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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-dependent increased 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 (IEN)-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/JFH1 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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recently reported that HCV promotes hepatic gluconeogenesis via
an NS5A-mediated, forkhead box O1 (FoxO1)-dependent path-
way, resulting in increased cellular glucose production in hepato-
cytes (Deng et al., 2011). This paper discusses our current model
for HCV-induced glucose metabolic disorders.

HCV REPLICATION DOWN-REGULATES CELL SURFACE
EXPRESSION OF GLUT2

The uptake of glucose into cells is conducted by the facilitative
glucose carrier, glucose transporters (GLUTs). GLUTs are inte-
gral membrane proteins that contain 12 membrane-spanning
helices. To date, a total of 14 isoforms have been identified in the
GLUT family (Wu and Freeze, 2002; Macheda et al., 2005; Godoy
et al., 2006). Glucose is transported into hepatocytes by GLUT2.
We prev1ously reported that HCV J6/JFH1 infection suppresses
hepatocytic glucose uptake through down-regulation of surface
expression of GLUT2 in human hepatoma cell line, Huh-7.5 cells
(Kasai et al., 2009). We also demonstrated that GLUT2 expres-
sion in hepatocytes of the liver tissues from HCV-infected patients
was significantly lower than in those from patients without HCV
infection. Qur data suggest that HCV infection down-regulates
GLUT?2 expression at transcriptional level. We are currently ana-
lyzing transcriptional control of human GLUT2 promoter in HCV
replicon cells as well as in HCV J6/JFH1-infected cells.

HCV INFECTION PROMOTES HEPATIC GLUCONEOGENESIS

Then we analyzed hepatic glucose production and expression of
transcription factors using HCV replicon cells and HCVcc system
in order to clarify a role of HCV infection in glucose meta-
bolic changes. Hepatic glucose production is usually regulated by

gluconeogenesis and glycolysis. Therefore, we examined whether
HCV infection induces gluconeogenesis or glycolysis. We found
that the PEPCK and Gé6Pase genes were transcriptionally up-
regulated in J6/JFHI-infected cells (Figure 1). On the other
hand, the GK gene was transcriptionally down-regulated in HCV-
infected cells. We obtained similar data in HCV replicon cells (both
in subgenomic replicon cells and full-genomic replicon cells).
When HCV replication was suppressed by IFN treatment, the
up-regulation of PEPCK and G6Pase gene expression as well as
the down-regulation of GK gene expression were canceled. From
these results, HCV infection selectively up-regulates PEPCK and
G6Pase genes, whereas HCV infection down-regulates GK gene
(Deng et al., 2011).

Both HCV replicon cells and HCV-infected cells produced
greater amounts of glucose than the control cells. IEN treatment
canceled the enhanced glucose production in HCV replicon cells
as well as in HCV-infected cells. G6P is an important precur-
sor molecule that is converted to glucose in the gluconeogenesis
pathway (Figure 1). Our metabolite analysis showed that a sig-
nificantly higher level of G6P was accumulated in HCV-infected
cells than in the control cells, suggesting that HCV indeed pro-
motes hepatic gluconeogenesis to cause hyperglycemia. There is a
trend toward an increase in gluconeogenesis in HCV-infected cells
(Figure 1).

HCV SUPPRESSES Fox01 PHOSPHORYLATION AT Ser319,
LEADING TO THE NUCLEAR ACCUMULATION OF Fox01

It has been reported that G6Pase, PEPCK, and GK are regu-
lated by certain transcription factors, including FoxO1 (Hirota
et al., 2008), hepatic nuclear factor 4a (HNF-4a; Hirota et al,,
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rate-limiting enzymes for hepatic gluconeogenesis, and transcriptional
down-regulation of the gene for GK, the rate-limiting enzyme for hepatic
glycolysis.
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2008), Kriippel-like factor 15 (KLF15; Takashima et al., 2010), and
cyclic AMP (cAMP) response element binding protein (CREB;
Rozance et al., 2008). While we were analyzing these factors in
both HCV replicon cellsand HCV J6/JFH1-infected cells, we found
the involvement of the FoxO1 in the transcriptional activation of
G6Pase and PEPCK (Denget al., 2011). It is known that the FoxO1
enhances gluconeogenesis through the transcriptional activation
of various genes, including G6Pase and PEPCK (Gross et al., 2008).
The function of FoxO1 is regulated by post-translational modifi-
cations, including phosphorylation, ubiquitylation, and acetyla-
tion (Tzivion et al, 2011). The phosphorylated form of FoxOl
is exported from the nucleus to the cytosol, resulting in loss
of its transcriptional activity (Figure 2). Phosphorylation sta-
tus of FoxOl at Ser319 is critical for FoxO1 nuclear exclusion
(Zhao et al., 2004). Although the total amounts of FoxO1 protein
were unchanged, FoxO1 phosphorylation at Ser319 was markedly
suppressed in HCV-infected cells compared to that in the mock-
infected cells. It is known that the FoxO1 is phosphorylated by the
protein kinase Akt and is exported from the nucleus to the cytosol,
resulting in loss of its transcriptional activity (Tzivion et al., 2011).
The majority of FoxO1 was accumulated in the nuclear fraction in
HCV-infected cells, whereas in control cells FoxO1 was distributed
in both the nuclear and cytoplasmic fractions. Akt phosphoryla-
tion was enhanced in HCV-infected cells, although the protein
levels of total Akt protein were comparable, which is consistent
with the report by Burdette et al. (2010). Our findings suggest
an interesting scenario in which the HCV-mediated suppression
in FoxO1 phosphorylation is caused by an unknown mechanism
independent of Akt activity.

HCV-INDUCED JNK ACTIVATION IS INVOLVED IN THE
SUPPRESSION OF Fox01 PHOSPHORYLATION

It is known that the stress-sensitive serine/threonine kinase JNK
regulates FoxO at multiple levels (van der Horst and Burgering,
2007; Karpac and Jasper, 2009). We demonstrated that HCV infec-
tion induces phosphorylation and activation of JNK in a time-
dependent manner, which is similar to that observed for the sup-
pression of FoxO1 phosphorylation. As a result, c-Jun, a key sub-
strate for JNK, got phosphorylated and activated in HCV-infected
cells. The JNK inhibitor SP600125 clearly prevented the phospho-
rylation of c-Jun, and concomitantly recovered the suppression
of FoxO1 phosphorylation in HCV-infected cells, suggesting that
HCV activates the JNK/c-Jun signaling pathway, resulting in the
nuclear accumulation of FoxO1 by reducing its phosphorylation
status. The detailed mechanisms of HCV-induced suppression
of FoxO1 phosphorylation via the JNK/c-Jun signaling pathway
remain to be explored. There are at least two possibilities. The
JNK/c-Jun signaling pathway (1) suppresses a protein kinase, or
(2) activates a protein phosphatase to reduce phosphorylation of
FoxO1.

HCV-INDUCED MITOCHONDRIAL REACTIVE OXYGEN
SPECIES PRODUCTION IS INVOLVED IN INCREASED
GLUCOSE PRODUCTION THROUGH JNK ACTIVATION
Hepatitis C virus infection increases mitochondrial reactive oxy-
gen species (ROS) production (Deng et al., 2008). N-acetyl cys-
teine (NAC; a general antioxidant) clearly prevented the phos-
phorylation of JNK, and concomitantly canceled the suppression
of FoxO1 phosphorylation in HCV-infected cells, suggesting that
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FIGURE 2 | A proposed mechanism of HCV-induced glucose metabolic
disorders. HCV infection down-regulates cell surface expression of GLUT2 in
hepatocytes at the transcriptional level. HCV down-regulates a transcription
factor involved in GLUT2 gene expression through an unknown mechanism.
HCV infection induces mitochondria damage and ROS production, leading to
JNK activation. HCV NS4A protein is involved in mitochondrial damage. HCV

NS5A protein is involved in ROS production. HCV-induced ROS production
causes JNK activation, resulting in the decreased phosphorylation and nuclear
accumulation of FoxO1. Nuclear accumulation of FoxO1 up-regulates gene
expression of PEPCK and G6Pase, leading eventually to increased glucose
production by gluconeogenesis. High glucose levels in the hepatocytes may
confer an advantage in efficient replication of HCV.
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HCV-induced ROS production is involved in the JNK activation.
There was no significant difference in HCV RNA replication or
infectious virus release between SP600125- or NAC-treated HCV-
infected cells and non-treated HCV-infected cells. These results
suggest that ROS-mediated JNK activation plays a key role in the
suppression of FoxO1 phosphorylation, nuclear accumulation of
FoxO1, and enhancement of glucose production in HCV-infected
cells (Deng et al., 2011).

HCV NS5A IS INVOLVED IN THE ENHANCEMENT OF
GLUCOSE PRODUCTION

Then we sought to determine which HCV protein(s) is involved
in the enhancement of glucose production. Transient expres-
sion of NS5A protein in Huh-7.5 cells significantly promoted
the gene expression levels of G6Pase and PEPCK determined
by real time quantitative RT-PCR. Promoter assay revealed that
the level of PEPCK promoter activity was significantly higher in
NS5A-expressing cells than in the control cells. Our results suggest
that NS5A activate both the PEPCK promoter and the G6Pase
promoter, leading to an increase in glucose production (Deng
et al., 2011). The study by Banerjee et al. (2010) suggests that
the HCV core protein modulates FoxO1 and FoxA2 activation
and affects insulin-induced metabolic gene regulation in human
hepatocytes. Our results, however, suggest that the HCV core pro-
tein is not significantly involved in the increased gluconeogenesis
(Dengetal, 2011). The difference between these two studies needs
to be explored.

There were previous reports suggesting that ROS production
is induced in NS5A-expressing cells (Dionisio et al., 2009) or in
hepatocytes of NS5A transgenic mice (Wangetal., 2009). We there-
fore sought to determine whether NS5A contributes to increased
hepatic gluconeogenesis through the induction of ROS produc-
tion. NS5A-expressing cells displayed a much stronger signal of
ROS than in control cells. NS5A-expressing cells promoted phos-
phorylation level at Ser63 of c-Jun and suppressed FoxO1 phos-
phorylation at Ser319, suggesting that NS5A mediates JNK/c-Jun
activation and FoxO1 phosphorylation suppression. These results
suggest that NS5A play a role in the HCV-induced enhancement of
hepatic gluconeogenesis through JNK/c-Jun activation and FoxO1
phosphorylation suppression.

CONCLUSION AND FUTURE PERSPECTIVES

Taken together, we propose a model of HCV-induced glucose
metabolic disorders as shown in Figure 2. HCV infection down-
regulates cell surface expression of GLUT2 in hepatocytes at the
transcriptional level. HCV down-regulates a transcription fac-
tor involved in GLUT2 gene expression through an unknown
mechanism. As GLUT2 is a facilitative GLUT, it ensures large
bidirectional fluxes of glucose in and out the cell due to its low
affinity and high capacity (Leturque et al., 2009). Down-regulated
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HCV NS5A Protein Containing Potential Ligands for Both
Src Homology 2 and 3 Domains Enhances
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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*** 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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Introduction regulatory tail. The SH2 and SH3 domains are highly conserved
; . ) ) regions and mediate protein-protein interactions: the SH2 domain
HCV is a small enveloped positive-sense RNA virus classified binds to phosphotyrosine residue within the specific amino acid

Yvithin the family F;Zaviviﬂdaei [1,2]. In addit.ion to liver cells, HCV sequence, while the SH3 domain recognizes proline rich regions.
infects B cells, leading to mixed cryoglobulinemia and B cell non- HCV NS5A was shown to interact with various SH3 domains of
Hodgkin’s %ymphoma [3-5]- HCY infection in B cells enhar}ces intracellular signaling molecules, and the kinase activity of Fyn was
tbe expression of .l}fmphomag'enesm-related genes, such as activa- upregulated in liver cell lines harboring HCV replicon [9].
tton-ndsed CYUd,me deammas? (AI,D) [6’7,]' oo, ) the Binding of ligands to both the SH2 and SH3 domains disrupts
mpleenlar mechanisms of HGV infbeton-madiated B ecll disar- autoinhibitory intramolecular interactions and leads to the opened

dersT LT T ) e ki Foni ) conformation. Then autophosphorylation of the activation loop
Non-receptor type of protein-tyrosine kinase Fyn is a member of tyrosine (Tyr*? in Fyn) and dephosphorylation of the C-terminal

the Src fa.Lmﬂy' kinases, and has regulatory roles 1n immune tail (Tyr™! in Fyn) by protein-tyrosine phosphatases lead to the
receptor signaling. Recently, Fyn has been recognized as an activaitiie of linsse actidy: [10]

ey ey, growth snd prosiraton. As fr ptheiogiee aspoos, 10U, we eported that Syk, nther nomsecepor ype of
Fyn is over:ixprcssed in various cancers, and overexpression of Fyri protem-tyrosie S fra o i i NS?A
¢ gultured.calls vesplted in cancer-like phenotypes 8] in PV treated BJAB B cells [11]. This suggested that protein-

) tyrosine phosphorylation is required for the association of NS5A

e fgml!y =l .sharc T b and with Syk, because PV is a nonspecific inhibitor of protein-tyrosine
pattern of activation. The domains of these proteins include SH2, hohatonen smdl, trebment GF vells wih, T ot drdrke in
SH3, and kinase domains followed by a short C-terminal PHOSP
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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 pEF1A-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 NSHA 1-146 cDNA as a template. Substitutions of
Tyr'®? to Phe (Y182F), Tyr*?' to Phe (Y321F), and Tyr*** to Phe
(Y334F) of NS5A 147447 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 WF). 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, 1 mM NagVO,, 1 mM
phenylmethylsulfonyl fluoride and 2 pg/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 (LeuS"A’—Vallgg) 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 Cbl-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”6 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 cDNA 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) (107) 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, I mM NazVO,, | mM
phenylmethylsulfonyl fluoride and 2 pg/ml aprotinin). After
centrifugation, the resulted supernatants were reacted with 20 ug
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
eluted 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 (108) 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,
1 mM NazVOy, 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 CP8OWX, 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 uGi
[y-°P] ATP) and 2.5 ug 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°C
with 2 xsampling buffer. Proteins were separated by SDS-PAGE
and gel was incubated with 1IN KOH for 1 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
mAD and found tyrosine phosphorylated proteins (Fig. 1B). This
suggests that NSSA 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 Chl-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
interact with NS5A [9]. Therefore, this data demonstrated that
HCV NSS5A 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 HCV 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 Q).
doi:10.1371/journal.pone.0046634.9001

increase in tyrosine phosphorylation of NS5A 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
SH2 domain of Fyn obtained when HCV NS5A proteins were transiently expressed in

To map the Fyn-SH2-binding region in NS5A, a series of Ramos B cells expressing SV40 T antigen (Ramos-T cells), and

deletion mutants were examined (Fig. 3). The results obtained ~ €Xamined by pull-dow assay (Flg SB) Deletion of 127-146
reveals that N-terminal region (amino acids number 1-126) is not (NS5A A127-146) still allowed binding of NS5A to the SH2

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.g002
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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.

334

Identification 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. $2 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¥h, Among those, substitution of
Tyr*** to Phe (Y 334F) reduced tyrosine phosphorylation of NS5A
147-447, however this mutant could interact with the SH2
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 sitro 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

PLOS ONE | www.plosone.org
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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 in vifro
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 SH2
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-Sre is the first discovered oncogene, and Fyn is a2 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
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 NS5A 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

Supporting Information

Figure S1 GST-human Fyn-SH2 could react with NS5A.
The ¢cDNA for human Fyn-SH2 (T rp149-Arg268) 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

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
lymphomagenesis.
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representative of two independent experiments.

(TIF)

Figure 82 Tyrosine phosphorylation of NS5A and its
mutants in CGOS cells. Full length and a series of deletion

7 October 2012 | Volume 7 | Issue 10 | e46634

- 1005 -



mutants of NS5A were transiently expressed m 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.

(TTE)

Figure 83 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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Polymorphisms of the Core, NS3, and NS5a Proteins
of Hepatitis C Virus Genotype 1b Associate with
Development of Hepatocellular Carcinoma

Ahmed El-Shamy,"** Michiko Shindo,** Ikuo Shoji,' Lin Deng,' Tadao Okuno,’ and Hak Hotta

Hepatocellular carcinoma (HCC) is one of the common sequels of hepatitis C virus (HCV)
infection. It remains controversial, however, whether HCV itself plays a direct role in the de-
velopment of HCC. Although HCV core, NS3, and NS5A proteins were reported to display
tumorigenic activities in cell culture and experimental animal systems, their clinical impact
on HCC development in humans is still unclear. In this study we investigated sequence poly-
morphisms in the core protein, NS3, and NS5A of HCV genotype 1b (HCV-1b) in 49
patients who later developed HCC during a follow-up of an average of 6.5 years and in 100
patients who did not develop HCC after a 15-year follow-up. Sequence analysis revealed
that Gln at position 70 of the core protein (core-Gln”%), Tyr at position 1082 plus Gln at
1112 of NS3 (NSS-Tyrmszl GIn""?), and six or more mutations in the interferon/ribavirin
resistance-determining region of NS5A (NS5A-IRRDR>6) were significantly associated with
development of HCC. Multivariate analysis identified core-Gln”®% NS3-Tyr'%®?/GIn"'""?, and
a-fetoprotein (AFP) levels (>20 ng/L) as independent factors associated with HCC. Kaplan-
Meier analysis revealed a higher cumulative incidence of HCC for patients infected with
HCYV isolates with core-Gln”®, NS3-Tyr'®*?/GlIn""'? or both than for those with non-(Gln”®
plus NS3-Tyr'°®?/GIn"""?). In most cases, neither the residues at position 70 of the core pro-
tein nor positions 1082 and 1112 of the NS3 protein changed during the observation pe-
riod. Conclusion: The present results suggest that HCV isolates with core-Gln”® and/or NS3-
Tyr'%%/GIn" "2 are more closely associated with HCC development compared to those with
non-(Gln”°® plus NSS—Tyrmsz/ GIn'?), (HepatoroGy 2012;00:000—000)

epatitis C virus (HCV) is a major etiologic agent

of chronic hepatitis worldwide, with the esti-

mated number of infected individuals being
more than 180 million. Approximately 15% to 20% of
chronically infected individuals undergo liver cirrhosis in a
decade or so after infection, with hepatocellular carcinoma
(HCC) arising from cirrhosis at an estimated rate of 1%
to 4% per yeatr.l'3 Several host factors such as male gender,
older age, elevated o-fetoprotein (AFP) level, advanced
liver fibrosis as well as nonresponsiveness to interferon
(IFN) therapy have been reported as important predictors
of HCC development.‘@5 Recendy, a host genetic factor,

Le., the DEPDCS5 locus polymorphism, was reported to
be associated with progression to HCC in HCV-infected
individuals.® On the other hand, it remains controversial
as to whether HCV itself plays a direct role in the develop-
ment of HCC. Experimental data suggest that HCV con-
tributes to HCC by modulating pathways that promote
malignant transformation of hepatocytes. HCV core,
NS3, and NS5A proteins were shown to be involved in a
number of potentially oncogenic pathways in cell culture
and experimental animal systems.” HCV core protein
rendered cultured cells more resistant to apoptosis™ and
promoted 7z oncogene-mediated  transformation.'®"!

Abbreviations: HCC, hepatocellular carcinoma; HCV, hepatitis C virus; IFN; interferon; IRRDR, interferon/ribavirin resistance-determining region; ISDR,

interferon sensitivity-determining region.
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Moreover, transgenic mice expressing the HCV core pro-
tein in the liver developed HCC.'? However, the clinical
impact of HCV proteins on HCC development in
humans and whether all HCV isolates are equally associ-
ated with HCC is yet to be determined. In a clinical set-
ting, HCV core protein mutations at positions 70 (Gln70)
and/or 91 (Met”") were closely associated with HCC de-
velopment.’*'¢ GIn”® and/or Met”" were also linked to
resistance to PEG-IFN/ribavirin (RBV) treatment."”° In
addition, we and other investigators reported that an N-
terminal part of the NS3 protein has the capacity to trans-
form NIH3T3 and rat fibroblast cells*** and to render
NIH3T3 cells more resistant to DNA damage-induced
apoptosis, which is thought to be a prerequisite for malig-
nant transformation of the cell.** Also, the NS5A protein
is a pleiotropic protein with key roles in both viral RNA
replication and modulation of the host cell functions.** In
particular, the links between NS5A and the IFN responses
have been widely discussed. It was proposed initially that
sequence variations within a region in NS5A spanning
from amino acids (aa) 2209 to 2248, called the IFN sensi-
tivity-determining region (ISDR), were correlated with
IFN responsiveness.”” Subsequently, in the era of PEG-
IFN/RBV combination therapy, we- identified a new
region near the C-terminus of NS5A spanning from aa
2334 to 2379, which we referred to as the IFN/RBV re-
sistance-determining region (IRRDR).**? The degree of
sequence variations within the IRRDR was significantly
associated with the dinical outcome of PEG-IFN/RBV
therapy In the context of HCC, several retrospective stud-
ies suggested that IFN-based therapy might reduce the risk
of HCC development.*?*3°

In an attempt to clarify whether viral factors, in par-
ticular those within the core, NS3, and NS5A proteins,
are involved in HCC development, we carried out a
comparative analysis of the aa sequences obtained from
HCV patients who developed HCC and those who did
not. In addition, we studied the sequence evolution of
these genes in the interval between chronic hepatitis C
and HCC development over a period of 15 years.

Patients and Methods

Ethics Statement. The study protocol, which con-
forms to the provisions of the 1975 Declaration of
Helsinki, was approved beforehand by the Ethic Com-
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mittees in Akashi City Hospital and Kobe University
Graduate School of Medicine, and written informed
consent was obtained from each patient enrolled in
this study.

Patients. A total of 49 HCV-infected patients who
developed HCC (HCC group) were retrospectively
examined. They were followed up (from 1988 to
2003) with an average period until HCC development
being 6.5 = 2.9 years. Paired serum samples at the
time of chronic hepatitis C (pre-HCC sample) and
HCC development (post-HCC sample) were collected.
As a control group, 100 HCV-infected patients who
were followed up over a period of 15 years (from
1988 to 2003) without HCC development were retro-
spectively examined. Serum samples of the control
group were available at the time of first visit to the
clinic. All patients enrolled in this study were chroni-
cally infected with HCV genotype 1b (HCV-1b).
HCV subtype was determined as reported previously.!
Serum HCV RNA titers were quantitated by reverse-
transcription polymerase chain reaction (RT-PCRO
with an internal RNA standard derived from the 5
noncoding region of HCV (Amplicor HCV Monitor
test, v. 2.0, Roche Diagnostics, Tokyo, Japan). All
patients underwent liver biopsy and were diagnosed as
chronic hepatitis. All HCC and 68% (68/100) of non-
HCC patients received IFN-monotherapy, either natu-
ral IFN alpha (Sumiferon, Dainipponsumitomo Phar-
maceutical, Osaka, Japan) at a dose of 6 million units
(MU) or recombinant IFN alpha 2b (Intron A; Sche-
ring-Plough, Osaka, Japan) at a dose of 10 MU, 3
times a week for 6 months. All HCC patients were
nonresponders (NR), who had detectable viremia dur-
ing the entire course of IFN treatment. On the other
hand, 18 (26%) of the 68 non-HCC patients treated
with IFN achieved HCV RNA negativity at the end of
treatment followed by rebound viremia within 6
months after the treatment and, therefore, they were
referred to as relapsers. The other 50 IFN-treated,
non-HCC patients were NR. The remaining 32 non-
HCC patients did not receive IFN. All patients were
seen every 2 months and tested for liver function
markers during the follow-up period.

Sequence Analysis of HCV Core, NS3, and NS5A
Proteins. HCV RNA was extracted from 140 uL of
serum using a commercially available kit (QIAmp viral
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RNA kit; Qiagen, Tokyo, Japan). The core, NS3, and
NS5A regions of the HCV genome were amplified as
described  elsewhere.”**3* The sequences of the
amplified fragments were determined by direct
sequencing. The aa sequences were deduced and
aligned using GENETYX Win software version 7.0
(GENETYX, Tokyo, Japan). The numbering of aa was
according to the polyprotein of the prototype of
HCV-1b; HCV-].%

Statistical Analysis. Statistical differences in the
baseline parameters of HCC and control groups were
determined by Student’s # test for numerical variables
and Fisher’s exact probability or chi-square tests for
categorical variables. Likewise, statistical differences in
viral mutations between HCC and control groups
were determined by Fisher’s exact probability test.
Kaplan-Meier analysis was performed to estimate the
cumulative incidence of HCC. The data obtained were
evaluated by the log-rank test. Univariate and multi-
variate logistic analyses were performed to identify var-
iables that independently associated with HCC devel-
opment. Variables with 7 < 0.1 in univariate analysis
were included in a backward stepwise multivariate
logistic regression analysis. The odds ratios and 95%
confidence intervals (95% CI) were calculated. All sta-
tistical analyses were performed using SPSS v. 16 soft-
ware (Chicago, IL). Unless otherwise stated, P < 0.05
was considered statistically significant.

Nucleotide Sequence Accession Numbers. The
sequence data reported in this article have been depos-
ited the DDBJ/EMBL/GenBank nucleotide
sequence databases with the accession numbers

AB719460 through AB719842.

in

Results

Demographic Characteristics of HCC and Control
Groups. The clinical characteristics of HCC and con-
trol groups are shown in Table 1. The HCC group
had significantly higher titers of ALT, AST, and AFP,
and higher fibrosis staging score than that of the con-
trol group. There was no significant difference in vire-
mia titers between the two groups.

Correlation Between Core Protein Sequence Poly-
morphism and HCC Development. HCV core pro-
tein sequences were obtained from all (49/49) and
94% (94/100) of pre-HCC and control patients” sera,
respectively. Comparative sequence analysis revealed
that 22 (45%) of 49 HCV isolates in the pre-HCC
sera (pre-HCC isolates) and 59 (63%) of 94 HCV iso-
lates from the control group (control isolates) had

T2 wild-core (Arg70/Leu91) (Table 2). The difference
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Table 1. Demographic Characteristics of HCC and Control

Groups

Factor HCC Control P-value
Age 57.3 = 7.0* 56.4 = 8.3 0.54
Sex (male/female) 31/18 54/46 0.29
ALT (1U/L) 159.4 = 79.8 129.7 = 51.5 0.007
AST (1U/L) 113.0 = 62.2 91.6 + 44.1 0.017
AFP (ng/L) 29.1 = 33.7 184 * 4.4 0.002
Platelets (x 10%/mm®) 162 * 2.8 162 = 2.4 0.88
Inflammation grading score 8.7 =09 84 =12 0.05
Fibrosis staging score 24 05 22 +05 0.02
HCV-RNA (KIU/mL) 593.4 *+ 112.3 618.1 £ 959 0.17

*Mean =+ SD. HCC, hepatocellular carcinoma; ALT, alanine aminotransferase;
AST, aspartate transaminase; AFP; a-fetoprotein.

between HCC and control groups was hovering at a
statistically significant level (2 = 0.05). When the
sequence pattern at position 70 alone was examined, a
stronger association with HCC was observed. We
found that 21 (43%) of 49 pre-HCC isolates had
Gln”° while only 13 (14%) of 94 control isolates did
(P = 0.0002). On the other hand, there was no signif-
icant correlation between sequence pattern at position
91 and HCC. Thus, a single mutation at position 70
(Gln”®) was the only polymorphic factor within core
protein that was significantly associated with HCC de-
velopment. It should be noted that there was no signif-
icant correlation between Gln’® and the degree of fi-
brosis progression (data not shown).

Correlation Between NS3 Protein Sequence Poly-
morphism and HCC Development. Sequences of NS3
serine protease domain (aa 1027 to 1146) were
obtained from 94% (46/49) and 93% (93/100) of
pre-HCC and control isolates, respectively. We found
that 29 (63%) of 46 pre-HCC isolates had Tyr and
Gln at positions 1082 and 1112, respectively (Tyr'%%/
GIn'''?), while 39 (42%) of 93 control isolates did
(Table 2). The difference in the proportion between
pre-HCC and control isolates was statistically signifi-
cant (P = 0.029). On the other hand, there was no
significant correlation between Tyr'%®2/GIn'*'* and the
degree of fibrosis progression (data not shown).

Correlation Between NS5A Protein Sequence
Polymorphism and HCC Development. NS5A pro-
tein sequences were obtained from 92% (45/49) and
74% (74/100) of pre-HCC and control isolates,
respectively. Twenty-four (53%) of 45 pre-HCC iso-
lates had IRRDR of 6 or more mutations (IRRDR>6)
while only 15 (20%) of 74 control isolates did (Table
2; P = 0.0003). We also found that pre-HCC isolates
tended to have a higher degree of sequence heterogene-
ity in ISDR than control isolates, although not statisti-
cally significant due probably to the small number of
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Table 2. Correlation Between HCC and Sequence
Polymorphic Factors of Core, NS3 and NS5A

No. of Subjects / No. of Total*

HCV Protein Factor HCC Control P-value
Core Wild-core (Arg”®/  22/49 (45%)  59/94 (63%) 0.05
Leu®t)
Non-wild-core 27/49 (55%)  35/94 (37%)
GIn™ 21/49 (43%)  13/94 (14%)  0.0002
Non-GIn™ 28/49 (57%)  81/94 (86%)
Leu®? 37/49 (76%)  70/94 (74%) 1.0
Non- Leu®? 12/49 (24%)  24/94 (26%)
NS3 7ri%2 / GIn'tt2 29746 (63%) 39/93 (42%)  0.029
Non-(Tyr82 / 17/46 (37%)  54/93 (58%)
G|n1212)
NS5A IRRDR>6 24/45 (53%)  15/74 (20%)  0.0003
IRRDR<5 21/45 (47%)  59/74 (80%)
ISDR>3 11/45 (24%)  8/74 (11%) 0.07
ISDR<2 34/45 (76%)  66/74 (89%)
Asn?218 11745 (24%)  3/74 (4%) 0.002
Non-Asn?2'8 34/45 (76%)  71/74 (96%)

*Number of subjects with a given factor / total number of HCC or control.
HCC, hepatocellular carcinoma; Arg’®, arginine at position 70 of the core pro-
tein; Leu®?, leucine at position 91 of the core protein; GIn"®, glutamine at posi-
tion 70 of the core protein; Tyr'%%2, tyrosine at position 1082 of NS3; GIn'?'2,

glutamine at position 1212 of NS3; IRRDR, interferon/ribavirin resistance-deter-

mining region; ISDR, interferon sensitivity-determining region; Asn®2'8, aspara-

gine at position 2218 of NS5A-ISDR.

cases examined; 11 (24%) of 45 pre-HCC isolates and
8 (11%) of 74 of control isolates had ISDR with three
or more mutations (P = 0.07). Moreover, Asn at posi-
tion 2218 (Asn*’'®) within the ISDR was found in
24% (11/45) of pre-HCC isolates and only in 4% (3/
74) of the control isolates (P = 0.002), suggesting that
Asn®*'® is significantly associated with development of
HCC. :
Cumulative HCC Incidence on the Basis of Core-
GIn”, NS3-Tyr'%*/GIln’""?, NS54-IRRDR>6, and
NS54-Asn”?*®, Follow-up study revealed that the cu-
mulative HCC incidence in patients infected with
HCV-1b isolates with core protein of GIn”® and those
of non-Gln”®, respectively, was 29% and 5% at the
end of 5 years, 56% and 23% at the end of 10 years,
and 63% and 26% at the end of 15 years (Fig. 1A),
with the differences between the two groups being
statistically significant (2 < 0.0001; Log-rank test).
Likewise, the cumulative HCC incidence in patients
infected with HCV-1b isolates with NS3 of Tyr'%®%/
GIn'""? and those of non-(Tyr'%®%/Gln''"?), respec-
tively, was 15% and 7% at the end of 5 years, 37%
and 24% at the end of 10 years, and 45% and 24% at
the end of 15 years (P = 0.02) (Fig. 1B). Also, the cu-
mulative HCC incidence in patients infected with
HCV-1b isolates of IRRDR>6 and those of
IRRDR<S5, respectively, was 18% and 10% at the end
of 5 years, 59% and 22% at the end of 10 years, and
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63% and 27% at the end of 15 years (P = 0.0002)
(Fig. 1C). Similarly, the cumulative HCC incidence in
patients infected with HCV-1b isolates of Asn**'® and
those of non-Asn®?'8, respectively, was 31% and 9%
at the end of 5 years, 77% and 28% at the end of 10
years, and 77% and 33% at the end of 15 years (P =
0.0003) (Fig. 1D).

Identification of Independent Factors Correlated
with HCC Development by Univariate and Multi-
variate Logistic Regression Analyses. In order to
identify significant independent factors associated with
HCC development, all available data of baseline
patients’ parameters and core, NS3, and NS5A poly-
morphic factors were first analyzed by univariate logis-
tic analysis. This analysis yielded eight factors that
were significanty associated with HCC development:
core-GIn”?, NS3-(Tyr'*®?/GIn'!"?), NS5A-IRRDR>6,
NS5A-Asn**'®, increased levels of ALT (>165 IU/L),
AST (>65 IU/L), and AFP (>20 ng/L), and fibrosis
staging score (>3). Subsequently, those eight factors
were entered in multivariate logistic regression analysis.
This analysis identified two viral factors, core-Gln”®
and NS3-(Tyr1082/Gln”12), and a host factor, AFP
levels (>20 ng/L), as independent factors associated
with HCC development (Table 3).

The vast majority of pre-HCC isolates (85%; 39/
46) had core-GIn”® and/or NS3-Tyr'%*%/GIn''"* and
only 15% (7/46) had non-(GIn”® plus NS3-Tyr'%%2/
Gln'!!?), By contrast, about a half of control isolates
(52%; 46/89) had non-(GIn”® plus NS3-Tyr'%8%/
GIn''"?) (Fig. 2A). The difference in the proportion
between HCC and control groups was statistically sig-
nificant (P < 0.0001). Furthermore, the cumulative
HCC incidence after 15-year follow-up was highest
(63%) among patients with core-GIn”® plus NS3-
(TyrlOSZ/Glnlnz), whereas it was lowest (11%) among
patients with non-(GIn”® plus NS3-Tyr!%®%/Gln'!'?)
(Fig. 2B), with the difference being statistically signifi-
cant (P < 0.0001; Log-rank test).

Evolution of the Sequences of the Core, NS3, and
NS5A Proteins During the Follow-up Period from
Chronic Hepatitis to HCC Development. Finally, we
investigated sequence evolution of the core protein,
NS3 and NS5A (IRRDR and ISDR) during the fol-
low-up period from chronic hepatitis to HCC devel-
opment by comparing the sequences between pre- and
post-HCC isolates. The residue at position 70 of the
core protein was conserved in 91% (41/45) of
sequence pairs analyzed. The substitutions observed at
this position were from Arg’® and His”® each to Gln”®
in two cases and from Gln”® to Arg’® in the other two
cases. The residues at positions 1082 and 1112 of
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Fig. 1. Cumulatlve HCC incidence on the basis of HCV-1b sequence patterns. (A) Position 70 of the core protein. The numbers of core- -GIn™®
and non-GIn™® analyzed were 34 and 109, respectively. (B) Positions 1082 and 1112 of NS3. The numbers of NS3-(Tyr*®*%/GiIn***?) and non-
(Tyri°2/GIn'*'2) analyzed were 68 and 71, respectively. (C) NS5A-IRRDR. The numbers of NS5A-IRRDR>6 and IRRDR<5 analyzed were 39 and
80, respectively. (D) NS5A- Asn?2'8, The numbers of NS5A-Asn?2'8 and non-Asn®**® analyzed were 14 and 105, respectively.

NS3 were conserved in 95% (41/43) and 100% (43/ between pre- and post-HCC isolates in 66% (25/38)
43), respectively, of the sequence pairs analyzed. of cases analyzed (Fig. 3). IRRDR sequences tended to

IRRDR and ISDR showed a high degree of be more polymorphic at the time of HCC occurrence.
sequence evolution. IRRDR sequences were different Frequency of HCV isolates with IRRDR>6 was

Table 3. Univariate and Multivariate Regression Analyses to Identify Independent Factors Associated with HCC

Univariate Multivariate

Variable 0dds Ratio {(95% CI) P-value 0dds Ratio (95% Cl) P-value
Core-GIn™® 0.23 (0.10 - 0.52) 0.0004 6.8 (2.1 - 23.0) 0.001
NS3-Tyr'%2 / GIn?'2 2.4 (1.1-4.9) 0.029 3.4 (1.1 - 10.0) 0.03
NS5A-IRRDR>6 4.5 (2.0 - 10.0) 0.0003
NS5A-Asn?218 7.7 (2.0 - 29.0) 0.002
AFP (>20 ng/L) 12 (5.1 - 30.0) 0.0001 19.5 (4.7 - 80.0) 0.0001
ALT (>165 1U/L) 4.0 (1.8 - 8.6) 0.0006
AST (>65 1U/L) 3.9 (1.5-10.0) 0.003
Fibrosis staging score (>3) 24 (1.1-4.9) 0.02

GIn™, glutamine at position 70 of the core protein; Tyr*°%2, tyrosine at position 1082 of NS3; GIn'2*2, glutamine at position 1212 of NS3; IRRDR, interferon/rib-
avirin resistance-determining region; Asn®2'8, asparagine at position 2218 of NS5A-ISDR, ALT, alanine aminotransferase; AST, aspartate transaminase; AFP; a-feto-
protein; IFN; interferon.
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Fig. 2. (A) Proportions of HCV-1b isolates of the HCC high-risk
group (core-GIn™® and/or NS3-[Tyr*%®2/GIn***2]) and the Ilow-risk
group (non-GIn™® and non-[Tyr'®®2/GIn***2]) among HCC and control
groups. (B) Cumulative HCC incidence on the basis of different com-
bined sequence patterns of position 70 of the core protein and posi-
tions 1082 and 1112 of NS3. Core-GIn"® and NS3-(Tyr'®®%/GIn*1?),
n = 18; core-GIn™ and non-(Tyr'°®%/GIn***?), n = 16; non-GIn™
and NS3-(r'%2/GIn'**2), n = 48; non-GIn"®/non-(Tyr'°®%/GIn***?),
n = 53.

significantly higher in post-HCC isolates than in pre-
HCC isolates; IRRDR>6 was found in 47% (18/38)
of post-HCC isolates compared to 24% (9/38) of pre-
HCC isolates (P = 0.03). On the other hand,
ISDR>3 was found in 21% (8/38) of post-HCC iso-
lates compared to 11% (4/38) of pre-HCC isolates,
with the difference between the two groups being not
statistically significant (P = 0.3).

Discussion

HCC is one of the common long-term complica-
tions of HCV infection. However, whether HCV itself
plays a direct role in the development of HCC and
whether all HCV isolates are equally associated with
HCC development remain to be determined. HCV
core, NS3, and NS5A proteins have been reported to
affect a wide variety of potentially oncogenic pathways
in cell culture and experimental animal systems.” In
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the present study, we demonstrated that HCV isolates
with core-Gln”®, NS3-Tyr'%%/GIn'""* or NS5A-
IRRDR>6 were closely associated with HCC develop-
ment. In addition, a follow-up study revealed that
sequence patterns at position 70 of the core protein
and positions 1082 and 1112 of NS3 did not signifi-
cantly alter during the progression from chronic hepa-
titis to HCC while NS5A-IRRDR showed a signifi-
cantly higher degree of sequence heterogeneity in post-
HCC than in pre-HCC isolates.

Correlation between polymorphisms at positions 70
and 91 of HCV-1b core protein and IFN-based treat-
ment outcome was extensively studied, especially in a
Japanese population.'”?° Interestingly, the same muta-
tions were also associated with progression to HCC in
the Japanese population with HCV-1b infection.'?
Results obtained in the present study confirmed and
emphasized the significant association between the
mutation at position 70 (core-Gln), but not at posi-
tion 91, and HCC development (Tables 2, 3; Fig.
1A). Despite the clinical evidence that strongly sup-
ports the correlation between core-Gln’® and HCC
development, the molecular mechanism underlying
this correlation is still obscure. Delhem et al.*® found
that tumor-derived HCV core proteins, but not nontu-
mor-derived ones, interact with and activate double-
stranded RNA-dependent protein kinase (protein ki-
nase R or PKR), which might modulate viral persist-
ence and carcinogenesis. Gln’® was found in two of
the three tumor-derived sequences, whereas Arg70 was
found in two of the three nontumor-derived ones.

As for the NS3 protein of HCV, the possible link
between an N-terminal portion of NS3 encoding viral
serine protease (aa 1027 to 1146) and hepatocarcino-
genesis was rctportf:d.m’22 However, information about
the relationship between NS3 sequence diversity and
HCC development is still limited. We previously
reported a significant correlation between predicted
secondary structure of an N-terminal portion of NS3
and HCC development.®® In the present study, we
demonstrated that HCV patients infected with HCV
isolates with NS3-(Tyr1082/Glnlllz) were at a higher
risk to develop HCC than those infected with HCV
isolates with non—Tyr1082/(31111112 (Tables 2, 3; Fig.
2B). Computer-assisted secondary structure analysis of
NS3 revealed that Tyr'%%* was associated with the pres-
ence of a turn structure at around position 1083 while
Phe'®®? was associated with the absence of the turn
structure.>* Notably, the catalytic triad of NS3 serine
protease consists of His'*®%, Asp''”’, and Ser''®?
Since positions 1082 and 1112 are in close vicinity of
the catalytic triad, sequences diversity at these positions
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