells.
In the present study we found that cell surface expres-
sion of GLUT2 and GLUT1 was markedly suppressed
in SGR, FGR and HCV-infected cells compared to
the control (Fig. 4A and B).

GLUT?2 expression is regulated at the transcriptional
level, at least partly, by glucose [33]. It has been reported
that hyperglycemia increases the GLUT2 mRNA and
protein expression in an in vivo study [34]. Our present
study demonstrated that GLUT2 mRNA expression
was significantly suppressed in SGR, FGR and HCV-
infected cells compared to the control (Fig. 6A). Consis-
tent with this result, GLUT2 promoter activities, as
measured by luciferase reporter assay, were suppressed
in SGR, FGR and HCV-infected cells (Fig. 6C). In this
connection, it was reported that GLUT2 promoter
activities were up-regulated by sterol response element-
binding protein (SREBP)-1c {35,36]. We confirmed in
our study that GLUT2 promoter activities were up-reg-
ulated by over-expression of human SREBP-lc, and
that the SREBP-1c-mediated GLUT2 promoter activi-
ties were suppressed significantly in SGR, FGR and
HCV-infected cells (data not shown).

Unlike GLUT2 mRNA, GLUT!I mRNA was not
suppressed by HCV RNA replication or HCV infection
(Fig. * 6B). Nevertheless, cell surface’ expression - of
GLUT! was markedly down-regulated in SGR' and
FGR cells (Fig. 4A). As GLUT1 surface expression
was not restored by treatment with lactacystin, a potent
proteasome inhibitor (Fig. 5), it was unlikely that HCV-
mediated suppression'of GLUT1 surface expression was
mediated through increased degradation by the ubiqui-
tin-proteasome system. -We assume that intracellular
trafficking of GLUT1 (and possibly GLUT2 as well) is
impaired by HCV RNA replication although we could
not precisely prove it due mainly to the lack of an appro-
priate antibody that enables us to monitor GLUT]1 traf-
ficking. Further study is needed to elucidate the issue.

By means of immunohistochemical analysis, we con-
firmed that GLUT?2 was strongly expressed in hepato-
cytes: of  the liver tissues ‘obtained from all. of 8
individuals without HCV infection (Fig. 7B and Table
2). More importantly, we demonstrated that GLUT?2
expression was significantly. down-regulated in hepato-
cytes obtained from 8 of 9 HCV-infected patients
(Fig.. 7D and Table 2). Interestingly, the areas where
GLUT?2 down-regulation was observed appeared: to be
scattered across the liver tissue sections. This may reflect
the general observation that a group of hepatocytes in
limited areas of the hepatic lobules, but not all the hepa-
tocytes, are infected with HCV in vivo. By means of real-
time quantitative. PCR analysis, we found a tendency
that levels of GLUT2 mRNA expression in liver tissues
obtained from HCV-infected patients were lower than
that obtained from uninfected controls although the dif-



D. Kasai et al. | Journal of Hepatology 50 (2009) 883-8394 893

ference was not statistically significant (data not shown).
As stated above, not all the hepatocytes in the liver were
infected with HCV and, therefore, the possible reduction
of GLUT2 mRNA expression in HCV-infected hepato-
cytes might have been masked by the normal levels of
expression in uninfected hepatocytes concomitantly
present in the same tissue samples.

It should also be noted that GLUT2 staining was also
reduced in hepatocytes obtained from HBV-infected
patients, though to a lesser extent than that from
HCV-infected ones (Table 2). We assume that inflam-
matory responses in the liver may trigger some intracel-
lular event that leads to decreased GLUT?2 expression in
hepatocytes in vivo.

In conclusion, we have demonstrated for the first time
that HCV replication inhibits cellular glucose uptake
through down-regulation of cell surface expression of
GLUT?2 and possibly GLUTL. It is conceivable that
the decreased glucose uptake by  hepatocytes causes
impaired glucose metabolism, leading eventually to the
initiation and progression of diabetes mellitus during a
prolonged period of HCV persistence.
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Hepatitis C virus (HHCV) RNA genome replicates within the ribonucleoprotein (RNP) complex in the
modified membranous structures extended from endoplasmic reticulum. A proteomic analysis of HCV RNP
complexes revealed the association of oxysterol binding protein (OSBP) as one of the components of these
complexes. OSBP interacted with the N-terminal domain I of the HCV NS5A protein and colocalized to the
Golgi compartment with. NS5A. An OSBP-specific short hairpin RNA that partially downregulated OSBP
expression resulted in a decrease of the HCV particle release in culture supernatant with little effect on viral
RNA replication. The pleckstrin homology (PH) domain located in the N-terminal region of OSBP targeted this
protein to the Golgi apparatus. OSBP deletion mutation in the PH (APH) domain failed to localize to the Golgi
apparatus and inhibited the HCV particle release. These studies suggest a possible functional role of OSBP in

the HCV maturation process.

Hepatitis C virus (HCV) infection is one of the leading
causes of chronic hepatitis. ICV infection is associated with
cirrhosis, steatosis, and. hepatocellular  carcinoma- (33). The
HCV RNA genome of ~9.6 kb is' translated via: an internal
ribosome entry site element on the rough endoplasmic reticu-
lum (ER) as a polyprotein precursor of about 3,010 amino
acids that is co- and posttranslationally processed by cellular
and viral proteases into mature structural and nonstructural
(NS) proteins (33). HCV replicates within ribonucleoprotein
(RNP) complexes associated with modified ER membranous
structures (15). Recent work implicated lipid droplets that
emanate from the ER as sites of RNA replication (28, 44).
Almost all of the HCV NS proteins along with a variety of
cellular factors are associated with the RNP complexes en-
gaged in viral RNA replication (37). It is likely that these NS
proteins not only participate in replication process but also are
involved in the various steps of virion morphogenesis and as-
sembly. Membrane-associated RNP complexes are generally
composed of viral proteins, replicating RNA, host proteins,
and altered cellular membranes (1). In this respect, a growing
body of evidence implicates the functional role of NS5A in
early steps of virion assembly and morphogenesis (3, 27, 45).
NSSA is a phosphoprotein that migrates in sodium dodecyl
sulfate’ gels as 56-kDa (basally phosphorylated) and 58-kDa
(hyperphosphorylated) forms of proteins. The C-terminal do-
main III region of NSSA and the phosphorylated residue
(Ser*”) are important for virion maturation (3, 27, 45). NS5A
domain III contains the binding site for viral core protein,
indicating the possible involvement of NS5A protein in virus
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assembly (27). NS5A anchors to.the ER membrane by an
N-terminal hydrophobic a-helix, and this attachment is needed
for its key role(s) in viral replication (10). Studies suggest that
phosphorylation of NS5A plays a functional role in viral rep-
lication (12). The hyperphosphorylated NS5A reduces its in-
teraction with the human vesicle-associated membrane pro-
tein-associated protein A (VAP-A) (12). VAP-A binds both
NS5A and NS5B (13, 17). These associations are important for
RNA replication (13, 17).

HCV alters lipid homeostasis to benefit its infectious pro-
cesses. Host lipids and their synthesis affect viral infectious
process (21, 40, 51, 57). HCV RNA replication can be induced
by saturated and monounsaturated fatty acids and inhibited by
polyunsaturated fatty acids (18, 21). HCV gene expression
induces lipogenesis by stimulating the activation of the sterol
regulatory element binding proteins, the master regulators of
lipid/fatty acid biosynthetic pathways (51). Reagents that in-
terfere with host lipid biosynthetic pathways abrogate viral
replication (21, 57). It has been suggested that HCV utilizes
the very-low-density lipoprotein (VLDL) secretion pathway
for its viral particle release (14, 19). These studies collectively
suggest that host lipid metabolism plays a key role in the viral
life cycle including replication, virion assembly, and secretion
(56).

In the present study, we focus on the functional role of
oxysterol binding protein (OSBP) that was identified by pro-
teomic analysis as one of the host factors associated with the
HCV RNP complexes. OSBP belongs to a family of the OSBP-
related proteins. Originally discovered as a major cytosolic
receptor for oxidized cholesterols, it undergoes translocation
from the cytosolic/vesicular compartment to the Golgi appa-
ratus upon ligand (hydroxycholesterol) binding (38). OSBP
also binds to VAP-A via its FFAT motif (53). Golgi apparatus
translocation of OSBP is regulated by the pleckstrin homology
(PH) domain. This domain also harbors binding sites for phos-
phatidylinositol 4-phosphate (PI4P) and phosphatidylinositol
4,5-biphosphate (PI4,5P,) (25). OSBP and OSBP-related pro-
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teins are implicated in cholesterol homeostasis, phospholipid
metabolism, vesicular transport, and cell signaling (55). OSBP
functions as sterol sensor that regulates the transport of ceramide
from the ER to the Golgi apparatus for de novo synthesis of
sphingomyelin by coordinated action with ceramide transport
protein (CERT) (36). OSBP also functions as a scaffolding pro-
tein for two phosphatases (phosphatase 2A/HePTP) (49). This
complex regulates the activity of extracellular signal-regulate ki-
nase. This cytosolic 440-kDa complex disassembles by the addi-
tion of 25-hydroxycholesterol (25-HC) or depletion of choles-
terol, both of which cause OSBP translocation to the Golgi
compartment (49). Thus, in addition to its role in intracellular
trafficking, OSBP appears to regulate cell signaling. We investi-
gated the functional significance of OSBP association with HCV
RNP complexes. RNA interference studies support a functional
role of OSBP in virion morphogenesis and release process. The
OSBP PH domain deletion mutant (APH) failed to localize to the
Golgi apparatus and caused an inhibition of the HCV particle
release. Our work described herein also:demonstrates that the
association of OSBP with NS5A may also contribute to the overall
HCV maturation process.

MATERIALS AND METHODS

Plasmids. The plasmids pJFH1, pSGR-JFHI, and pSGR-Luc-JFH1 were the
generous gift of T. Wakita (22, 48). pSGR-JFH1-5A1ST, in which: NS5A gene
contains the One-STrEP. tag (IBA, Gottingen, Germany), was' generated by
PCR-mediated mutagenesis using oligonucleotides described in Table S1 in the
supplemental ‘material. pFL-Luc-Jc1, an analogue to Luc-Jcl (23), was con-
structed as described in Table S1 in the supplemental material. For constructing
the human OSBP expression vector pFLAG-CMV-OSBP (where CMV is cyto-
megalovirus), OSBP1 cDNA was amplified from total RNA extracted from Huh7
cells by reverse transcription-PCR (RT-PCR), using oligonucleotides described
in ' Table S1 in the supplemental material, and amplified product was digested
with both HindIII and: BamHI and cloned into the corresponding sites in the
pFLAG-CMV?2 vector. (Sigma-Aldrich, St.. Louis, MO). Expression. vectors for
mutant forms. of OSBPs were constructed. as described in:Table: S1 in' the
supplemental material. The VAP-A expression vector, pEF-FLAG-VAP-A; was
kindly provided by Y. Matsuura (17). Generation of NS5A deletion mutants has
been described previously (20). The NS5A. derived from HCV JFHI (genotype
2a) was cloned in' the pEF1/Myc-His vector: (Invitrogen; Carlsbad, CA) at the
Kpnl and Xbal sites by using a PCR-amplified fragment using primers described
in Table ST in the supplemental material. Lentiviral vectors, L-CMV-GFP-Nhel
(where GFP is green fluorescent protein), and packaging plasmids pMDL,
pVSV-G (where VSV-G is' vesicular stomatitis virus: glycoprotein), and pREV
were kindly provided by I. Verma (Salk Institute; La Jolla, CA) (46) and used for
cloning short hairpin RNAs (shRNAs). The oligonucleotides used for construct-
ing: a: scrambled: shRNA (unrelated) and: the: OSBP-specific. shRNA-1 - and
shRINA-2 are described in Table S1 in the supplemental material.

Cell culture. Human hepatoma cell lines Huh7 and Huh7.5.1 were maintained
in Dulbecco’s modified Eagle’s' medium supplemented with 10% fetal bovine
serum, 100 U/ml penicillin; 100 pg/ml streptomycein, and: 1 mM minimal essential
medium with nonessential amino acids (Invitrogen; Carlsbad, CA). The Huh7.5:1
cell line was a kind. gift of F. Chisari (Scripps Institute, La Jolla, CA).

In vitro RNA transeription and RNA transfection.. The plasmid encoding
HCV (JFH1) was linearized by Xbal digestion, followed by mung bean nuclease
treatment to blunt the Xbal-digested termini, and served as a template for RNA
synthesis using a RiboMAX Large Scale RNA production system-T7 (Promega;
Madison, WI). Synthesized RNAs were extracted by the acid guanidium thiocy-
anate phenol-chloroform (AGPC) method prior to transfection (7). Electropo-
ration was used for RNA transfection. Subconfluent Huh7 or Huh7.5.1 cells were
trypsinized and washed with ice-cold phosphate-buffered saline (PBS) and re-
suspended at 1-X 107 cells/ml in Cytomix buffer (47). Synthesized RNAs were
mixed in:0.4 mi of cell suspension in a 4-mm gap electroporation cuvette (Gen-
esee Scientific; San Diego; CA), pulsed at 260 V for 25 ms in a square wave mode
of Gene Pulser Xcell electroporation system (Bio-Rad, Hercules, CA). For
developing subgenomic replicon cell lines, Huh7 cells were transfected with in
vitro synthesized replicon: RNAs, incubated for 48 h in complete medium, and
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maintained in the presence of G418 (300 pg/mtl). Stably expressing subgenomic
replicon colonies were isolated after 3 weeks of growth in the presence of G418.

Proteomics analysis. Subgenomic replicon cell lines were established by trans-
fecting SGR-JFH1 or SGR-JFH1-5A1ST RNA into Huh7 cells as described
above, and isolated cell lines were designated SGR-JFH1 and SGR-JFH1-
SAI1ST, respectively. The NS5A protein complexes were purified by affinity
chromatography from whole-cell lysates of the SGR-JFH1-5A1ST clone. Briefly,
semiconfluent cell monolayers on 100-mm dishes were lysed with 4 ml of lysis
buffer (0.2% deoxycholic acid, 0.25 M sucrose, 0.1 mM EDTA, and 3 mM
Tris-HCI, pH 7.4) and incubated on ice for 20 min. The protein lysates were
centrifuged at 25,000 X g for 30 min at 4°C. The cleared lysates were dialyzed
against binding buffer (100 mM Tris-HCI, 150 mM NaCl, and 0.1% octylglu-
coside) and centrifuged again at 25,000 X g for 30 min at 4°C. The cleared lysates
were loaded onto a StrepTactin-Sepharose column (1-ml bed volume; IBA) by
filtering through 0.45-pm-pore-size polyethersulfone filter (Corning) and frac-
tionated according to the manufacturer’s instructions. The peak NSSA fraction
from 30 preparations (12.5 pg) was collected and concentrated by acetone-
methanol precipitation and subjected to multidimensional protein identification
technology (MudPIT) analysis. (5, 8, 9, 11, 26, 34, 39, 41). For the details of
MudPIT analysis, see Materials and Methods in the supplemental material.

HCYV infection and focus-forming unit assay, HCV JFH1 strain (48) was used
for the production of HCV infectious viral particles. Huh7.5.1 cells were trans-
fected with the in vitro synthesized RNA by electroporation. Ten days posttrans-
fection: cultured supemnatants were collected. The infectious virion titers of col-
lected supernatants were determined by a focus-forming-unit assay as described
previously (58). HCV infection was performed at a multiplicity of infection
(MOI) of 1.

Real-time RT-PCR. Total cellular RNAs were purified by the AGPC method
(7):: Viral RNAs were extracted from 100 ul of supernatant by the AGPC
method; Five micrograms of Saccharomyces cerevisine tRNA was. added as a
carrier {Sigma-Aldrich). HCV RNA was quantified on an ABI Prism 7000 se-
quence detection system (Applied Biosystems, Foster City, CA) as described
previously (43). For the quantification of OSBP mRNA; 100 ng of total cellular
RNA: was subjected to cDNA synthesis using Improm II reverse transcriptase
(Promega) oligo(dT) as a primer. Molecular copy number of OSBP and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) ¢cDNA was quantified by real-
time PCR using SYBR premix Ex Tag (Takara Mirus Bio, Madison, WI) in an
absolute quantification manner. The following set of primers was used for quan-
titative PCR: OSBP: sense; 5'-AGAATACCCTTCGGACCCICTC-3'; OSBP
antisense, 5'-TCTTTTCATTGCTCTCAGCAGG-3'; GAPDH sense, 5'-GCCA
TCAATGACCCCTTCATT-3"; and GAPDH antisense; 5'-TTGACGGTGCCA
TGGAATTT-3".

Western: blotting analysis and immunoprecipitation. Huh7 cells or HCV-
infected Huh7 cells were transfected with the indicated expression vectors by
lipofection using TransIT-LT1 reagent (Mirus Bio, Madison; WI). Cells grown in
a 35-mm dish were transiently transfected and incubated for 24 h; washed once
with ice-cold: PBS, and lysed on ice. with 500 ul of lysis buffer (0.2% [wt/fvol]
deoxycholic acid; 20 mM Tris-HCI, 150 mM NaCl, 0.1 mM EDTA, 250 mM
sucrose), supplemented with 1X Halt protease inhibitor' single-use cocktail
(Thermo Scientific, Rockford, IL). The cellular lysates were subjected to brief
sonication; followed by centrifugation-at 13,400 X g for 10 min: The clarified
Iysates were incubated with 5 pg of anti-FLAG M2 monoclonal antibody (Sigma-
Aldrich) for 1 h. Five microliters of protein G-Sepharose 4 Fast Flow was added
(GE Healthcare, Piscataway, NJ) for 2 h. Sepharose beads were: collected by
centrifugation and washed four times with 1 ml of lysis buffer. The immunopre-
cipitates: were analyzed by sodium  dodecyl sulfate-polyacrylamide: gel electro-
phoresis.. Immunoblotting analysis was performed as described previously (52).
The following antibodies were used for Western blotting analysis: mouse mono-
clonal anticore (Affinity Bioreagents, Golden, CO), goat polyclonal anti-OSBP
(Novus biological, Littleton, CO), goat polyclonal anti-ApoB (Chemicon Inter-
national, Temecula, CA), rabbit polyclonal anti-human albumin (MP Biomedi-
cals, Solon,  OH); rabbit polyclonal anti-adipose differentiation-related protein
(Novus Biological), mouse monoclonal anti-fatty acid synthase (BD Bioscience),
mouse monoclonal anti-N83. (Virogen), and monoclonal antibody 9E10/A3 for
NSS5A. (a generous gift from C. Rice).

Immunofluorescence microscopy. Infected and/or transfected cells were grown
on glass coverslips; washed twice with PBS, and fixed in 3% paraformaldehyde in
PBS supplemented with 2'mM MgCl, and 1.25:mM EGTA for 20 m at'room
temperature. Fixed cells were permeabilized and blocked in' antibody-binding
buffer (PBS, 0.2% [wt/vol] saponin, 0.2% [wt/vol] nonfat dry milk, 1% [wt/vol]
bovine serum albumin, and 0.02% sodium azide) for 2 h at 4°C. Fixed cells were
incubated in the presence of primary antibodies overnight. The primary antibod-
ies used for immunofluorescence were mouse monoclonal 9E10/A3 for NS5A;



