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

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

To verify arole of HNF-1a in the HCV-induced suppression of
GLUT?2 promoter activity, we examined the effects of ectopic ex-
pression of HNF-1a on GLUT2 promoter activity in NS5A-trans-
fected cells as well as in HCV J6/JFH1-infected cells. As shown in
Fig. 5D, overexpression of NS5A decreased GLUT2 promoter ac-
tivity, and ectopic expression of HNF-1a restored GLUT2 pro-
moter activity (Fig. 5D). Moreover, HCV J6/JFHI1 infection sig-
nificantly decreased GLUT2 promoter activity, and ectopic
expression of HNF-1a restored GLUT2 promoter activity (Fig.
5E). These results are consistent with the notion that HNF-1a
protein is a key regulator for HCV-induced suppression of
GLUT?2 promoter activity.

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

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

HNF-1a binds domain I of NS5A protein. To map the HNF-
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FIG 6 NS5A protein interacts with HNF-1a protein. (A) Huh-7.5 cells were
plated at 1.2 X 10° cells/10-cm dish and cultured for 12 h. Cells were trans-
fected with plasmids as indicated. At 48 h after transfection, cells were har-
vested. Cell lysates were immunoprecipitated with either anti-FLAG mouse
MAD (lanes 2, 4, 6, and 8) or control IgG (lanes 1, 3, 5, and 7), and bound
proteins were immunoblotted with anti-HNF-1a rabbit PAb (third blot) or
anti-NS5A mouse MAb (fourth blot). Protein expression of HNF-la or
FLAG-NS5A was confirmed using the same cell lysates by immunoblotting
with either anti-HNF-1a rabbit PAb (first blot) or anti-NS5A mouse MADb
(second blot). (B) Cell lysates were immunoprecipitated with either anti-
HNF-1o rabbit PAb (lanes 2, 4, 6, and 8) or control IgG (lanes 1, 3, 5, and 7),
and bound proteins were immunoblotted with either anti-HNF-1a rabbit PAb
(third blot) and anti-NS5A mouse MAb (fourth blot). (C) Full-genome repli-
con Conl (RCYM1) cells were plated at 1.2 X 10° cells/10-cm plate and trans-
fected with or without pCMV-HNF-1a plasmid and cultured for 48 h. Cells
were harvested and assayed for immunoprecipitation with anti-HNF-1a rab-
bit PAb (lanes 2 and 4) or control IgG (lanes 1 and 3). Bound proteins were
immunoblotted with anti-HNF-1a goat PAb (third blot) or anti-NS5A mouse
MAD (fourth blot). Input samples were immunoblotted with either anti-
HNF-1a PAb (first blot) or anti-NS5A MAD (second blot). IP, immunopre-
cipitation; IB, immunoblotting.

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

12908 jvi.asm.org

important for HNF-1a binding. FLAG-HNF-1a protein was also
found to coimmunoprecipitate with NS5A(1-126)-myc-Hisg and
NS5A(1-147)-myc-Hisg. These data led to the conclusion that the
HNF-1a-binding domain of NS5A protein was aa 1 to 126.

DISCUSSION

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

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

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

We demonstrated that HCV J6/JFH1 infection reduced the
HNF-1a mRNA level and HNF-1a protein level. Our results
contradict an earlier report (32) demonstrating that expression
of HNF-1 mRNA was increased in subgenomic replicon Huh.8
cells (3). We observed downregulation of HNF-1ao mRNA and
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Input samples and immunoprecipitated samples were immunoblotted with anti-HA MAb (two left panels, top), anti-c-myc MAD (two right panels, top),

or anti-HNF-1a PAD (all panels, bottom).

HNF-1a protein in SGR cells as well as in FGR cells (data not
shown). We also demonstrated that the ectopic expression of
NS5A protein decreased the endogenous HNEF-la protein
level. The reasons for these discrepancies remain to be eluci-
dated.

We along with other groups previously reported that HCV
NS5A protein is involved in mitochondrial reactive oxygen species
(ROS) production (11, 13, 38). Mitochondrial ROS generation is
known to induce the autophagy pathway (22) and lysosomal
membrane permeabilization (8). Therefore, it is necessary to de-
termine whether NS5A-induced ROS production enhances au-
tophagic degradation or lysosomal membrane permeabilization.
Several groups have reported that autophagy vesicles accumulate in
HCV-infected cells and that autophagy proteins can function as pro-
viral factors required for HCV replication (14). Autophagy degrades
macromolecules and organelles. Based on the means by which cargo
is delivered to the lysosomes, three different autophagy pathways are
described: macroautophagy, microautophagy, and chaperone-medi-
ated autophagy (CMA). At first, autophagy was considered a nonse-
lective bulk degradation process. CMA, however, results in
specific degradation of the cytosolic proteins in a molecule-by-
molecule fashion. Most known substrates for CMA contain a pep-
tide sequence biochemically related to KFERQ (12). Although the
typical KFERQ peptide motifis not found in HNF-1a protein, it is
possible that KFERQ-like sequences can be generated by post-
translational modifications. It is also possible that HNF-1a pro-
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tein possesses other degradation motifs. The molecular mecha-
nism underlying NS5A-dependent lysosomal degradation of
HNF-1a protein needs to be elucidated.

HNEF-1la is a homeodomain-containing transcription factor,
which is expressed in the liver, pancreatic 8 cells, and other tissues
(1). Intriguingly, HNF-1a is known to play a crucial role in dia-
betes. Heterozygous germ line mutations in the gene encoding
HNE-1a are responsible for an autosomal dominant form of non-
insulin-dependent diabetes, MODY3 (40). Mutations in the
HNF-1a gene disrupt GLUT?2 function as a glucose sensor in pan-
creatic 3 cells, resulting in severe insulin secretory defects (39). It
is unclear whether HNF-1a mutations in the liver affect glucose
homeostasis in MODY?3 patients. Two strains of HNF-1a-defi-
cient mice have been reported. The mice of the first strain, created
using standard methods for making knockout mice, are born nor-
mally, but most die postnatally around the weaning period after a
progressive wasting syndrome (31). Mice of the second strain,
created using the Cre-loxP recombination method, had a normal
life span (20). The knockout mice of the second strain were
dwarfed, diabetic, and infertile. Moreover, the knockout mice had
enlarged livers and exhibited progressive liver damage.

HNF-1a was also identified as a tumor suppressor gene in-
volved in human liver tumorigenesis since biallelic inactivating
mutations of the HNF-1a gene were found in 50% of hepatocel-
lular adenomas and, in rare cases, of well-differentiated hepato-
cellular carcinomas developed in the absence of cirrhosis (5).
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and enhances lysosomal degradation of HNF-1a protein.

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

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

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

In conclusion, we provided evidence suggesting that HCV
infection downregulates HNF-1a expression at both transcrip-
tional and posttranslational levels. HCV-induced downregula-
tion of HNF-1a may play a crucial role in glucose metabolic
disorders caused by HCV infection. Strategies aimed at HCV-
induced downregulation of HNF-1a protein may lead to the
development of new therapeutic agents for HCV-induced dia-
betes.
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Abstract

Hepatitis C virus (HCV) infects B lymphocytes and induces mixed cryoglobulinemia and B cell non-Hodgkin’s lymphoma. The
molecular mechanism for the pathogenesis of HCV infection-mediated B cell disorders remains obscure. To identify the
possible role for HCV nonstructural 5A (NS5A) protein in B cells, we generated the stable B cell lines expressing Myc-His
tagged NS5A. Immunoprecipitation study in the presence or absence of pervanadate (PV) implied that NS5A was tyrosine
phosphorylated by pervanadate (PV) treatment of the cells. Therefore we examined pull-down assay by using glutathione S-
transferase (GST)-fusion proteins of various Src homology 2 (SH2) domains, which associates with phosphotyrosine within a
specific amino acid sequence. The results showed that NS5A specifically bound to SH2 domain of Fyn from PV-treated B
cells in addition to Src homology 3 (SH3) domain. Substitution of Arg'’® to Lys in the SH2 domain of Fyn abrogated this
interaction. Deletion mutational analysis demonstrated that N-terminal region of NS5A was not required for the interaction
with the SH2 domain of Fyn. Tyr>3* was identified as a tyrosine phosphorylation site in NS5A. Far-western analysis revealed
that SH2 domain of Fyn directly bound to NS5A. Fyn and NS5A were colocalized in the lipid raft. These results suggest that
NS5A directly binds to the SH2 domain of Fyn in a tyrosine phosphorylation-dependent manner. Lastly, we showed that the
expression of NS5A in B cells increased phosphorylation of activation loop tyrosine in the kinase domain of Fyn. NS5A
containing ligand for both SH2 and SH3 domains enhances an aberrant autophosphorylation and kinase activity of Fyn in B
cells.
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regulatory tail. The SH2 and SH3 domains are highly conserved
regions and mediate protein-protein interactions: the SH2 domain
binds to phosphotyrosine residue within the specific amino acid
sequence, while the SH3 domain recognizes proline rich regions.
HCV NS5A was shown to interact with various SH3 domains of

Introduction

HCV is a small enveloped positive-sense RINA virus classified
within the family Flaviviridae [1,2]. In addition to liver cells, HCV
infects B cells, leading to mixed cryoglobulinemia and B cell non-

Hodgkin’s lymphoma [3-5]. HCV infection in B cells enhances
the expression of lymphomagenesis-related genes, such as activa-
tion-induced cytidine deaminase (AID) [6,7]. However, the
molecular mechanisms of HCV infection-mediated B cell disor-
ders remain elusive.

Non-receptor type of protein-tyrosine kinase Fyn is a member of
the Src family kinases, and has regulatory roles in immune
receptor signaling. Recently, Fyn has been recognized as an
important mediator of mitogenic signaling and regulator of cell
cycle entry, growth and proliferation. As for pathological aspects,
Fyn is overexpressed in various cancers, and overexpression of Fyn
in cultured cells resulted in cancer-like phenotypes [8].

The Src family kinases all share a common structure and
pattern of activation. The domains of these proteins include SH2,
SH3, and kinase domains followed by a short C-terminal
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intracellular signaling molecules, and the kinase activity of Fyn was
upregulated in liver cell lines harboring HCV replicon [9].
Binding of ligands to both the SH2 and SH3 domains disrupts
autoinhibitory intramolecular interactions and leads to the opened
conformation. Then autophosphorylation of the activation loop
tyrosine (Tyr*?® in Fyn) and dephosphorylation of the C-terminal
tail (Tyr>®' in Fyn) by protein-tyrosine phosphatases lead to the
activation of kinase activity [10].

Previously, we reported that Syk, another non-receptor type of
protein-tyrosine kinase interacts with transiently expressed NS5A
in PV treated BJAB B cells [11]. This suggested that protein-
tyrosine phosphorylation is required for the association of NS5A
with Syk, because PV is a nonspecific inhibitor of protein-tyrosine
phosphatases and treatment of cells with PV causes increase in
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protein-tyrosine phosphorylation in whole cells. Recently Pfann-
kuche et al. reported that NS5A binds to the SH2 domain of Src
[12]. However, molecular mechanism of their interaction and
effect of NS5A on the kinase activity of Src remain unclear.

In this study, we investigated the interaction between NS5A and
the SH2 domain of Fyn in B cells.

Materials and Methods

Antibodies and cDNAs

Anti-NS5A and anti-glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) mAbs were purchased from Millipore (Bedford,
MA, USA). Anti-Myc mAb and anti-Fyn antibody were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
phosphotyrosine (pTyr) (PY20) and human anti-IgM mAbs were
from Zymed (South San Francisco, CA, USA). Anti-GST mAb
was from Nacalai (Kyoto, Japan). Anti-phospho-Src family
(Tyr416) antibody, which detects phosphorylated amount of
Tyr**® in Fyn, was from Cell Signaling Technology (Danvers,
MA, USA). The pEFIA-NS5A(Conl)-Myc-His plasmid and its
deletion or substitution mutants were described previously [11].
Deletion of NS5A 127-146 (NS5A A127-146) was generated by
the PCR-based method using four primers, 5-TTGGTAC-
CATGTCCGGCTCGTGGCTAAGAG-3', 5'-GCTCTAGAG-
CAGCAGACGACGTCCTCA-3', 5'-GGTTACGCGGGTG-
GGGGATCCCGAATTCTTCACAGAAGTG-3', and 5'-CAC-
TTCTGTGAAGAATTCGGGATCCCCCACCCGCGTAAC-
C-3’, using NS5A ¢DNA as a template. Substitution of Tyr'* to
Phe (Y129F) of NS5A 1-146 was generated by the site-directed
mutagenesis using two primers, 5'-GGGGATTTCCACTTCGT-
GACGGGCA-3" and 5'-TGCCCGTCACGAAGTGGAAATC-
CCC-3', using NS5A 1-146 cDNA as a template. Substitutions of
Tyr'® to Phe (Y182F), Tyr**' to Phe (Y321F), and Tyr®** to Phe
(Y334F) of NS5A 147-447 were generated by the site-directed
mutagenesis using two specific primers designed by QuikChange
Primer Design Program (www.genomics.agilent.com), using NS5A
147-447 as a template. The resulted mutations were confirmed by
the DNA sequencing.

Cell culture and transfection

B-lymphoid leukemia BJAB cells were kindly provided from Dr.
Satoshi Ishido (RIKEN, Yokohama, Japan) [13] and maintained
as described previously [14]. For the stable transfection of BJAB
cells, 6 pg of linearized pEF1A-NS5A(Conl)-Myc-His was trans-
fected into 5x10° cells/500 pl of cells by electroporation (240 V,
950 uF). Stably transfected cell lines were selected with 0.4 mg/ml
of active G418 (Wako, Osaka, Japan) [15]. Cell lines were
screened by level of protein expression by immunoblotting of
detergent soluble lysates with anti-NS5A and anti-GAPDH mAbs
as an internal control. Two positive cloned lines were selected for
further analysis. For control cells, linearized empty vector was
transfected by electroporation, and pooled clones resistant to
0.4 mg/ml of active G418 were utilized as control cells. COS cells
were obtained from American Type Culture Collection (Manassas,
VA, USA) and Ramos-T cells were kindly provided from Dr.
Hamid Band (Nebraska Medical Center, NE, USA) [16].
Transient transfection of COS cells and Ramos-T cells were
described previously [17]. Huh-7.5 cells were kindly provided
from Dr. Charles M. Rice (The Rockefeller University, NY, USA)
[18] and stably harboring an HCV replicon (pFK5B/2884 Gly)
were described previously [11].
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Cell activation, immunoprecipitation and

immunoblotting

BJAB cells (10%) were washed twice with serum free medium and
treated with 100 uM PV or 10 pg/ml of anti-IgM mAb for 3 min
at 37°C in the same medium. Either unstimulated or stimulated
cells were washed twice with ice-cold PBS and then solubilized in
the lysis buffer (1% Triton X-100, 50 mM Tris, pH7.4, 150 mM
NaCl, 10 mM EDTA, 100 mM NaF, | mM NagVO,, 1 mM
phenylmethylsulfonyl fluoride and 2 ug/ml aprotinin) on ice. In
some experiments, 0.5% Nonidet P-40 was used instead of 1%
Triton. Precleared cell lysates were incubated with the indicated
antibodies prebound to protein A-agarose beads (Sigma, St. Louis,
MO, USA). After rotation for 90 min at 4°C, the beads were
washed 4 times with the lysis buffer, and the immunoprecipitated
proteins were eluted by the heat treatment for 5 min at 100°C
with 2 xsampling buffer. Precipitated proteins or cell lysates were
separated by SDS-PAGE and transferred to polyvinylidene
difluoride (PVDF) membrane (Millipore). After blocking in 5%
milk in TBST (25 mM Tris, pH 8.0, 150 mM NaCl, and 0.1%
Tween 20), the blots were incubated with the primary antibodies
and then horseradish peroxidase-conjugated goat anti-rabbit IgG,
goat anti-mouse IgG antibodies (Jackson ImmunoResearch
Laboratories, West Grove, PA, USA), or horseradish peroxidase-
conjugated protein G (Sigma) in TBST. To enhance the signals,
Immuno-enhancer Reagent A (Wako) was utilized in the reaction
with anti-pTyr (pY20) mAb. Finally, proteins were visualized by
the enhanced chemiluminescence (ECL) reagent (Western Light-
ning, PerkinElmer Life Sciences, Boston, MA) [19]. Immunoblot
quantification was performed using the program Scion Image
(Scion, Frederick, MD, USA).

Pull-down assay

The ¢DNA for Fyn-SH2 (Trp'**-Ala®") and —~SH3 (Thr®-
Glu'*®) were amplified by PCR using paired primers 5'-
GGAATTCATGGTACTTTGGAAAACTTGGC-3" and 5'-
CCGCTCGAGATCTTTAGCCAATCCAGAAGT-3" for -
SH2, 5'-GGAATTCAACAGGAGTGACACTGTTTGTG-3'
and 5'-CCGCTCGAGCTCTTCTGCCTGGATGGAGTC-3'
for —SH3, using mouse Fyn(T) cDNA (a gift from Dr. Yasuhiro
Minami, Kobe University, Kobe, Japan) as a template. The cDNA
for c-Abl-SH2 (Typ'**-His?®') and -SH3 (Leu®-Val'®®) were
amplified by PCR using paired primers 5'-CGGAATTCCTGG-
TATCATGGCCCTGTATCT-3’ and 5"-ATAGTT-
TAGCGGCCGCTAGCTGGGTAGTGGAGTGTGGT-3" for
-SH2, 5'-CGGAATTCCCTTTTTGTGGCACTCTATGAT-3’
and 5'-TAGTTTAGCGGCCGCTGACGGGGGTGATG-
TAGTTGCT-3' for -SH3, using mouse c-Abl cDNA (a gift from
Dr. David Baltimore, California Institute of Technology, CA,
USA) as a template. The ¢cDNA for Cbl-b N-terminal region
containing SH2 domain (Ala®-Pro®**) was amplified by PCR using
5-CGGAATTCCGCAAACTCAATGAATGGCAGA-3'  and
5'-CCGCTCGAGCTAAGGTGTAGGTTCACATAATCC-3',
using human Chl-b ¢cDNA (a gift form Dr. Stanley Lipkowitz,
National Naval Cancer Center, MD, USA) as a template. Resulted
PCR fragments were subcloned into pGEX-4T.3 (GE Healthcare,
Piscataway, NJ, USA) to make domain in-frame with the
downstream of GST and verified by DNA sequencing. The
GST-rat Lyn-SH2 and Syk-SH2 (N+C) expression constructs were
provided by Dr. Reuben P. Siraganian (National Institutes of
Health, MD, USA). Preparation of GST-rat Vavl-SH2, mouse c-
Abl SH3 domain-binding protein-2 (3BP2)-SH2, human phos-
pholipase C (PLC)-y2-SH2 (N+C), and rat Lyn-SH3 domain
expression constructs were described elsewhere [17,20,21]. Sub-
stitution of Arg'”® to Lys (R176K) by a point mutation of pGEX-
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4T.3-Fyn-SH2 was generated by the site-directed mutagenesis
using two primers 5'-TCAAAGAGAGCCAAACCACCAAAGG-
3 and 5-TAAGAAAGGTACCTCTTGGGTTTCC-3', using
Fyn-SH2 c¢DNA wild type as a template. The resulted point
mutation was confirmed by the DNA sequencing. All these SH2
and SH3 domains were fused downstream of GST. The GST
fusion proteins were affinity-purified with glutathione Sepharose
4B beads (GE Healthcare). Extraction of GST-fusion proteins
from bacteria was confirmed by the SDS-PAGE and Coomassie
brilliant blue staining [22].

BJAB cells (10%), Huh-7.5 cells stably harboring an HCV
replicon (3x10%), COS cells (10° or Ramos B cells expressing
SV40 T antigen (Ramos-T cells) (10”) were washed twice with
serum free medium and stimulated with 100 pM PV for 3 min at
37°C. Either unstimulated or stimulated cells were solubilized in
the binding buffer (1% NP-40, 50 mM Tris, pH7.4, 150 mM
NaCl, 10 mM EDTA, 100 mM NaF, 1 mM NazVO,, 1 mM
phenylmethylsulfonyl fluoride and 2 pg/ml aprotinin). After
centrifugation, the resulted supernatants were reacted with 20 pg
of GST-fusion proteins prebound to glutathione Sepharose 4B
beads for 90 min at 4°C. The beads were washed 4 times with the
binding buffer. Proteins interacting with GST-fusion proteins were
cluted by heat treatment for 5 min at 100°C with 2 xsampling
buffer, separated by SDS-PAGE, and analyzed by immunoblot-
ting.

Far-western

Anti-NS5A immunoprecipitates from BJAB cells (3x107) were
separated by SDS-PAGE and transferred to PVDF membrane.
After blocking, the membranes were incubated with 2.5 pg/ml of
GST or GST-Fyn-SH2 for 1 h at 4°C. After extensive washing,
membranes were reacted with anti-GST mAb, subsequently
reacted with horseradish peroxidase conjugated goat anti-mouse
IgG antibody, and then subjected to ECL detection [17].

Subcellular fractionation

The low density detergent-insoluble fractions were prepared by
sucrose density gradient centrifugation as described [23]. BJAB
cells (10%) were solubilized in 2.5 ml of 0.05% Triton in MNEV
buffer (150 mM NaCl, 25 mM Mes, pH 6.5, 5 mM EDTA,
I mM Na3zVOy,, and protease inhibitors) and dounced 10 times.
Homogenates were cleared of intact cells by centrifugation for
10 minutes at 200 g. The resultant supernatants (2.4 ml) were
mixed with equal volumes of 80% sucrose in MNEV buffer (final,
40% sucrose and 0.025% Triton), overlayered by 4.8 ml 30% and
2.4 ml 5% sucrose in MNEV buffer, and then centrifuged for
20 hours at 200 000 g (P40ST rotor, Himac CP80OWX, Hitachi,
Tokyo, Japan). After sucrose density gradient centrifugation, 9
fractions were collected from the top of the gradient and analyzed
by the immunoblotting.

Statistical analysis

Quantification of Fyn was analyzed by Image] software. The
two-tailed Student t-test was applied to evaluate the statistical
significance of differences found. A P value of <0.05 was
considered statistically significant.

In vitro kinase assay

Unstimulated BJAB cells were washed twice with ice-cold PBS
and then solubilized in the lysis buffer. Precleared cell lysates were
incubated with anti-Fyn antibody prebound to protein A-agarose
beads. After rotation for 90 min at 4°C, the beads were washed 4
times with the lysis buffer, 2 times with the kinase buffer without
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ATP, then incubated with 20 pl of the kinase buffer (40 mM
Hepes, pH 7.5, 10 mM MgCly, 2 mM MnCl,, 4 uM ATP, 4 uCi
[v-"®P] ATP) and 2.5 pg of acid-treated enolase (Sigma) for
30 min at room temperature. Reaction was terminated and
proteins were eluted by the heat treatment for 5 min at 100°G
with 2xsampling buffer. Proteins were separated by SDS-PAGE
and gel was incubated with IN KOH for I h at 56°C to remove
phosphoserine and most of phosphothreonine. After fixation, the
gel was dried and radiolabeled proteins were visualized by
autoradiography. Immunoprecipitation of Fyn was confirmed by
the immunoblotting.

Results

HCV NS5A associates with the SH2 domain of Fyn

To identify HCV NS5A-interacting protein in B cells, we
generated the stable B cell lines in which Myc-His tagged NS5A
protein is constitutively expressed. Since we confirmed that the
parental cells did not express NS5A, we choose the clones in which
the level of NS5A expression was highest (Fig. 1A). In the following
experiments, two cloned lines (clone 3 and 7) were examined,
although some figures present the results from only one
representative cell line. For control, vector plasmid was transfected
into the same parental cells and G418-resistant clones were pooled
and utilized as control cells.

Next, we performed immunoprecipitation study using anti-Myc
mAb and found tyrosine phosphorylated proteins (Fig. 1B). This
suggests that NS5A was tyrosine phosphorylated by PV treatment
or another protein with similar size that associates with NS5A
(Fig. 1B). Another experiment by affinity tag purification using
Nickel column which could react with His-tag (His-Accept kit,
Nacalai) also showed some tyrosine phosphorylated proteins in
NS5A protein complex (data not shown). These findings suggest
the possible involvement of protein-tyrosine phosphorylation
associating with NS5A. Therefore, we tried to identify the protein
which associates with NS5A through SH2 domain, which
recognizes specific phosphotyrosine-containing amino acid se-
quence.

Then we carried out pull-down assay using GST-fusion proteins
of various SH2 domains (Fig. 1C). Among these, the SH2 domain
of Fyn dramatically bound to NS5A from PV-treated B cells. The
SH2 domains of PLC-y2 weakly bound to NS5A. The SH2
domains of Lyn, Abl, Vav, 3BP2, Syk or Cbl-b interacted with
NS5A at very low level (long exposure, data not shown). GST-
Lyn-SH3 was utilized as positive control because it was reported to
mteract with NS5A [9]. Therefore, this data demonstrated that
HCV NS5A selectively binds to the SH2 domains of Fyn and
PLC-y2 in B cells. GST-human Fyn-SH2 also interacted with
NS5A (Fig. S1). Moreover, the NS5A interaction with GST-Fyn-
SH2 was observed even in the context of HGV RNA replication
(Fig. 1D). Thus, HCV NS5A selectively associates with the SH2
domain of Fyn.

NS5A binds to the SH2 domain of Fyn in a tyrosine
phosphorylation-dependent manner

PV treatment of cells dramatically enhances the binding of
NS5A to the SH2 domain of Fyn, but not with that of Lyn or Abl
(Fig. 2A). Substitution of Arg'”® to Lys in the SH2 domain of Fyn,
which caused the loss of association with phosphotyrosine residue,
abrogated the binding of the SH2 domain of Fyn to NS5A
(Fig. 2B). Arg'’® is located in the consensus sequence within the
SH2 domains to interact with phosphotyrosine residue. On the
other hand, the SH3 domain of these kinases associated with
NS5A to a comparable level (Fig. 2C). These results suggest that
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Figure 1. Identification of HCV NS5A-interacting proteins in B cells. (A) Generation of stable B cell lines expressing HCV NS5A. Detergent
soluble cell lysates from vector cells (Vec) and Myc-His-NS5A expressing clones (clones 3 and 7) were separated by SDS-PAGE and analyzed with
immunoblotting with anti-NS5A and anti-GAPDH mAbs. (B) BJAB cells expressing Myc-His-NS5A (clone 7) were treated without (—) or with (+) PV and
solubilized in the lysis buffer. Cell lysates were immunoprecipitated with anti-Myc mAb and immunoprecipitated proteins were separated by SDS-
PAGE and analyzed with immunoblotting with anti-pTyr (PY20) and anti-NS5A mAbs. PV-treated cells expressing Myc-His-NS5A (clone 7) (C) or Huh-
7.5 cells stably harboring an HCV subgenomic replicon (D) were solubilized in the binding buffer. Precleared lysates were reacted with the indicated
GST-fusion proteins and binding proteins were separated by SDS-PAGE and analyzed with immunoblotting with anti-NS5A mAb. The amount of GST-
fusion proteins was confirmed by Coomassie brilliant blue (CBB) staining (C and D). Molecular sizing markers are indicated at left in kilodalton. The
results were representative of three independent experiments. Similar results were obtained when another line was examined (B and C).
doi:10.1371/journal.pone.0046634.g001

increase in tyrosine phosphorylation of NS5SA itself, or other cells, although this region contains the region to interact with
associating proteins, allow the interaction with the SH2 domain of  another kinase Syk (Fig. 3A) [11]. NS5A 127-146 and 147447

Fyn. could interact with the SH2 domain of Fyn. This demonstrates
that deletion of the Fyn-binding region in the context of the full-
Central and/or C-terminal regions of NS5A binds to the length protein leads to loss of function. Similar results were

obtained when HCV NS5A proteins were transiently expressed in
Ramos B cells expressing SV40 T antigen (Ramos-T cells), and
examined by pull-down assay (Fig. 3B). Deletion of 127-146
(NS5A A127-146) still allowed binding of NS5A to the SH2

SH2 domain of Fyn

To map the Fyn-SH2-binding region in NS5A, a series of
deletion mutants were examined (Fig. 3). The results obtained
reveals that N-terminal region (amino acids number 1-126) is not
required for the interaction with the SH2 domain of Fyn in COS
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Figure 2. Pervanadate treatment of cells stimulates the binding of NS5A to the SH2 domain of Fyn in B cells. Either nontreated or PV-
pretreated cells expressing Myc-His-NS5A (clone 7) were reacted with GST-fusion proteins of SH2 domains of various protein-tyrosine kinases (PTKs)
(A), GST-Fyn-SH2 or GST-Fyn-SH2 R176K (B), or SH3 domains of various PTKs (C). Binding proteins were separated by SDS-PAGE and analyzed with
immunoblotting with anti-NS5A mAb. The amount of GST-fusion proteins was confirmed by CBB staining. Molecular sizing markers are indicated at
left in kilodalton. The results were representative of three independent experiments. Similar results were obtained when another line was examined.
doi:10.1371/journal.pone.0046634.9g002
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Figure 3. Structural analysis of the association of NS5A with the SH2 domain of Fyn in B cells. COS cells (A, C, E) or B cells (Ramos-T) (B)
expressing different kinds of NS5A were stimulated with PV and subjected to pull-down assay using GST-Fyn-SH2. Binding proteins were separated
by SDS-PAGE and analyzed with immunoblotting with anti-Myc mAb. The amount of GST-fusion proteins was confirmed by CBB staining. (D) COS
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kilodalton. The results were representative of three independent experiments.
doi:10.1371/journal.pone.0046634.g003
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domain of Fyn (Fig. 3C). This suggests that NS5A A127~146 could
interact with the SH2 domain of Fyn through NS5A 147-447.

[dentification of Tyr*>* as a tyrosine phosphorylation site
in NS5A

In COS cells, full length and a series of deletion mutants of
NS5A were tyrosine phosphorylated by PV treatment (Fig. S2).
Because NS5A 1-126 could not bind to the SH2 domain of Fyn,
we examined the possible involvement of tyrosine residue between
amino acids number 127 and 146 for the binding. In this region,
there is only one tyrosine residue that appears to be conserved.
However, substitution of Tyr'?® to Phe of truncated NS5A (NS5A
1-146 Y129F) still allowed tyrosine phosphorylation by PV and
binding to the SH2 domain of Fyn in COS cells (Fig. S2 and S3).
Thus, Tyr'* is not critical for the binding of NS5A to the SH2
domain of Fyn. In addition to this region (127 to 146), we
examined the conserved tyrosine residues between 147 and 447 of
NS5A (Tyr'®2, Tyr®?! and Tyr®%4, Amonyg those, substitution of
Tyr** to Phe (Y 334F) reduced tyrosine phosphorylation of NS5A
147-447, however this mutant could interact with the SH?
domain of Fyn (Fig. 3D and E). NS5A Y182F and Y321F were
tyrosine phosphorylated as NS5A 147447 (Fig. 3D and data now
shown). Therefore, these results suggest that Tyr®** is required for
tyrosine phosphorylation of NS5A, and existence of the multiple
mechanisms for the binding of NS5A with Fyn including pTyr-
SH2 domain interaction. Furthermore, we could not detect the
increase in tyrosine phosphorylation of NS5A by i vitro kinase
reaction with Fyn (data not shown), suggesting that some other’
protein-tyrosine kinases are required for phosphorylating NS5A.

The SH2 domain of Fyn directly binds to NS5A

Next we examined the mechanism of the interaction of the SH2
domain of Fyn and NS5A. Association of Fyn and NS5A in B cells
were tested by the immunoprecipitation study (Fig. 4A). The result
showed that NS5A was coprecipitated with anti-Fyn antibody, and
vice versa. Therefore, NS5A complexes with Fyn in B cells. Far-
western analysis further demonstrated that the SH2 domain of Fyn
could directly bind to NS5A, suggesting that NS5A is tyrosine
phosphorylated in B cells (Fig. 4B). We have shown that PV
treatment of cells stimulates tyrosine phosphorylation of NS5A
(Fig. 1B). These results demonstrate that NS5A could be tyrosine
phosphorylated in B cells and directly associated with the SH2
domain of Fyn. In addition, we demonstrated the subcellular
fractionation by sucrose density gradient centrifugation (Fig. 4C).
Fractions 2-4 were regarded as low density detergent-insoluble
fractions, whereas 5-9 were detergent-soluble fractions. As shown,
NS5A broadly located in almost all of the fractions. In contrast,
most of Fyn was located in detergent-insoluble fractions because of
the lipid modification of Fyn (fractions 2-4), and some were in the
detergent-soluble fractions (fractions 5-9). These results demon-
strate that some of NS5A and Fyn are located in low density
detergent-insoluble fractions in B cells.

Association with NS5A increases autophosphorylation
and kinase activity of Fyn

Finally, we examined the effect of the expression of NS5A on
the function of Fyn tyrosine kinase (Fig, 4D). Cross-linking of B cell
receptor by anti-IgM mAb resulted in the increase in phosphor-
ylation of a tyrosine residue in the activation loop of the kinase
domain of Fyn, which parallels to its kinase activity [10].
Immunoprecipitation and immunoblotting experiments demon-
strated that coexpression of NS5A increases phosphorylation of
activation loop tyrosine and anti-IgM stimulation enhances this
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phenomenon. Immunoblot quantification also indicated the
significant higher phosphorylation of the activation loop of Fyn
in the unstimulated state in the NS5A expressing cells. In addition,
we examined the biochemical kinase activity of Fyn by i vitro
kinase assay (Fig. 4E). Coexpression of NS5A enhanced the kinase
activity of Fyn as measured by both autophosphorylation and
phosphorylation of exogenous substrate (enolase). This result
biochemically demonstrated that association with NS5A increases
tyrosine kinase activity of Fyn to phosphorylate tyrosine residues
on Fyn itself and exogenous substrate. These results suggest that
association of NS5A enhances an autophosphorylation and kinase
activity of Fyn in B cells.

Discussion

We have demonstrated the possible tyrosine phosphorylation of
NS5A in B cells and the interaction of NS5A with the SH2 domain
of Fyn, in addition to SH3 domain. Previous reports demonstrated
that cells harboring HCV replicon possesses the increased kinase
activity of Fyn, which supports our conclusion of this study [9].
NS5A contains a highly conserved proline rich regions with Pro-
X-X-Pro-X-Arg motif which is capable of the interaction with the
SH3 domains of variety of cellular proteins, including Fyn [24].
Our finding reveals the second interaction site of Fyn to associate
with NS5A. Therefore, NS5A could associate with both SH3 and
SH2 domains. Through the two interactions, via SH3 and SH?
domains, it is predicted that NS5A could alter the conformation of
Fyn to open active state. Physiological mechanism has generally
been recognized that adaptor proteins with ligands of SH2 and
SH3 domains bind to Src family kinases and positively regulates
the kinase activity. Consistent with previous reports, our study
demonstrated that NS5A protein containing potential ligands for
both SH3 and SH2 domains increases autophosphorylation of Fyn
in B cells.

Fyn has two tyrosine phosphorylation sites; one tyrosine in the
activation loop is phosphorylated by autophosphorylation and the
other in the C-terminal tail is phosphorylated by Csk to negatively
regulate the kinase activity. In this manuscript, we examine the
phosphorylation of tyrosine in the activation loop by using anti-
phospho-Src family (Tyr416) antibody, which detects phosphor-
ylated amount of a conserved tyrosine in the activation loop of Src
family kinase (Fig. 4D). Therefore, we could conclude that tyrosine
phosphorylation of Fyn was occurred in Tyr* in the kinase
domain.

The small interference RNA library screening study demon-
strated that Csk is one of the protein-tyrosine kinases involved in
the replication of HCV [25]. Csk is known to phosphorylate
tyrosine residue in the C-terminal tail and negatively regulate Src
family kinase, such as Fyn. Knock down of Fyn resulted in up-
regulation of HCV replication [25]. This suggests that activation
of Fyn suppresses HCV replication. In light of the aberrant
increase in autophosphorylation of Fyn by NS5A coexpression, it
is possible that NS5A negatively regulates HCV replication with
activating Fyn kinase assumedly for persistent infection.

v-Src is the first discovered oncogene, and Fyn is a member of
cellular Src family kinases and is also associated with cancer.
Overexpression of Fyn in NIH3T3 fibroblast cells exhibited a
cancer-like phonotype with increased anchorage-independent
growth and prominent morphologic changes. Other studies have
revealed that overexpression of Fyn results in promotion of the
anti-apoptotic activity of Akt and dysregulation of anchorage-
dependent cell growth. In this study, expression of NS5A
enhanced autophosphorylation of Fyn in B cells, suggesting that
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Figure 4. Association with NS5A increases the kinase activity of Fyn in B cells. (A) Endogenous interaction of Fyn with NS5A in BJAB cells.
Cells were solubilized in the lysis buffer containing 0.5% Nonidet P-40. Detergent-soluble lysates from BJAB cells expressing Myc-His-NS5A (clone 7)
were subjected to immunoprecipitation with anti-Fyn or anti-Myc antibodies. Protein interactions between NS5A and Fyn were analyzed by the
immunoblotting with anti-NS5A mAb and anti-Fyn antibody, respectively. (B) Anti-Myc immunoprecipitates were separated by SDS-PAGE and
subjected to far western analysis with GST or GST-Fyn-SH2 (GST-Fyn-SH2) (upper panel), and immunoblotting analysis with anti-NS5A mAb (lower
panel). (C) Cell homogenates were fractionated by sucrose density gradient centrifugation. Proteins from these fractions were separated by SDS-PAGE
and analyzed with immunoblotting with anti-NS5A mAb, anti-Fyn, and anti-GAPDH antibodies. (D) Control cells (Vec) and cells expressing Myc-His-
NS5A (clone 7) were unstimulated (—) or stimulated (+) with anti-lgM mAb. Anti-Fyn immunoprecipitates (IP) were separated by SDS-PAGE and
analyzed by immunoblotting with anti-phospho-Src family (Tyr416) antibody recognizing autophosphorylated Fyn (pFyn) and anti-Fyn antibody.
Detergent-soluble lysates were separated by SDS-PAGE and analyzed by immunoblotting with anti-NS5A and anti-GAPDH mAbs. Densitometry
analysis was performed on three experiments representative of Fig. 4D. Levels of pFyn were normalized to their respective total Fyn protein. The fold
changes of pFyn are shown relative to unstimulated control cells. Data represent the mean = SD of three independent experiments. *, P<<0.05. (E)
Anti-Fyn immunoprecipitates (IP) from control cells (Vec), cells expressing Myc-His-NS5A clone 3 (C3) and clone 7 (C7) were subjected to in vitro
kinase assay using enolase as an exogenous substrate. Radioactive proteins were separated by SDS-PAGE and visualized by autoradiography.
Immunoprecipitated Fyn was analyzed by immunoblotting. Molecular sizing markers are indicated at left in kilodalton. The results were
representative of three independent experiments. Similar results were obtained when another line was examined.
doi:10.1371/journal.pone.0046634.g004

HCV-mediated activation of Fyn can promote aberrant growth Supporting Information
and anti-apoptotic status leading to B lymphomagenesis [8].

Adaptor proteins have also been recognized candidates to
promote oncogenes. For example, v-Crk (CT10 regulator of
tyrosine kinase)/Crk-I are adaptor proteins composed of SH2 and
SH3 domains but lack negative regulatory region (phosphotyrosine
and C-terminal SH3 domain). Those adaptors function as
constitutively activated ones, leading to tumorgenesis. Like that,
NS5A presumably works constitutive activated adaptor for Fyn
kinase [26].

In conclusion, present study demonstrated that NS5A binds to
the SH2 domain of Fyn in tyrosine phosphorylation-dependent
manner and that NSOA containing ligand for both SH2 and SH3
domains produces an aberrant increase in autophosphorylation
and kinase activity of Fyn. Further studies are needed to clarify
which tyrosine residues in NS5A are phosphorylated and bind to
SH2 domain of Fyn. These data, however, may contribute to our
understanding of the mechanisms that HCV infection causes B (T1F)
lymphomagenesis. Figure S2 Tyrosine phosphorylation of NS5A and its

mutants in COS cells. Full length and a series of deletion

Figure S1 GST-human Fyn-SH2 could react with NS5A.
The cDNA for human Fyn-SH2 (Trp'*-Arg®®®) were amplified by
PCR using paired primers 5'-GGAATTCATGGTACTTTG-
GAAAACTTGGC-3' and 5'-GATCAACTGCAGGGATTCT-
CG -3, using cDNA from total RNA of BJAB cells as a template.
Resulted PCR fragment was subcloned into the pGEX-4T.3 (GE
Healthcare) to make domain in-frame with the downstream of
GST and verified by DNA sequencing. PV-treated cells expressing
Myc-His-NS5A (clone 7) were solubilized in the lysis buffer.
Precleared lysates were reacted with GST or GST-human Fyn-
SH2 and binding proteins were separated by SDS-PAGE and
analyzed with immunoblotting with anti-NS5A mAb. The amount
of GST-fusion proteins was confirmed by CBB staining. Molecular
sizing markers are indicated at left in kilodalton. The results are
representative of two independent experiments.
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mutants of NS5A were transiently expressed in COS cells. Cells
were unstimulated (—) or stimulated (+) with PV and solubilized in
the lysis buffer. Cell lysates were immunoprecipitated with anti-
Myc mAb and immunoprecipitated proteins were separated by
SDS-PAGE and analyzed with immunoblotting with anti-pTyr
(PY20) and anti-Myc mAbs. Molecular sizing markers are
indicated at left in kilodalton. The results were representative of
three independent experiments.

(TIF)

Figure $3 Tyr'? is not critical for the binding of NS5A
to the SH2 domain of Fyn. Indicated mutant forms of NS5A
were transiently expressed in COS cells. Cells were unstimulated
(—) or stimulated (+) with PV. Cells were solubilized in the binding
buffer and precleared lysates were reacted with GST-Fyn-SH2.
Detergent-soluble lysates and binding proteins were separated by
SDS-PAGE and analyzed with immunoblotting with anti-Myc
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The molecular basis of antibody neutralization
against hepatitis C virus (HCV) is poorly under-
stood. The E2 glycoprotein of HCV is critically
involved in viral infectivity through specific
binding to the principal virus receptor compo-
nent CD81, and is targeted by anti-HCV neutral-
izing antibodies. A previous study showed that
a mutation at position 534 (N534H) within the
sixth N-glycosylation motif of E2 of the J6/JFH1
strain of HCV genotype 2a (HCV-2a) was re-
sponsible for more efficient access of E2 to
CD81 so that the mutant virus could infect the
target cells more efficiently. The purpose of this
study was to analyze the sensitivity of the pa-
rental J6/JFH1, its cell culture-adapted variant
P-47 possessing 10 amino acid mutations and
recombinant viruses with the adaptive muta-
tions to neutralization by anti-HCV antibodies in
sera of HCV-infected patients. The J6/JFH1 vi-
rus was neutralized by antibodies in sera of
patients infected with HCV-2a and -1b, with
mean 50% neutralization titers being 1:670 and
1:200, respectively (P < 0.00001). On the other
hand, the P-47 variant showed 50- to 200-times
higher sensitivity to antibody neutralization
than the parental J6/JFH1 without genotype
specificity. The N534H mutation, and another
one at position 416 (T416A) near the first N-

glycosylation motif to a lesser extent, were

shown to be responsible for the enhanced
sensitivity to antibody neutralization. The pres-
ent results suggest that the residues 534,
and 416 to a lesser extent, of the E2 glycopro-
tein are critically involved in the HCV infectivity

© 2011 WILEY PERIODICALS, INC.

and antibody neutralization. J. Med. Virol.
84:229-234, 2012. © 2011 Wiley Periodicals, Inc.
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evasion; glycan

INTRODUCTION

Hepatitis C virus (HCV), a member of the family
Flaviviridae, the genus Hepacivirus, is an enveloped,
positive-stranded RNA virus that infects an estimated
170 million people worldwide. The virus evades the
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host immune system to establish chronic infection,
which often leads to serious liver diseases, such as
cirrhosis and hepatocellular carcinoma. Even with a
current standard treatment with pegylated interferon
plus ribavirin, sustained viral clearance is obtained
for only approximately 50% of patients infected with
HCV genotype 1b (HCV-1b). Neither antibody-based
prophylaxis nor an effective vaccine is currently
available.

A better understanding of the interplay between
viral and host factors that determine HCV clearance
or persistence is needed for the design of effective pas-
sive immunotherapy and effective vaccines. A growing
body of evidence from studies in humans and chim-
panzees suggests that HCV-specific T-cell immunity
plays an important role in the viral clearance [Bowen
and Walker, 2005]. Also, several studies have indicat-
ed a role for humoral immunity in HCV infection
[Bartosch et al., 2003; Logvinoff et al., 2004; Lavillette
et al., 2005; Netski et al., 2005; Pestka et al., 2007;
Dowd et al., 2009]. However, this aspect remains
poorly characterized.

The E2 glycoprotein of HCV plays an important role
in viral attachment and, therefore, becomes a major
target of anti-HCV neutralizing antibodies. Identifica-
tion of protective epitopes in E2 conserved among dif-
ferent HCV strains is a major challenge in vaccine
design [Tarr et al.,, 2006; Helle et al., 2007; Gal-
Tanamy et al., 2008; Keck et al., 2008]. The develop-
ment of infectious retroviral pseudoparticles (HCVpp)
bearing HCV envelope glycoproteins helps us study
interactions between K2 epitopes and the virus
receptor CD81 or neutralizing antibodies [Bartosch
et al., 2003; Logvinoff et al., 2004; Lavillette et al.,
2005; Pestka et al., 2007; Dowd et al., 2009]. More
significantly, authentic HCV particles produced by
the HCV cell culture system (HCVec) are currently
available for this purpose [Lindenbach et al., 2005;
Wakita et al., 2005; Zhong et al.,, 2005; Fournier
et al., 2007].

Recently, it was demonstrated using HCVcc that a
mutation at position 534 from Asn to His (N534H) in
the E2 glycoprotein of the HCV J6/JFHL1 strain con-
fers an advantage to the mutant viruses at the entry
level probably through more efficient access to CD81
[Bungyoku et al., 2009]. The Asn-534 is located in the
sixth of 11 N-linked glycosylation sites and the
N534H mutation is predicted to remove this glycosyla-
tion. The present study has shown that the N534H
mutation in the E2 glycoprotein of HCV J6/JFH1
markedly enhances the sensitivity of the virus to neu-
tralization by specific neutralizing antibodies in sera
of patients infected with HCV.

MATERIALS AND METHODS
Cells and Viruses

Huh-7.5 cells [Blight et al., 2002] and pFL-J6/JFH1
[Lindenbach et al.,, 2005] were kindly provided by

J. Med. Virol. DOI 10.1002/jmv
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Dr. C. M. Rice (Rockefeller University, New York, NY,
USA). Huh-7.5 cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Wako, Osaka, Japan)
supplemented with 10% fetal bovine serum (Biowest,
Nuaille, France), 0.1 mM non-essential amino acids
(Invitrogen, Carlsbad, CA), penicillin (100 IU/ml), and
streptomycin (100 pg/ml) (Invitrogen) at 37°C in a
CO; incubator. Propagation of HCV J6/JFH]1, its cell
culture-adapted mutant P-47 and recombinant viruses
possessing each of the adaptive mutations was de-
scribed previously [Deng et al., 2008; Bungyoku et al.,
20091.

Human Sera and Anti-HCV Neutralization Test

Sera were collected from 89 patients infected chron-
ically with HCV-1b or HCV-2a, who were treated with
pegylated interferon o-2b and ribavirin, as described
previously [El-Shamy et al., 2007, 2008]. Sera were
also collected from 11 patients with acute HCV-1b
infection, either severe acute hepatitis or mild self-
resolving hepatitis. The study protocol was approved
by the Ethic Committees in Kobe University and
Yamagata University and informed written consent
provided by patients and volunteers. Sera collected
from healthy volunteers who were negative for anti-
HCV antibodies served as a control. The sera were
inactivated at 56°C for 30 min before being used for
the virus neutralization test.

An HCV neutralization test was performed as de-
scribed previously [Sasayama et al., 2010]. In brief,
serially diluted serum samples were mixed with the
same amount of HCV solution containing 1 x 10* cell-
infecting units. After incubation at 37°C for 1 hr, the
mixtures were inoculated to Huh-7.5 cells (2 x 10°
cells per well in 24-well plates) and incubated in a 5%
COg incubator. After 3 hr, the inocula were removed
and fresh complete DMEM were added to the cells. At
24 hr postinfection, cells were fixed with ice-cold
methanol, blocked with 5% goat serum in phosphate-
buffered saline and subjected to immunofluorescence
analysis using mouse monoclonal antibody against
HCV core antigen (2H9) [Wakita et al., 2005] and
Alexa Fluor 488-conjugated goat anti-mouse IgG
(H + L) (Molecular Probes, Eugene, OR). The immu-
nostained cells were counterstained with Hoechst
33342 (Molecular Probes) at room temperature for
5 min and observed under a fluorescence microscope
(BZ-9000; Keyence, Osaka, Japan). The number of
HCV-infected cells in each well was counted by using
a software BZ-H1C (Keyence). The serum dilutions
that neutralized 50% of the virus infectivity was cal-
culated by curvilinear regression analysis [Abe et al.,
2003]. Titers were expressed as 50% neutralization
titers (NT'50).

Statistical Analysis

Student’s ¢-test was used to compare the data
between different groups. A P-value of <0.05 was con-
sidered to be significant.
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RESULTS

Anti-HCV Neutralizing Antibodies in Sera of
Patients Infected With HCV

Sera were obtained from patients chronically
infected with HCV-1b or -2a, and tested for anti-HCV
neutralizing activities. Representative results of neu-
tralization curves using the parental J6/JFH1 and the
P-47 mutant as challenge viruses are shown in
Figure 1. When measured against J6/JFH1, NTs,
titers of sera of patients infected with HCV-1b ranged
from 1:10 to 1:700, with the mean NTj, titer being
1:197, whereas those of patients infected with HCV-2a
ranged from 1:100 to 1:1,500, with the mean value be-
ing 1:670 (Table I). The difference in NTj5¢ between
patients infected with HCV-1b and -2a was statisti-
cally significant (P < 0.00001). When measured
against P-47, on the other hand, unexpectedly high
NTj, titers were obtained ranging from 1:4,000 to
1:182,000, with the mean values being 1:40,500 and
1:32,900 for patients infected with HCV-1b and -2a,
respectively. These results suggest the possibility that
an adaptive mutation(s) of P-47, most probably pres-
ent in the envelope glycoproteins, confers higher sen-
sitivity to neutralization by anti-HCV antibodies.

Unlike the case with J6/JFH1, when P-47 was used
as a challenge virus, no significant difference in NT5q
titers was observed between patients infected with
HCV-1b and -2a (Table I). This result suggests the
possible presence of a genotype-dominant neutraliza-
tion epitope(s) on the envelope glycoproteins of J6/
JFH1 although anti-HCV neutralizing antibodies in
patients’ sera are reactive to both HCV-1b and -2a.
The broad reactivity of the neutralizing antibodies in
patients’ sera across different HCV genotypes is con-
sistent with previous observations by other research-
ers [Logvinoff et al., 2004; Meunier et al., 2005;
Fournier et al., 2007; Pestka et al., 2007; Scheel et al.,
2008].

-~ #10 (JE/JFH1)
-8~ #23 (JELIFHT)
-+ #42 (JBIJFH1)
~o- §10 (P-47)
- #23 (P-47)
~- #42 (P-47)

% Neutralization

Serum dilution

Fig. 1. Neutralization curves (NT5, assay) of sera obtained from
HCV-infected patients against HCV J6/JFH1 and its adaptive mu-
tant P-47. J6/JFH1 or P-47 was incubated with serial dilutions of
HCV-infected patients (nos. 10, 23, and 42; all infected with HCV-
1b) and tested for neutralization activities. The neutralization rates
at each dilution were plotted. Filled and open symbols indicate data
obtained with J6/JFH1 and P-47, respectively.

231

Sera obtained from patients with acute hepatitis C
contained much lower titers of anti-HCV neutralizing
antibodies compared to those in sera from chronic
hepatitis patients, with the average NTjq titers
against J6/JFH1 and the adaptive mutant P-47 being
1:15 and 1:126, respectively (Table I). Two patients
with severe acute hepatitis C with elevated serum al-
anine aminotransferase levels of >1,000 IU/ml [Saito
et al., 2004; unpublished], possessed relatively high
NTj, titers against P-47 (1:150 and 1:1,100) compared
to the remaining nine patients who experienced mild
self-resolving hepatitis (<1:10 to 1:50).

A Single-Point Mutation (N534H or T416A) of the
HCV E2 Glycoprotein Increases Sensitivity to
Neutralization by Anti-HCV Antibodies

Neutralization of virus infectivity by antibodies
usually involves their interaction with viral envelope
glycoproteins. It has been reported that the cell cul-
ture-adapted mutant P-47 possesses 10 amino acid
mutations, including four mutations in E2, compared
to the parental J6/JFH1 [Bungyoku et al., 2009]. To
examine which mutation(s) in E2 is responsible for
the increased sensitivity of P-47 to neutralization by
antibodies in patients’ sera, recombinant viruses pos-
sessing each one of the four mutations in E2 were
used (Fig. 2A). The result obtained revealed that a re-
combinant virus possessing a single-point mutation at
position 534 from Asn to His (N534H) and another
one possessing four mutations (E2) were as sensitive
as P-47 to neutralization by sera of chronic hepatitis
patients (Fig. 2B) and the two patients with acute
hepatitis C (data not shown). The T416A and T396A
mutants were also significantly more sensitive than
J6/JFH1, but less sensitive than P-47, N534H, and E2
mutants, to neutralization by antibodies in patients’
sera. In this connection, it was recently reported that
a JFH1 virus-based T416A mutant showed increased
sensitivity to antibody neutralization [Dhillon et al.,
2010].

DISCUSSION

The present results revealed that sera of patients
infected with HCV-1b possessed cross-genotypic neu-
tralizing antibodies against the J6/JFH1 strain of
HCV-2a, albeit with significantly lower titers (ca. one-
third) compared to the homotypic neutralization titers
observed for patients infected with HCV-2a (Table I).
When measured against the adaptive mutant P-47 de-
rived from J6/JFHI, neutralizing antibody titers of
the patients sera increased markedly to the level 50-
to 200-times higher than that measured against J6/
JFH1. Also, the partial genotype-specificity observed
with J6/JFH1 was no longer evident when measured
against P-47. The marked increase in the sensitivity
of P-47 to antibody neutralization was assigned to a
mutation at position 534 (N534H), and another one at
position 416 (T416A) to a lesser extent, of the E2 gly-
coprotein (Fig. 2).
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TABLE 1. NTj5, Titers in Sera of HCV-Infected Patients With Chronic or Acute Hepatitis C
NTj titer® measured against
CH/AH Genotype J6/JFH1 P-47
CH HCV-1b (n = 69) 197 + 164 (1) 40,500 + 31,800 (206)
CH HCV-2a (n = 20) 670 + 652° (3.4) 32,900 + 26,500° (167)
AH HCV-1b (0 = 11) 15 + 28 (0.08) 126 + 326 (0.6)

(<10-100) (<10-1,100)

CH, chronic hepatitis; AH, acute hepatitis.

®Mean + SD. The number in the parenthesis means the ratio when compared to the mean titer that was obtained with sera of

HCV-1b-infected CH patients against J6/JFH]1.

bp < 0.00001, compared to the mean titer obtained with sera of HCV-1b-infected patients against J6/JFH1 (Student’s ¢-test).
°P = 0.33, compared to the mean titer obtained with sera of HCV-1b-infected patients against P-47 (Student’s z-test).

The N534H and T416A mutations are located at the
sixth, and in close proximity to the first, respectively,
of the conserved 11 N-linked glycosylation sites of the
HCV E2 glycoprotein [Helle et al., 2007; Bungyoku
et al., 2009]. It was recently reported that the posi-
tions 416 and 534 are conformationally located in the
former and the latter halves of the central domain 1
(DIa and DIb), respectively, of E2 and that the two
parts of DI domain interact to form the CD81-binding
region [Helle et al., 2010; Krey et al., 2010; Albecka
et al., 2011]. This region is, therefore, considered as
the possible target for neutralizing antibodies that in-
hibit E2-CD81 interactions [Helle and Dubuisson,

A
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Fig. 2. Effects of amino acid mutations at positions 396, 416, 534,
and 712 of the HCV E2 glycoprotein on neutralization by anti-HCV
antibodies in patients’ sera. A: A schematic diagram of the muta-
tions seen in the adaptive mutant P-47 and recombinant viruses
carrying each (T396A, T416A, N534H, and A712V) and all (E2) of
the four mutations in E2. Filled circles indicate the positions of the
mutations. B: A representative result of virus neutralization by
anti-HCV antibodies in an HCV-infected patient (no. 10; HCV-1b).

J. Med. Virol. DOI 10.1002/jmv

2008; Law et al., 2008; Owsianka et al., 2008; Perotti
et al., 2008].

The N534H mutation removes glycans at this posi-
tion as it disrupts the consensus sequence for N-
linked glycosylation. The removal of glycans at posi-
tions 417, 532, and 645 (the first, sixth, and eleventh
glycosylation site, respectively) of the H77 isolate
(HCV-1a) was shown to increase the sensitivity of
HCVpp to neutralizing antibodies and to enhance the
access of CD81 to its binding site on E2 [Falkowska
et al., 2007; Helle et al., 2007]. It should be noted,
however, that the HCVpp system relies on retroviral
pseudoparticles bearing HCV envelope glycoproteins
that assemble at the plasma membrane or in multive-
sicular bodies whereas HCV virions assemble on the
endoplasmic reticulum membranes that are closely as-
sociated with lipid droplet [Miyanari et al.,, 2007;
Helle and Dubuisson, 2008]. Therefore, the virus
neutralization data obtained with HCVpp should be
verified using the HCVcc system in which virion
assembly and maturation take place through the
authentic process.

By using the HCVce system, it was shown that a
variant virus possessing the N534K mutation spread
faster than the parental JFH1 virus [Delgrange et al.,
20071, with the result suggesting the possibility that
removal of glycans on residue 534 resulted in more
efficient access of E2 to CD81. It is also possible that
removal of glycans on this residue might allow more
efficient access of neutralizing antibodies to the
CD81-binding region of E2, resulting in increased sen-
sitivity to antibody neutralization. In fact, Helle et al.
[2010] recently reported that removal of glycans at
five (the first, second, fourth, sixth, and eleventh) N-
linked glycosylation sites in E2 markedly increased
the sensitivity of JFH1 virus to antibody neutraliza-
tion, suggesting that the glycans interfere with the
access of neutralizing antibodies to a determinant cru-
cial for virus infectivity. It was also reported that
mutations at positions 415 (N415D) and 416 (T416A)
near the first glycosylation site of JFH1 virus
increased the sensitivity to neutralizing antibodies in
patients’ sera [Dhillon et al., 2010]. Also, a mutation
at position 451 (G451R), which is located in the do-
main 2 (DII) but still in close proximity to DI [Helle
et al., 2010; Krey et al., 2010; Albecka et al., 2011],
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increased the sensitivity of JFH1 virus to antibody
neutralization [Grove et al., 2008].

In conclusion, the present study using J6/JFH1
virus, another HCVce strain, has demonstrated that
the N534H mutation within the sixth N-glycosylation
site of the E2 glycoprotein, and the T416A mutation
near the first N-glycosylation site to a lesser extent,
markedly enhances sensitivity to neutralization by
antibodies in sera of HCV-infected patients. These
results suggest that glycans on Asn-534 of the HCV
E2 glycoprotein plays an important role in protecting
the virus from humoral immune mechanisms of the
host.

ACKNOWLEDGMENTS

We are grateful to Dr. C.M. Rice (Center for the
Study of Hepatitis C, the Rockefeller University,
New York, NY, USA) for providing pFL-J6/JFH1 and
Huh-7.5 cells.

REFERENCES

Abe M, Kuzuhara S, Kino Y. 2003. Establishment of an analyzing
method for a Japanese encephalitis virus neutralization test in
vero cells. Vaccine 21:1989-1994.

Albecka A, Monserret R, Krey T, Tarr AW, Diesis E, Ball JK,
Descamps V, Duverlie G, Rey F, Penin F, Dubuisson J. 2011.
Identification of new functional regions in hepatitis C virus enve-
lope glycoprotein E2. J Virol JVI accepts, 85:1777-1792.

Bartosch B, Bukh J, Meunier JC, Granier C, Engle RE, Blackwelder
WC, Emerson SU, Cosset FL, Purcell RH. 2003. In vitro assay
for neutralizing antibody to hepatitis C virus: Evidence for
broadly conserved neutralization epitopes. Proc Natl Acad Sci
USA 100:14199-14204.

Blight KJ, McKeating JA, Rice CM. 2002. Highly permissive cell
lines for subgenomic and genomic hepatitis C virus RNA replica-
tion. J Virol 76:13001-13014.

Bowen DG, Walker CM. 2005. Adaptive immune responses in acute
and chronic hepatitis C virus infection. Nature 436:946-952.

Bungyoku Y, Shoji I, Makine T, Adachi T, Hayashida K, Nagano-
Fujii M, Ide YH, Deng L, Hotta H. 2009. Efficient production of
infectious hepatitis C virus with adaptive mutations in cultured
hepatoma cells. J Gen Virol 90:1681-1691.

Delgrange D, Pillez A, Castelain S, Cocquerel L, Rouillé Y,
Dubuisson J, Wakita T, Duverlie G, Wychowski C. 2007. Robust
production of infectious viral particles in Huh-7 cells by introduc-
ing mutations in hepatitis C virus structural proteins. J Gen
Virol 88:2495-2503.

Deng L, Adachi T, Kitayama K, Bungyoku Y, Kitazawa S, Ishido S,
Shoji I, Hotta H. 2008. Hepatitis C virus infection induces apo-
ptosis through a Bax-triggered, mitochondrion-mediated, caspase
3-dependent pathway. J Virol 82:10375-10385.

Dhillon S, Witteveldt J, Gatherer D, Owsianka AM, Zeisel MB,
Zahid MN, Rychtowska M, Foung SK, Baumert TF, Angus AG,
Patel AH. 2010. Mutations within a conserved region of the
hepatitis C virus glyeprotein that influence virus-receptor inter-
action and sensitivity to neutralizing antibodies. J Virol 84:
5494-5507.

Dowd KA, Netski DM, Wang XH, Cox AL, Ray SC. 2009. Selection
pressure from neutralizing antibodies drives sequence evolution
during acute infection with hepatitis C virus. Gastroenterology
136:2377-2386.

El-Shamy A, Sasayama M, Nagano-Fujii M, Sasase N, Imoto S, Kim
SR, Hotta H. 2007. Prediction of efficient virological response to
pegylated interferon/ribavirin combination therapy by NS5A
sequences of hepatitis C virus and anti-NS5A antibodies in pre-
treatment sera. Microbiol Immunol 51:471-482.

El-Shamy A, Nagano-Fujii M, Sasase N, Imoto S, Kim SR, Hotta H.
2008. Sequence variation in hepatitis C virus nonstructural pro-
tein 5A predicts clinical outcome of pegylated interferon/
ribavirin combination therapy. Hepatology 48:38—47.

233

Falkowska E, Kajumo F, Garcia E, Reinus J, Dragic T. 2007. Hepati-
tis C virus envelope glycoprotein E2 glycans modulate entry,
CD81 binding, and neutralization. J Virol 81:8072—-8079.

Fournier C, Duverlie G, Francois C, Schnuriger A, Dedeurwaerder
S, Brochot E, Capron D, Wychowski C, Thibault V, Castelain S.
2007. A focus reduction neutralization assay for hepatitis C virus
neutralizing antibodies. Virol J 4:35.

Gal-Tanamy M, Keck ZY, Yi M, McKeating JA, Patel AH, Foung
SK, Lemon SM. 2008. In vitro selection of a neutralization-
resistant hepatitis C virus escape mutant. Proc Natl Acad Sci
USA 105:19450-19455.

Grove J, Nielsen S, Zhong J, Bassendine MF, Drummer HE, Balfe
P, McKeating JA. 2008. Identification of a residue in hepatitis C
virus E2 glycoprotein that determines scavenger receptor BI and
CD81 receptor dependency and sensitivity to neutralizing anti-
bodies. J Virol 82:12020-12029.

Helle F, Dubuisson J. 2008. Hepatitis C virus entry into host cells.
Cell Mol Life Sci 65:100-112.

Helle F, Goffard A, Morel V, Duverlie G, McKeating J, Keck ZY,
Foung S, Penin F, Dubuisson J, Voisset C. 2007. The neutraliz-
ing activity of anti-hepatitis C virus antibodies is modulated by
specific glycans on the E2 envelope protein. J Virol 81:8101—
8111.

Helle F, Vieyres G, Elkrief L, Popescu CI, Wychowski C, Descamps
V, Castelain S, Roingeard P, Duverlie G, Dubuisson J. 2010. Role
of N-linked glycans in the functions of hepatitis C virus envelope
proteins incorporated into infectious virions. J Virol 84:11905-
11915.

Keck ZY, Olson O, Gal-Tanamy M, Xia J, Patel AH, Dreux M, Cosset
FL, Lemon SM, Foung SK. 2008. A point mutation leading to
hepatitis C virus escape from neutralization by a monoclonal
antibody to a conserved conformational epitope. J Virol 82:6067—
6072.

Krey T, d’Alayer J, Kikuti CM, Saulnier A, Damier-Piolle L, Petitpas
1, Johansson DX, Tawar RG, Baron B, Robert B, England P,
Persson MA, Martin A, Rey FA. 2010. The disulfide bonds in
glycoprotein E2 of hepatitis C virus reveal the tertiary organiza-
tion of the molecule. PLoS Pathog 6:e1000762.

Lavillette D, Morice Y, Germanidis G, Donot P, Soulier A, Pagkalos
E, Sakellariou G, Intrator L, Bartosch B, Pawlotsky JM, Cosset
FL. 2005. Human serum facilitates hepatitis C virus infection,
and neutralizing responses inversely correlate with viral replica-
tion kinetics at the acute phase of hepatitis C virus infection.
J Virol 79:6023-6034.

Law M, Maruyama T, Lewis J, Giang E, Tarr AW, Stamataki Z,
Gastaminza P, Chisari FV, Jones IM, Fox RI, Ball JK, McKeat-
ing JA, Kneteman NM, Burton DR. 2008. Broadly neutralizing
antibodies protect against hepatitis C virus quasispecies chal-
lenge. Nat Med 14:25-27.

Lindenbach BD, Evans MJ, Syder AJ, Wolk B, Tellinghuisen TL,
Liu CC, Maruyama T, Hynes RO, Burton DR, McKeating JA,
Rice CM. 2005. Complete replication of hepatitis C virus in cell
culture. Science 309:623-626.

Logvinoff C, Major ME, Oldach D, Heyward S, Talal A, Balfe P,
Feinstone SM, Alter H, Rice CM, McKeating JA. 2004. Neutraliz-
ing antibody response during acute and chronic hepatitis C virus
infection. Proc Natl Acad Sci USA 101:10149-10154.

Meunier JC, Engle RE, Faulk K, Zhao M, Bartosch B, Alter H,
Emerson SU, Cosset FL, Purcell RH, Bukh J. 2005. Evidence for
cross-genotype neutralization of hepatitis C virus pseudo-
particles and enhancement of infectivity by apolipoprotein CI.
Proc Natl Acad Sci USA 102:4560-4565.

Miyanari Y, Atsuzawa K, Usuda N, Watashi K, Hishiki T, Zayas M,
Bartenschlager R, Wakita T, Hijikata M, Shimotohno K. 2007.
The lipid droplet is an important organelle for hepatitis C virus
production. Nat Cell Biol 9:1089-1097.

Netski DM, Mosbruger T, Depla E, Maertens G, Ray SC, Hamilton
RG, Roundtree S, Thomas DL, McKeating J, Cox A. 2005.
Humoral immune response in acute hepatitis C virus infection.
Clin Infect Dis 41:667-675.

Owsianka AM, Tarr AW, Keck ZY, Li TK, Witteveldt J, Adair R,
Foung SK, Ball JK, Patel AH. 2008. Broadly neutralizing human
monoclonal antibodies to the hepatitis C virus E2 glycoprotein.
J Gen Virol 89:653-659.

Perotti M, Mancini N, Diotti RA, Tarr AW, Ball JK, Owsianka A,
Adair R, Patel AH, Clementi M, Burioni R. 2008. Identification
of a broadly cross-reacting and neutralizing human monoclonal

J. Med. Virol. DOI 10.1002/jmv

- 730 -



234

antibody directed against the hepatitis C virus E2 protein.
J Virol 82:1047-1052.

Pestka JM, Zeisel MB, Blaser E, Schiirmann P, Bartosch B, Cosset
FL, Patel AH, Meisel H, Baumert J, Viazov S, Rispeter K, Blum
HE, Roggendorf M, Baumert TF. 2007. Rapid induction of virus-
neutralizing antibodies and viral clearance in a single-source
outbreak of hepatitis C. Proc Natl Acad Sci USA 104:6025-6030.

Saito T, Watanabe H, Shao L, Okumoto K, Hattori E, Sanjo M,
Misawa K, Suzuki A, Takeda T, Sugahara K, Ito JI, Saito K,
Togashi H, Kawata S. 2004. Transmission of hepatitis C virus
quasispecies between human adults. Hepatol Res 30:57—62.

Sasayama M, Deng L, Kim SR, Ide Y, Shoji I, Hotta H. 2010. Analy-
sis of neutralizing antibodies against hepatitis C virus in
patients who were treated with pegylated-interferon plus ribavi-
rin. Kobe J Med Sci 56:E60-E66.

Scheel TK, Gottwein JM, Jensen TB, Prentoe JC, Hoegh AM, Alter
HJ, Eugen-Olsen J, Bukh J. 2008. Development of JFH1-based

J. Med. Virol. DOI 10.1002/jmv

Sasayama et al.

cell culture systems for hepatitis C virus genotype 4a and evi-
dence for cross-genotype neutralization. Proc Natl Acad Sci USA
105:997-1002.

Tarr AW, Owsianka AM, Timms JM, McClure CP, Brown RJ,
Hickling TP, Pietschmann T, Bartenschlager R, Patel AH, Ball
JK. 2006. Characterization of the hepatitis C virus E2 epitope
defined by the broadly neutralizing monoclonal antibody AP33.
Hepatology 43:592—-601.

Wakita T, Pietschmann T, Kato T, Date T, Miyamoto M, Zhao Z,
Murthy K, Habermann A, Kréusslich HG, Mizokami M,
Bartenschlager R, Liang TdJ. 2005. Production of infectious hepa-
titis C virus in tissue culture from a cloned viral genome. Nat
Med 11:791-796.

Zhong J, Gastaminza P, Cheng G, Kapadia S, Kato T, Burton DR,
Wieland SF, Uprichard SL, Wakita T, Chisari FV. 2005. Robust

hepatitis C virus infection in vitro. Proc Natl Acad Sci USA
102:9294-9299.

-731 -



frontiers in
MICROBIOLOGY

MINI REVIEW ARTICLE
published: 10 January 2012
doi: 10.3389/fmicb.2011.00278

=

Molecular mechanism of hepatitis C virus-induced glucose
metabolic disorders

lkuo Shoji *, Lin Deng and Hak Hotta

Division of Microbiology, Center for Infectious Diseases, Kobe University Graduate School of Medicine, Kobe, Japan

Edited by:
Yasuko Yokota, National Institute of
Infectious Diseases, Japan

Reviewed by:

Koji Ishii, National Institute of
Infectious Diseases, Japan
Kohji Moriishi, University of
Yamanashi, Japan

*Correspondence:

Ikuo Shoji, Division of Microbiology,
Center for Infectious Diseases, Kobe
University Graduate School of
Medicine, 7-5-1 Kusunoki-cho,
Chuo-ku, Kobe, Hyogo 650-0017
Japan.

e-mail: ishoji@med.kobe-u.ac.jp

Hepatitis C virus (HCV) infection causes not only intrahepatic diseases but also extrahepatic
manifestations, including metabolic disorders. Chronic HCV infection is often associated
with type 2 diabetes. However, the precise mechanism underlying this association is still
unclear. Glucose is transported into hepatocytes via glucose transporter 2 (GLUT2). Hepato-
cytes play a crucial role in maintaining plasma glucose homeostasis via the gluconeogenic
and glycolytic pathways. We have been investigating the molecular mechanism of HCV-
related type 2 diabetes using HCV RNA replicon cells and HCV J6/JFH1 system. We found
that HCV replication down-regulates cell surface expression of GLUT2 at the transcrip-
tional level. We also found that HCV infection promotes hepatic gluconeogenesis in HCV
J6/JFH1-infected Huh-75 cells. HCV infection transcriptionally up-regulated the genes for
phosphoenolpyruvate carboxykinase (PEPCK) and glucose 6-phosphatase (G6Pase), the
rate-limiting enzymes for hepatic gluconeogenesis. Gene expression of PEPCK and G6Pase
was regulated by the transcription factor forkhead box O1 (FoxO1) in HCV-infected cells.
Phosphorylation of FoxO1 at Ser319 was markedly diminished in HCV-infected cells, result-
ing in increased nuclear accumulation of FoxO1. HCV NS5A protein was directly linked with
the FoxO1-dependentincreased gluconeogenesis. This paper will discuss the current model
of HCV-induced glucose metabolic disorders.

Keywords: HCV, diabetes, gluconeogenesis, GLUT2, FoxO1, JNK, NS5A

INTRODUCTION

Hepatitis C virus (HCV) is a positive-sense, single stranded RNA
virus that belongs to the genus Hepacivirus of the family Flaviviri-
dae. The approximately 9.6-kb HCV genome encodes a unique
open reading frame that is translated into a polyprotein of about
3,000 amino acids, which is cleaved by cellular signalases and viral
proteases to generate at least 10 viral proteins, such as core, enve-
lope 1 (E1) and E2, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B
(Choo et al., 1991; Lemon et al., 2007).

Hepatitis C virus is the main cause of chronic hepatitis, liver cir-
rhosis, and hepatocellular carcinoma. More than 170 million peo-
ple worldwide are chronically infected with HCV (Poynard et al.,
2003). Persistent HCV infection causes not only liver diseases but
also extrahepatic manifestations. It is well established that HCV
perturbs the glucose metabolism, leading to insulin resistance and
type 2 diabetes in predisposed individuals. Several epidemiologi-
cal, clinical, and experimental data suggested that HCV infection
serves as an additional risk factor for the development of dia-
betes (Mason et al., 1999; Negro and Alaei, 2009; Negro, 2011).
HCV-related glucose metabolic changes and insulin resistance and
diabetes have significant clinical consequences, such as accelerated
fibrogenesis, increased incidence of hepatocellular carcinoma, and
reduced virological response to interferon (IFN)-a-based therapy
(Negro, 2011). Therefore, it is very important to clarify the mol-
ecular mechanism of HCV-related diabetes. However, the precise
mechanisms are poorly understood.

Experimental data suggest a direct interference of HCV with
the insulin signaling pathway. Transgenic mice expressing HCV

core gene exhibit insulin resistance (Shintani et al., 2004; Koike,
2007). In this transgenic mice model, both tyrosine phospho-
rylation of the insulin receptor substrate (IRS)-1 and IRS-2 are
decreased. These decreases are recovered when the proteasome
activator PA28y is deleted, suggesting that the HCV core protein
suppresses insulin signaling through a PA28y-dependent pathway
(Miyamoto et al., 2007). Several other reports also showed a link
of the HCV core protein with insulin resistance (Kawaguchi et al.,
2004; Pazienza et al., 2007).

Hepatocytes play a crucial role in maintaining plasma glucose
homeostasis by adjusting the balance between hepatic glucose
production and utilization via the gluconeogenic and glycolytic
pathways, respectively. Gluconeogenesis is mainly regulated at the
transcriptional level of the glucose 6-phosphatase (G6Pase) and
phosphoenolpyruvate carboxykinase (PEPCK) genes, whereas gly-
colysis is mainly regulated by glucokinase (GK). Gluconeogenesis
and glycolysis are coordinated so that one pathway is highly active
within a cell while the other is relatively inactive. It is well known
that increased hepatic glucose production via gluconeogenesis is a
major feature of type 2 diabetes (Clore et al., 2000).

To identify a novel mechanism of HCV-related diabetes, we
have been investigating the effects of HCV on glucose produc-
tion in hepatocytes using HCV RNA replicon cells (Lohmann
et al,, 1999) and HCV J6/JFHLI cell culture system (Lindenbach
et al., 2005; Wakita et al., 2005; Bungyoku et al., 2009). We pre-
viously reported that HCV replication suppresses cellular glucose
uptake through down-regulation of cell surface expression of glu-
cose transporter 2 (GLUT2; Kasai et al., 2009). Furthermore, we
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