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FIG. 6. HCV infection induces cytochrome ¢ release and caspase 9
activation in Huh7.5 cells. (A) Cytochrome ¢ release. Mitochondrial
and cytosolic fractions were prepared from HCV-infected cells and the
mock-infected control at 6 days postinfection and analyzed by immu-
noblotting using antibodies against cytochrome ¢, Tim23, NS3, and
actin. Can Get Signal (Toyobo, Osaka, Japan) was used to obtain
stronger signals for cytochrome ¢. Amounts of Tim23 and actin were
measured to verify equal amounts of mitochondrial and cytosolic frac-
tions, respectively. Also, Tim23 was used to show successful separation
of mitochondria. (B) Caspase 9 activation. Caspase 9 activities in cells
infected with HCV and mock-infected controls were measured at 0, 2,
4, and 6 days postinfection. The caspase 9 activity of the control cells
at day 0 postinfection was arbitrarily expressed as 1.0. Data represent
means * standard deviations (SD) of three independent experiments.
=, P < 0,05, compared with the control. (C) HCV infection induces a
marginal degree of caspase 8 activation. Caspase 8 activities in cells
infected with HCV and mock-infected controls were measured at 0, 2,
4, and 6 days postinfection. The caspase 8 activity of the control cells
at day 0 postinfection was arbitrarily expressed as 1.0. Data represent
means = SD of three independent experiments. =, P < 0.05, compared
with the control.

cleavage product truncated Bid (1Bid), which facilitates the
activation of Bax (63, 68). Under our experimental conditions,
however, tBid was barely detected in HCV-infected cells even
al 6 days postinfection (data not shown). It is thus likely that
caspase 8 activation is marginal and is not the primary cause of
Bax activation in our experimental system.

HCV protein expression and HCV RNA replication take
place primarily in the ER or an ER-like membranous structure
(39, 46). Like other members of the family Flaviviridae, such as
dengue virus (69), Japanese encephalitis virus (69), West Nile
virus (41), and bovine viral diarrhea virus (26), HCV has been
reported to induce ER stress in the host cells (5, 14, 17, 55, 60).
ER stress is triggered by perturbations in normal ER function,
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FIG. 7. HCV infection induces increased production of mitochon-
drial superoxide in Huh7.5 cells. (A) Mitochondrial superoxide pro-
duction in HCV-infected cells and the mock-infected control was ex-
amined at 6 days postinfection. Cells were directly incubated with
MitoSOX (upper row) and then stained for HCV antigens by using an
HCV-infected patient’s serum, followed by FITC-labeled goat anti-
human 1gG (bottom row). Scale bar, 10 pwm. (B) Quantification
of MitoSOX-stained cells. The percentages of cells stained with
MitoSOX were determined for HCV-infected cultures and the mock-
infected control, Data represent means + standard deviations of three
independent experiments. =, P < (L05, compared with the control.

such as the accumulation of unfolded or misfolded proteins in
the lumen. On the other hand, in response to ER stress, the un-
folded protein response (UPR) is activated to alleviate the ER
stress by stimulating protein folding and degradation in the ER
as well as by inhibiting protein synthesis (7). The UPR of the
host cell is disadvantageous for progeny virus production and
may therefore be considered an antiviral host cell response. It
was reported that, to counteract the disadvantageous UPR so
as 1o maintain viral protein synthesis, HCV RNA replication
suppressed the IRE1-XBP1 pathway, which is responsible for
protein degradation upon UPR (59). Also, HCV E2 was shown
to inhibit the double-stranded RNA-activated protein kinase-
like ER-resident kinase (PERK), which attenuates protein syn-
thesis during ER stress by phosphorylating the alpha subunit of
cukaryotic translation initiation factor 2 (45). It is reasonable,
therefore, to assume that HCV-infected cells may not neces-
sarily exhibit typical responses to ER stress. In fact, our results
revealed that HCV infection in Huh7.5 cells did not enhance
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FIG. 8. HCV infection does not induce ER stress in Huh7.5 cells,
Huh7.5 cells infected with HCV and mock-infected controls were
harvested at 2, 4, and 6 days postinfection (dpi), and the whole-cell
lysates were subjected to immunoblot analysis using antibodies against
GRP78, GRP%4, NS3, and actin. Amounts of actin were measured to
verify equal amounts of sample loading. Huh7.5 cells treated with
tunicamycin (TM; 5 pg/ml) for 48 h served as a positive control.
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expression of GRP78 and GRP94, which are ER stress-in-
duced chaperone proteins (Fig. 8). Our result thus implies the
possibility that ER stress is not crucially involved in HCV-
induced apoptosis in Huh7.5 cells. Taking advantage of this
phenomenon, we could demonstrate that an ER stress-inde-
pendent, mitochondrion-mediated pathway plays an important
role in HCV-induced apoptosis. In this connection, Korenaga

cl

al. (30) reported that HCV core protein increased ROS

production in isolated mitochondria, independently of ER
stress, by selectively inhibiting electron transport complex [
activity.

In this study, we observed that increased ROS production,

Bax activation, and caspase 3 activation were detectable in
approximately 15% to 25% of HCV antigen-positive Huh7.5cells
at 6 days postinfection (Fig. 7B, 3D, and 2D, respectively). On
the other hand, >90% of the cells in the cultures were con-
firmed positive for HCV antigens (Fig. 1B). These results im-
ply the possibility that HCV establishes persistent infection in
Huh7.5 cells, with a minor fraction of virus-infected cells be-
ginning to undergo apoptosis after a prolonged period of time.
Alternatively, it is possible that Huh7.5 cells, though being
derived from a cell line (6), are a mixture of two sublineages,
with one sublineage being apoptosis prone and the other
apoptosis resistant. To test the latter possibility, further cloning

of

Huh7.5 cells is now under way in our laboratory.

In conclusion, our present results collectively suggest that

HCV infection induces apoptosis through a Bax-triggered, mi-
tochondrion-mediated, caspase 3-dependent pathway.
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INTRODUCTION

Hepatitis C virus NS5A protein interacts with and
negatively regulates the non-receptor protein
tyrosine kinase Syk
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Hepatitis C virus (HCV) is the major causative agent of hepatocellular carcinoma. However, the
precise mechanism underlying the carcinogenesis is yet to be elucidated. It has recently been
reported that Syk, a non-receptor protein tyrosine kinase, functions as a potent tumour suppressor
in human breast carcinoma. This study first examined the possible effect of HCV infection on
expression of Syk in vivo. Inmunchistochemical analysis revealed that endogenous Syk, which
otherwise was expressed diffusely in the cytoplasm of normal hepatocytes, was localized near the
cell membrane with a patchy pattern in HCV-infected hepatocytes. The possible interaction
between HCV proteins and Syk in human hepatoma-denved Huh-7 cells was then examined,
Immunaprecipitation analysis revealed that NSBA interacted strongly with Syk. Deletion-mutation
analysis revealed that an N-terminal portion of NS5A (aa 1-175) was involved in the physical
interaction with Syk. An in vitro kinase assay demonstrated that NS5A inhibited the enzymic
activity of Syk and that, in addition to the N-terminal 175 residues, a central portion of NS5A
(aa 237-302) was required for inhibition of Syk. Moreover, Syk-mediated phospharylation of
phospholipase C-y1 was downregulated by NSSA. An interaction of NSSA with Syk was also
detected in Huh-7.5 cells harbouring an HCV RNA replicon or infected with HCV. In conclusion,
these results demonstrated that NS5A interacts with Syk resulting in negative regulation of its
kinase activity. The results indicate that NS5A may be involved in the carcinogenesis of
hepatocytes through the suppression of Syk kinase activities.

9600 nt, which encodes a polyprotein precursor of about

Hepatitis C virus (HCV) is the major aetiological agent of
viral hepatitis worldwide after hepatitis A and B viruses
(Choo et al., 1989), with about 170 million people being
infected. The majority of HCV-infected individuals
develop chronic infection, which may progress to liver
cirrhosis and hepatocellular carcinoma (HCC). HCV is a
member of the family Flaviviridae and its genome consists
of a single-stranded, positive-sense RNA of approximately

tThese authors contributed equally to this work

$Presant address: Division of Microbiology, Department of Pathological
Sciences, Faculty of Medical Sciences, University of Fukui, Fukui 810-
1183, Japan.

3010 aa. Currently, clinical HCV isolates are classified into
six genotypes and more than 60 subtypes (Doi et al., 1996;
Mellor et al, 1995; Robertson et al, 1998). The
polyprotein is cleaved by signal peptidase, signal peptide
peptidase and two virally encoded proteases to generate at
least ten mature proteins: core, envelope glycoprotein 1
(E1), E2, p7, non-structural protein 2 (NS2), NS3, N54A,
NS4B, NS5A and NS5B (Okamoto et al, 2004; Reed &
Rice, 2000).

HCV NS5A is part of the replication complex that catalyses
replication of the viral genome. NS5A takes two forms, p56
and p58, with different degrees of phosphorylation, which
may play distinct roles in the virus replication cycle (Evans
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et al,, 2004; Song et al., 1999). The SNARE-like membrane
fusion proteins VAP-A and VAP-B have been reported to
interact with NS5A, and the binding capacity is inversely
correlated to the degree of NS5A phosphorylation (Evans et
al, 2004; Gao et al,, 2004; Hamamoto et al, 2005). NS5A
binds to and inhibits double-stranded RNA-dependent
protein kinase (PKR) (Gale et al, 1998) and 2'5'-
oligoadenylate synthetase (Taguchi er al, 2004). NS5A
seems to have the potential to regulate not only interferon
responses but also many other cellular functions, such as
mitogenic signalling, apoptosis, the cell cycle and reactive
oxygen species signalling, by interacting with a variety of
host proteins (Macdonald et al, 2004). These NS5A-
interacting proteins include SRCAP (Ghosh er al.,, 2000),
Grb2 (He er al.,, 2002; Tan er al,1999), p53 (Majumder et
al,, 2001; Qadri er al, 2002), phosphatidylinositol 3-kinase
p85 subunit (He ef al, 2002; Street et al, 2004),
karyopherin i3 (Chung et al, 2000), apolipoprotein Al
(Shi et al, 2002), amphiphysin II (Zech et al., 2003) and
Src family protein tyrosine kinases (Macdonald & Harris,
2004; Macdonald et al., 2004).

The non-receptor protein tyrosine kinase Syk is widely
expressed in cells of the haematopoietic lineage, endothe-
lium, epithelium and hepatocytes (Coopman et al, 2000;
Sada ef al, 2001; Tsuchida et al., 2000; Turner et al., 2000;
Yanagi et al., 1995, 2001). Syk contains tandem SH2 and
kinase domains that are connected by an inter-SH2
domain and a linker region (Taniguchi er al,, 1991). The
tandem SH2 domains of Syk bind to diphosphorylated
immunoreceptor tyrosine-based activation motifs [[TAMs:
YXX(L/T)Xs-s YXX(L/1)] in the cytoplasmic tail of the Fc
receptor y-chain or B-cell receptor subunit Igx to be
activated after the engagement of immune receptors
(Kurosaki et al., 1995; Sada et al, 2001; Shiue er al,
1995; Turner et al, 1995; Weiss & Littman, 1994).
Autophosphorylation of Syk on Tyr*™ and Tyr** in the
activation loop of the kinase domain results in an increase
in its intrinsic kinase activity to phosphorylate its
downstream signalling molecules, such as phospholipase
C (PLC)-y (Kurosaki er al, 1995). Autophosphorylation
on Tyr** in the linker region is required for tyrosine
phosphorylation of PLC-yl (Law ef al, 1996). Genetic
studies have demonstrated that Syk is required for the
development and maturation of B cells, mast-cell
activation and platelet aggregation (Cheng et al, 1995;
Costello et al., 1996; Poole et al., 1997; Turner et al., 1995,
2000). Furthermore, it has been reported that Syk
functions as a tumour suppressor in breast cancers and
that loss of Syk expression appears to be associated with
malignant phenotypes (Coopman et al., 2000).

In the present study, we demonstrated that HCV NS5A
interacts physically with Syk to inhibit its kinase activity in
human hepatoma-derived Huh-7 cells. Our results indicate
that NS5A-induced downregulation of the possible tumour
suppressor Syk may play a role in malignant transforma-
tion of HCV-infected hepatocytes.

METHODS

Expression plasmids. M li lasmids for each of
the Myc-tagged HCV pmtm were mnmctcd by amplifying and
subcloning the corresp cDNA fi of pFK5B/2884Gly
(Lohmann et ¢.L. 200]) in frame 1o the | pEF1/Myc-His(—) vector
(Invitrogen). pFK5B/2884Gly was a kind gift from Dr R
Bartenschlager (University of Heidelberg, Germany). An expression
plasmid for a polyprotein consisting of N53-NS5B was amplified
from pFE5B/2884Gly and subcloned imo pEF1/Myc-His(—).
Deletion mutants of NSSA were also amplified by PCR and subcloned
into pEF1/Myc-His(—). Point mutations in NS3A [Tyr''" to Phe
(Y118F), Val™' to Ala (V121A)] were introduced into pEF1/NS5A-
Myc-His(—) by site-directed mutagenesis. Human Syk cDNA was a
gift from Dr B, Maller-Hilke (University of Rostock, Germany).
cDNA fragments for FLAG-tagged truncated forms and the kinase-
inactive form of Syk were generated by PCR. All mutant forms of
FLAG-tagged Syk were subcloned into pcDNA3.I/Hygrol +)
(Invitrogen).

Cells, HCV RNA replicon and virus, Huh-7 human hepatoma-
derived cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% heat-inactivated fetal calf serum (FCS).
Huh-7.5 cells (Blight ef al, 2002) were kindly provided by Dr C. M.
Rice (The Rockefeller University, USA). BJAB cells, a human B-cell
line expressing endogenous Syk, were cultured in RPMI 1640
supplemented with 10 % FCS.

Huh-7.5 cells stably harbouring an HCV subgenomic RNA replicon
were prepared by using pFK5B/2884Gly, as described previously
(Hidajat et al, 2005; Lohmann et al, 2001; Taguchi et al, 2004;
Takigawa et al., 2004).

The plasmid pFL-]6/JFH1 encoding the entire genome of the HCV J6/
IFH-1 strain was kindly provided by Dr C. M. Rice, and cell-free virus
was propagated in Huh-7.5 cell cultures, as described previously
(Lindenbach et al., 2005).

Protein expression, Protcin expression was performed using a
recombinant vaccinia virus expressing T7 RNA polymerase (vIF7-3),
as described prmously (Deng et al, 2006; Muramatsu et al, 1997). In
some  exj pmmn pression was performed using a
plasmid-| -based expression system without vIF7-3, For BJAB cells,
we used an electroporation method (Schneider & Kieser, 2004). In
brief, 3 » 10° cells were washed once with PBS and incubated for
10 min with 15pg plasmid DNA in 250 yl RPMI 1640,
Electroporation was carried out in @ 4 mm cuvette using a Bio-Rad
Gene Pulser 11 with a capacity of 975 uF and a voltage of 180 V.
I liately after electroporation, 500 ul FCS was added to the cells,
which were then transferred to 4.5 ml RPMI 1640.

To activate Syk under hyperosmulmw conditions, cells were
incubated with serum-free medium ¢ g 400 mM sorbitol for
30 min at 37 °C, as described previously (Miah et al, 2004). In
addition, cells were treated with sodium pervanadate (generated by
mixing 0.1 mM NayVO, with | mM H;0;) for 30 min to activate Syk
(Wienands et al., 1996).

Immunchistochemistry. Human normal adult liver autopsy mate-
rials and surgically resected liver tissue of patients with HCV-
associated HCC were obtained with written informed consent. The
tissues were fixed with 10% buffered formalin, embedded in paraffin
and sectioned. histochemical g was performed with a
Dako EnVision+ kit, according to the manufacturer’s instructions.
In brief, fixed sections were depleted of paraffin by treatment with
xylene, dehydrated in ethanol and incubated with 3% H;0; to
quench endogenous peroxidase activity, After being autoclaved at
121 *C for 20 min, the sections were incubated with a blocking

1232

Journal of General Virology 89

-165-



HCV NS5A interacts with and inhibits Syk

solution and then with anti-Syk rabbit polyclonal antibody (N-19;
Santa Cruz Biotech). Normal rabbit IgG served as a control. The
sections were then incubated with horseradish peroxidase-labelled
polymer con]usuted seoundary antibody. The sections were counter-

with h ined under a light microscope.
To confirm the sptaﬁdw of immunostaining, anti-Syk antibody was
pre-incubated with a 1000-fold excess of blocking pepude (Santa
Cruz Biotech) for 2 h at room temperature prior to stai

Detection of HCV RNA by in situ RT-PCR. [n situ RT-PCR was
performed as described previously (Maeda et al., 2004) with some
modifications. Briefly, OCT-embedded frozen hm biopsy sections
were fixed with 10% formald, L,‘ and d with p K.
The samples were subjected to in situ reverse lrmcrrp(lnn using
Moloney murine leukemia virus reverse transcriptase with an
antisense primer for HCV (nt 290-272; 5'-AGTACCACAA
GGCCTTTCG-3'), followed by in situ PCR using an in situ PCR
System 1000 (Applied Biosystems) in the reaction mixture containing
the antisense and a sense primer (nt 129-147; 5'-CCGGGAGAG
CCATAGTGGT-3"), After being fixed in 4% paraformaldehyde, the
PCR products were detected by in nm hybridization using a
digoxigenin  (DIG)-labelled olj ide probe, 5'-(DIG)-

ATTTGGGCTGT GG(X}CCGOGAGACFGCTAGCCGAGT AGTGTT-

GGGT-(DIG),-3' (nt 225-270). Anti-DIG antibody conjugated with
alkaline phosphatase (Roche) was used to detect the probe. The slides
were incubated in a dye solution containing nitro blue tetrazolium, 5-
b 4-chloro-3-indolylphosph and levamizole to yield a
purplish-blue precipitate.

Immunoprecipitation and Western blotting. Cultured cells were
lysed with a buffer containing 1% Triton X-100, 50 mM Tris/HCI
(pH 7.4), 150 mM NaCl, 10 mM EDTA, 1 mM NaF, 1 mM Na,VO,
and | mM PMSF. The lysate was centrifuged at 12000 g for 20 min at
4 “C and the supernatant was immunoprecipitated with appropriate
antibodies. In the case of liver tissue, each tissue sample was placed in
a tube containing glass beads (1 mm diameter; BioSpec Products) to
which 1 ml lysis buffer was added. The tube was then shaken at 4 °C
for 3 min using a Mini-BeadBeater (BioSpec Products) to homogen-

ize the tissues. After cmm.ﬁ.lgntmn at 80 gfor! min, the supernatant
was collected for 1

L3 T ¥

Immunoprecipitation and Western blot analyses were performed as
described previously (Deng et al, 2006). In brief, the supernatants of
the lysates were pre-cleared with control IgG and protein A-
Sepharose 4 Fast Flow (GE Healthcare) and incubated with
appropriate antibodies at 4 °C for 1 h, followed by incubation with
protein A-Sepharose 4 Fast Flow for another | h. After six washes
with lysis buffer, the immunoprecipitates were analysed by Western
blotting.

Antibodies used were as follows: anti-FLAG mabbit polyclonal
antibody (Sigma); anti-Myc polyclonal and monoclonal antibodies
(Santa Cruz Biotech); anti-Syk monoclonal antibody (4D10; Santa
Cruz Biotech); anti-phospho Syk(Tyr**) and Syk(Tyr*****) rabbit
polyclonal antibodies (Cell Signaling Technology); anti-PLC-y1
monoclonal antibody (BD Biosciences); mouse monoclonal antibod-
ies against core (Yasui et al, 1998), NS3, NS4A and NS5A (kind gifts
from Dr I. Fuke, Osaka University, Japan); anti-N55A rabbit
polyclonal antibody (NSSACLL; a kind gift from Dr K
Shimotohno, Kyoto University, Japan; Miyanari et al, 2007); and
anti-NS5B goat polyclonal antibody (sc-17532; Santa Cruz Biotech),
Normal 1gG served as a control.

In vitro protein Kinase assay. An in vifro protein kinase assay was
performed as rrponed pmnuus]y (Miah et al., 2004; Sada et al, 2000,
2001). In brief, i pre L d with anti-Syk antibody
from differentially mm&aﬁd cells were incubated with 10 ug H2B
histone (Sigma) as substrate in 20 yl kinase buffer, composed of

Normal liver
(a) (b)

Normal IgG
» 200

Antl-Syk

Anti-Syk+
peptide
x 200

Fig. 1. Endogenous Syk expression in human liver tissues in viva.
Normal liver tissues (a, ¢, e, g, i) and HCV-infected non-cancerous
liver tissues (b, d, f, h, j) were analysed. Formalin-fixed samples
were stained with control IgG (a, b) or anti-Syk polyclonal antibody
without (¢=f) or with (g, h) pre-incubation with an excess amount of
the immunogenic peptides. Frozen lissues were sectioned and
examined for the presence of HCV RNA by in situ RT-PCR (i, j).
Representative results are shown from four normal livers and ten
HCV-infected livers. (k) Western blot analysis of normal human
liver and HCV-infected non-cancerous liver. Supematants of liver
tissue homogenates (1,75 mg protein equivalent) were immunoc-
precipitated with anti-Syk monoclonal antibody (4D10) and
probed with the same antibody or with control 1gG.

30 mM HEPES (pH 7.5), 10 mM MgCl;, 2 mM MnCly, 4 pM ATP
and 4 uCi (148 kBq) [-"*PIATP, for 30 min at room temperature.
Reactions were terminated by boiling for 5 min in 2 x sample buffer.
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Proteins were separated by SDS-PAGE. The gels were treated with
1 M KOH for 1 h at 56 °C to remove phosphoserine and most of the
phosphothreonine. After gel drying, radiolabelled proteins were
visualized by autoradiography. For quantitative analysis, o
incorp ‘was d using a Phosphorirmgar (BAS2000;
Fuji) md protein amounts with an LAS1000 image analyser (Fuji).

RESULTS

Different expression patterns of endogenous Syk
in normal and HCV-infected liver tissues

We first examined whether Syk was expressed in human
liver tissues. Immunohistochemical analysis revealed that
Syk was indeed expressed and rather diffusely distributed
throughout the cytoplasm of normal adult hepatocytes
(Fig. 1, e). This pattern was observed with four out of four
normal liver tissues (100%; data not shown). The
specificity of the staining was verified by pre-incubating
the antibody with an excess amount of the immunogenic
peptides (Fig. 1g, h). We then examined Syk expression in
non-cancerous liver tissue obtained from patients with
HCV-associated HCC. Interestingly, Syk was detected near
the plasma membrane with a patchy pattern in hepatocytes
of eight out of ten HCV-infected patients (80 %; Fig. 1d, f,
and data not shown). All of the specimens stained with
normal rabbit IgG were negative (Fig. la, b). We confirmed
that almost all of the hepatocytes in the tissue samples were
infected with HCV using in situ RT-PCR (Fig. 1i, j).

Western blot analysis confirmed Syk expression in human
liver tissue, irrespective of HCV infection (Fig. 1k). It
should be noted, however, that the Syk expression was
rather weak, as we could achieve successful Western
blotting only after the tissue lysates were concentrated by
immunoprecipitation with specific antibody. Also, possibly
due to the low level of expression and comparatively low
sensitivity of the antibodies used for Western blotting, we
could not detect the phosphorylated forms of Syk in the
liver tissue (data not shown).

Identification of Syk as a novel NS5A-interacting
protein

We then examined the possible interaction between HCV
proteins and Syk in cultured cells. For this purpose, various
HCV proteins and Syk were expressed ectopically in Huh-7
cells, as these cells do not express endogenous Syk. Co-
immunoprecipitation analysis revealed that NS5A asso-
ciated with Syk, whereas the other HCV proteins associated
with Syk very weakly or not at all (Fig. 2a, b). A specific
interaction of NS5A with Syk was also observed when
NS5A was expressed as part of an NS3-NS5B polyprotein
(Fig. 2c). These results collectively suggested that NS5A
interacts specifically with Syk.

Next, we examined the possible interaction of NS5A with
endogenously expressed Syk. As human hepatoma-derived
cell lines, such as Huh-7, HepG2 and FLCA, are negative for

(d)

PVi=) PV (+)

Input  IP: anti-Syk Input _ IP: anti-Syk
Vec 5A Vec 5A Vec 5A Vec 5A

— - B s
Blot: ant-NSSA Blot: anti-NSSA
R -
Blot: anti-Syk Blot: anthSyk

Fig. 2. NS5A specifically interacts with Syk in Huh-7 cells. (a)
Each of the Myc-tagged HCV proteins was uprcmd with FLAG-
tagged full-length Syk. Cell lysates were i ipitated using
anti-FLAG antibody or mnrrol IgG. Cell !yaa!as (input) and the
immunoprecipitales were probed with anti-core or anti-Myc
antibodies. A representative result verifying efficient immunopre-
cipitation is shown at the bottom. (b) Myc-tagged NS5A was
expressed with FLAG-tagged full-length Syk. Cell lysates were
immunoprecipitated using anti-Myc antibody or control IgG, and
probed with anti-FLAG antibody. (c) A polyprotein consisting of
NS3-NS5B was expressed with FLAG-tagged Syk. Cell lysates
were immunoprecipitated with anti-FLAG antibody or control IgG.
and probed with the indicated antibodies. (d) NS5A was
expressed in BJAB cells expressing endogenous Syk. The cells
were treated with pervanadate (PV) or left untreated. Cell lysates
were immunoprecipitated with anti-Syk monoclonal antibody and
probed with anti-NS5A or anti-Syk monoclonal antibody. Vec,
control using empty vector.

endogenous Syk expression, we used BJAB cells endogen-
ously expressing Syk. Unlike ectopically expressed Syk,
endogenous Syk in BJAB cells is not tyrosine phosphory-
lated. Therefore, we treated the cells with pervanadate to
induce tyrosine phosphorylation of Syk. Co-immunopre-
cipitation experiments clearly demonstrated that NS5A
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Fig. 3. Determination of the Syk-binding region(s) of NS5A. (a) Schematic diagram of various deletion mutants of NS5A and
their Syk-binding capacity. (b) Alignment of amino acid sequences surrounding the ITAM-related sequence in NSBA of various
HCV strains. The genotype is indicated in parentheses. Residues identical to those of HCV strain Con1 are shown by a dot.
Residues identical to ITAM are shown in bold. (c) Full-length (Full) and a series of deletion mutants of Myc-tagged NS5A were
expressed in Huh-7 cells with or without FLAG-tagged full-length Syk. Cell lysates were immunoprecipitated using anti-FLAG

antibody and probed with anti-Myc antibody (left panel). Efficient
probed directly with anti-Myc and anti-FLAG antibodies to verify
respectively (right panels).

immunoprecipitation was verified (bottom). Cell lysates were
comparable expression levels of the NSSA mutants and Syk,

interacted with endogenous Syk when the cells were treated
with pervanadate, but not when the cells were left
untreated (Fig. 2d).

The N-terminal region of NS5A is required for
interaction with Syk

To map a Syk-interacting region(s) of NS5A, interaction
between various deletion mutants of NS5A and Syk was
tested. C-terminally deleted mutants of NS5A up to
aa 126, as well as the full-length NS5A, were co-
immunoprecipitated with Syk (Fig. 3a, c). This result
suggested that neither the PKR-binding region nor the
interferon sensitivity-determining region (ISDR) of NS5A
was required for the interaction with Syk. A proline-rich
region of NS5A (aa 343-356), which is reported to bind to
the Src family kinases (Macdonald & Harris, 2004;
Macdonald et al, 2004), was not involved in the Syk
interaction ecither. In contrast, the N-terminally truncated

mutant of NS5A(147-447), but not the further truncated
mutants NSS5A(176-447) or NS5A(201-447), was co-
immunoprecipitated with Syk, suggesting that a region
of NS5A between aa 147 and 175 is also involved in the
interaction with Syk. We also observed that NS5A(1-126)
and NSS5A(174-447), but not NS5A(201-447), interacted
with Syk(1-261) or Syk(379-635) (data not shown). These
results collectively suggested that NS5A interacts with Syk
through two independent regions of NS5A (aa 1-126 and
147-175).

Syk is activated by interaction with a diphosphorylated
ITAM of immune receptors (Sada et al, 2001; Turner
et al., 2000; Weiss & Littman, 1994). NS5A from HCV
strain Conl possesses a sequence (AEEY''*VEV'?'-
TRVGDFHY'?**VTG) that resembles an ITAM (Fig. 3b).
We found that the two tyrosine residues at positions 118
and 129 are highly conserved across different genotypes
and subtypes. The tyrosine at position 118 is exposed on
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Fig. 4. NS5A interacts with bath N-terminal and C-terminal regions of Syk. (a) Schematic diagram of the deletion mutants of
Syk and their NS5A-binding capacity. (b) Full-length (Full) and a series of domain-deletion mutants of FLAG-tagged Syk was
expressed in Huh-7 cells with Myc-tagged full-length NS5A (lanes 1-6) or NS5A(176-447) (lane 7). Cell lysates were
immunoprecipitated using anti-FLAG antibody and probed with anti-Myc antibody (left upper panel). Efficient immunoprecipita-
tion of Syk deletion mutants was verified (bottom). Cell lysates were probed directly with anti-Myc and anti-FLAG antibodies to
verify comparable expression levels of the NS5A and Syk mutants, respectively (right panels).

the surface of the NS5A molecule (Tellinghuisen et al,
2005). We examined whether this sequence motif was
involved in the interaction with Syk. A single point
mutation of Tyr''® (Y118F) or double mutations of Tyr'"®
and Val'*" (Y118F and V121A) in NS5A did not affect the
interaction with Syk (Fig. 3c, lanes 11 and 12). Thus, it is
unlikely that NS5A binds to Syk through its ITAM-related
sequence in the same manner as that observed for
immune receptors.

To map the NS5A-binding region in Syk, a series of
domain-deleted mutants of Syk was examined. The
results obtained revealed that both N-terminal (tandem
SH2 domains) and C-terminal halves (linker and the
kinase domain) interacted with NS5A (Fig. 4). The
kinase domain alone and a kinase-inactive form of Syk
were also co-immunoprecipitated with NS5A. These
results suggested that the NS5A-Syk interaction occurs
through the N- and C-terminal regions of Syk and that
the catalytic activity of Syk is not necessary for the
interaction.

NSS5A expression downregulates the kinase
activity of Syk

Next, we tested the possible effect of NS5A expression on
Syk kinase activity. An in vitro kinase assay revealed that
full-length NS5A and a C-terminally deleted NS5A(1-
302) mutant significantly inhibited Syk kinase activity
(Fig. 5, lanes 2-4). In contrast, NS5A(1-236), which
lacked both the PKR-binding region (aa 237-302) and
ISDR (aa 237-276), failed to inhibit Syk kinase activity,
although it could interact with Syk. NS5A(176-447),
which contained the PKR-binding region and ISDR but
lacked the Syk-binding region, did not affect Syk kinase
activity. These results collectively suggested that NS5A
requires both N-terminal (aa 1-175) and central (aa 237-
302) regions for the downregulation of Syk kinase activity
(Table 1).

To address the relevance of the interaction between NS5A
and Syk, the possible effect(s) of NS5A on Syk-mediated
cellular signalling in Huh-7 cells was examined. Ectopic
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Fig. 5. NS5A downregulates Syk kinase activity. Myc-tagged
NS&A and FLAG-tagged Syk were expressed in Huh-7 cells. Cell
lysates were immunoprecipi 1 with anti-FLAG antibody and the
immunoprecipitates were subjected to an in vitro kinase assay
using H2B histone as substrate. Phosphorylation of Syk (p-Syk)
and H2B histone (p-H2B histone) was visualized by autoradio-
graphy (upper panel). Efficlent immunoprecipitation of Syk was
verified (lower panel). Arbitrary units of Syk kinase activities,
represented by the phosphorylation values of p-Syk and p-H2B
histone normalized to the amounts of immunoprecipitated Syk, are
shown at the bottom.

expression of Syk alone mediated signal transduction to
induce tyrosine phosphorylation of a wide variety of
cellular proteins, either directly or indirectly (Fig. 6a, lanes
1 and 3). Hyperosmolarity stress (400 mM sorbitol
treatment) enhanced Syk-mediated tyrosine phosphoryla-
tion of cellular proteins (Fig. 6a, lanes 3 and 4), with the
result being consistent with the previous observation
(Miah et al., 2004). Interestingly, co-expression of NS5A
decreased Syk-mediated tyrosine phosphorylation of
cellular proteins both in the absence and presence of
hyperosmolarity stress (Fig. 6a, lanes 7 and 8). The
phosphorylation of Syk on Tyr’™ and/or Tyr"*** is
marker for Syk activation. Using these paramctcrs. we
confirmed that co-expression of NS5A inhibited Syk
activation both in the absence and presence of hyper-
osmolarity stress (Fig. 6b).

PLC-y1 has been reported to be a downstream molecule of
Syk-mediated signal transduction (Law er al, 1996). Our
results demonstrated that NS5A inhibited PLC-y1 phos-
phorylation, probably through downregulation of Syk
kinase activity, both in the absence and presence of
hyperosmolarity stress (Fig. 6¢).

Table 1. Summary of NS5A deletion mutational analysis of the
interaction with Syk and inhibition of Syk kinase activity

NS5A mutant Interaction with Syk Inhibition of Syk
NS5A(1—447; full) + +
NS5A(1-302) + +
NSSA(1-236) + -
NS5A(176-447) - —

NS5A expressed in the context of HCV RNA
replication interacts with Syk in Huh-7.5 cells

The interaction of NS5A with Syk was examined further
using Huh-7.5 cells harbouring an HCV subgenomic RNA
replicon. The results obtained clearly demonstrated that
NS5A expressed in the context of HCV RNA replication
interacted with Syk (Fig. 7a). It is well known that NS5A
takes two forms, p56 and p58, with the former being the
basally phosphorylated form and the latter the hyperpho-
sphorylated form (Kaneko er al., 1994; Song et al., 1999). It
is noteworthy that Syk interacted with p56 more efficiently
than with p58.

We also examined the interaction of NS5A with Syk in
Huh-7.5 cells infected with the J6/JFH-1 strain of HCV.
The results demonstrated that NS5A interacted with Syk in
HCV-infected cells (Fig. 7b). These results collectively
suggested that the NS5A-Syk interaction occurs in the
context of virus replication, where NS5A is primarily
utilized to form the viral replication complex. In this
connection, HCV J6/JFH-1 replication was not affected
significantly by ectopically expressed Syk in Huh-7.5 cells
(data not shown). This observation, however, does not
necessarily exclude the possibility that the NS5A inter-
action with Syk exerts certain biological effect(s) on the
host cell’s fate.

Syk kinase activity is suppressed in the context of
HCV RNA replication

We then examined Syk kinase activity in the HCV
subgenomic RNA-harbouring Huh-7.5 cells. An in vitro
kinase assay demonstrated that Syk kinase activities,
represented by autophosphorylation of Syk (p-Syk) and
phosphorylation of a substrate (p-H2B histone), were
significantly suppressed in HCV RNA-replicating cells
compared with the control (Fig. 7c). These results
suggested the possibility that Syk kinase activity is down-
regulated through an NS5A-Syk interaction in HCV-
infected hepatocytes as well.

DISCUSSION

‘The non-receptor protein tyrosine kinase Syk is expressed
in a wide variety of haematopoietic cell lineages (Taniguchi
et al, 1991). It is also expressed in human mammary
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(Coopman et al., 2000) and airway epithelial cells (Ulanova
et al., 2005), nasal fibroblasts (Yamada et al, 2001) and
hepatocytes (Tsuchida et al, 2000). These results suggest
that Syk plays a general physiological role in non-
haematopoietic cells as well. The first report of Syk having
a role in cancer was a study of mammary epithelial cells
{Coopman er al., 2000). Since then, there have been several
reports that Syk functions as a tumour suppressor in the
process of malignant tumour development, such as gastric
cancer (Wang et al., 2004) and leukaemia (Goodman et al.,
2001). To look into the possible relevance of Syk in HCV-
infected hepatocytes and also the possible involvement of
Syk in HCC development, we first examined Syk
expression in hepatocytes obtained from HCV-infected
and uninfected subjects. We found that Syk was expressed
near the plasma membrane of hepatocytes of HCV-infected
patients, with a patchy pattern, whereas it was expressed
rather diffusely in the cytoplasm of normal, uninfected
hepatocytes (Fig. 1).

We also demonstrated that NS5A interacted with Syk and
inhibited its kinase activity when expressed ectopically in
Huh-7 cells (Figs 2, 5 and 6). The NS5A interaction with
Syk was observed even in the context of HCV RNA
replication (Fig. 7a, b) and Syk kinase activity was inhibited

in HCV RNA replicon-harbouring cells (Fig. 7¢). It is
likely, therefore, that Syk is a binding partner of NS5A and
is functionally inhibited in HCV-infected hepatocytes as
well. Whilst an N-terminal portion of NS5A (aa 1-175)
was responsible for the binding to Syk, a central portion
(aa 237-302) was also required for the inhibition of Syk
kinase activity (Figs 3 and 5). It has been reported that
NS5A associates with the non-receptor protein tyrosine
kinases Lyn and Fyn, members of the Src family kinases,
through the proline-rich region of NS5A (aa 343-356) and
the SH3 domain of the kinases, thereby inhibiting and
activating the kinase activities of Lyn and Fyn, respectively
(Macdonald & Harris, 2004; Macdonald et al, 2004). In
contrast, Syk does not possess an SH3 domain but has two
tandem SH2 domains. These SH2 domains are known to
interact with diphosphorylated ITAM of immune receptors,
resulting in activation of Syk in an autocrine or paracrine
manner (Sada et al,, 2001; Yanagi et al., 1995). However, it is
unlikely that the NS5A-Syk interaction occurs through its
ITAM-related sequence in the same manner as that observed
for immune receptors, as NS5A mutants with a mutated
ITAM-like sequence still interacted with Syk (Fig. 3). Also,
the SH2 domains of Syk are not the only binding sites for
NS5A (Fig. 4). These results suggest that the mechanism
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underlying the NS5A-Syk interaction differs from what has
been observed for Syk and its interacting proteins in
immune cells. It is possible that multiple regions of NS5A
are involved in the interaction with Syk. Alternatively, NS5A
may interact with Syk indirectly through the other host
protein(s) that binds directly to Syk.

Syk is activated by cytokine stimulation, hyperosmolarity
shock, oxidative stress and engagement with integrin
(Corey et al, 1994; Gao er al., 1997; Miah et al, 2004).
However, the biological relevance of Syk in hepatocytes has
not yet been demonstrated. We have shown in the present
study that hyperosmolarity stress-induced activation of Syk
resulted in increased tyrosine phosphorylation of endo-
genous PLC-y1 (Fig. 6¢). This result suggests that activated
Syk sends signals to PLC-y1 in hepatocytes, as observed in
immune cells (Law ef al,, 1996). Our findings that NS5A
associates with Syk strongly suggest that NS5A affects the
Syk signalosome to alter the signal transduction elicited by
the Syk-PLC-y1 interaction.

Phosphorylanon of ry'rosme residues in the linker region of
Syk is required for immune receptor signalling. Gcneuc
studies have demonstrated that phosphorylation of Tyr**®

and Tyr™® in the linker region of Syk is involved in
regulating tyrosine phosphorylation of LAT (linker for

activating T cells), SLP-76 and PLC-y1 and -y2, and affects
Ca’* mobilization triggered by aggregation of the high-
affinity IgE receptor (Simon et al, 2005; Zhang et al,
2002). We observed that NS5A downregulated phosphor-
ylation of Tyr**? of Syk (Fig. 6b), which correlated with the
inhibition of Syk kinase activity. The phosphorylation state
of Tyr'*? also correlated well with the tyrosine phosphor-
ylation state of PLC-y1. This suggests the possibility that
Ca’* mobilization is affected in HCV-infected hepatocytes
through the NS5A-mediated downregulation of Tyr**
phosphorylation on Syk.

Unlike ectopically expressed Syk, endogenously expressed
Syk in B cells under normal conditions is not tyrosine
phosphorylated (Wienands et al, 1996). Pervanadate
stimulation is known to induce tyrosine phosphorylation
of endogenous Syk. We examined the possible interaction
of endogenous Syk and NS5A. Our results demonstrated
that NS5A interacted with endogenous Syk when the cells
were treated with pervanadate, but not when the cells were
left untreated (Fig. 2d). These results suggest that NS5A
interacts with the tyrosine-phosphorylated, active form of
Syk.

Whilst Syk is commonly expressed in normal human breast
tissues, benign breast lesions and low-tumorigenic breast
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cancer cell lines, only a minimal or even an undetectable
level of Syk expression has been demonstrated in invasive
breast carcinoma tissues and cell lines (Coopman et al,
2000). DNA methylation of the CpG sites in the syk gene
promoter has been reported to be responsible for the loss
or marked reduction of Syk expression in breast cancer
(Yuan ef al, 2001). Moreover, Yuan et al. (2006) reported
that DNA methylation of the syk gene in hepatitis B virus-
associated HCC cancerous tissue was highly correlated with
Syk expression and that the patients with a methylated syk
gene had a significantly lower overall survival rate after
hepatectomy than those with an unmethylated syk gene. In
contrast, our results revealed that the expression levels of
Syk did not differ between normal and HCV-infected
hepatocytes (Fig. 1k) or between cancerous and non-
cancerous hepatocytes (data not shown). At the functional
level, however, NS5A downregulated Syk kinase activity in
Huh-7 cells (Fig. 6). Moreover, Syk kinase activity was
downregulated in cells harbouring an HCV RNA replicon
(Fig. 7c). These results collectively suggest that NS5A is
involved, at least partly, in the suppression of Syk kinase
activity in HCV-infected cells. It is also interesting to
assume that the NS5A-mediated Syk inhibition plays an
important role in the development of HCC, although the
precise molecular mechanism(s) is yet to be determined.
Recently, a possible mechanism by which breast cancer cells
become invasive was proposed: human breast cancer cells
express and secrete a group of chemokines called growth-
related oncogene (GRO)-z, GRO-f and GRO-y, and their
production is regulated by Syk (Li & Sidell, 2005). It would
be interesting to examine the possible effects of NS5A and
HCV RNA replication on the levels of GRO expression and
secretion.
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Sequence Variation in Hepatitis C Virus Nonstructural
Protein 5A Predicts Clinical Outcome of Pegylated
Interferon/Ribavirin Combination Therapy

Ahmed El-Shamy,' Motoko Nagano-Fujii,' Noriko Sasase,’ Susumu Imoto,* Soo-Ryang Kim.? and Hak Hotta'?

A substantial proportion of hepatitis C virus (HCV)-1b-infected patients still do not re-
spond to interferon-based therapy. This study aims to explore a predictive marker for the
ultimate virological response of HCV-1b-infected patients treated with pegylated interfer-
on/ribavirin (PEG-IFN/RBV) combination therapy. Nonstructural protein 5A (NS5A) se-
quences of HCV in the pretreated sera of 45 patients infected with HCV-1b were analyzed.
The mean number of mutations in the variable region 3 (V3) plus its upstream flanking
region of NS5A (amino acid 2334-2379), referred to as IFN/RBYV resistance-determining
region (IRRDR), was significantly higher for HCV isolates obtained from patients who later
achieved sustained virological response (SVR) by PEG-IFN/RBV than for those in patients
undergoing non-SVR. The receiver operating characteristic curve analysis estimated six
mutations in IRRDR as the optimal threshold for SVR prediction. Indeed, 16 (76%) of 21
SVR, but only 2 (8%) of 24 non-SVR, had HCV with six or more mutations in IRRDR
(IRRDR = 6) (P < 0.0001). All of 18 patients infected with HCV of IRRDR of 6 or greater
examined showed a significant (=1 log) reduction or disappearance of serum HCV core
antigen titers within 24 hours after initial dose of PEG-IFN/RBYV, whereas 10 (37%) of 27
paticnts with HCV of IRRDR of 5 or less did (P < 0.0001). The positive predictive value of
IRRDR of 6 or greater for SVR was 89% (16/18; P = 0.0007), with its negative predictive
value for non-SVR being 81% (22/27; P = 0.0008). Conclusion: A high degree (=6) of
sequence variation in IRRDR would be a useful marker for predicting SVR, whereas a less

diverse (=5) IRRDR sequence predicts non-SVR. (HErATOLOGY 2008;48:38-47.)

Abbreviations: aa, amino acid: Cl, confidence interval: CNR, romplete nonre-
spomse; ETR, end-of-treatment resporse; EVR, early virological response; HCV,
hepatins C virns; [FN, interferon; IRRDR, mm:fmnfn'&m-mn resistance-deter-
mining region; ISDR, interferon semsitivity-determining region; NS5A, monsiruc-
tural protein SA; nt, nucleotide; PEG, pegyluted: PKR-BD, double-stranded RNA-
activated protein kinase-binding domain; RBV, ribavirin; RT-PCR. reverse
mranscription polymerase chain reaction; SVR, imed virological response; V3,
variable 3.
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epatitis C virus (HCV) infection is the major
Hcause of chronic hepatitis, liver cirrhosis, and

hepatocellular carcinoma in industrialized
countries. However, HCV infection is curable, and its
complications can be prevented by antiviral therapy.'?
Currently, the most effective treatment of chronic HCV
infection is based on a combination of pegylated inter-
feron (PEG-IFN) and ribavirin (RBV).? Even with this
treatment regimen, however, sustained virological re-
sponse (SVR) rates for those infected with the most resis-
tant genotypes, HCV-1a and HCV-1b, still hover at
approximately 50%.%# Considering the high cost and the
significant side effects associated with this combination
therapy, it is worthy to identify patients most likely to
benefit from therapy.3 Predictors of IFN-based therapy
can be classified into two caregories, pretreatment and
on-treatment factors. Pretreatment factors comprise host
factors, such as age, sex, obesity, ethanol consumption,
heparic iron overload, fibrosis, immune responses, and
coinfection with other viruses, and viral factors, which
mainly include viral genotypes and viral load. On-treat-
ment factors are mainly related to the viral kinetics within
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the first few weeks of trearment.® Because the HCV geno-
type is one of the major factors affecting IFN-based ther-
apy response, IFN resistance is, at least partly, genetically
encoded by HCV itself” In this context, nonstructural
protein 5A (NS5A), one of the HCV nonstructural pro-
teins, has been widely discussed for its correlation with
IFN responsiveness. Enomoto et al.®? proposed that the
sequence variations within a region in NS5A, called the
IFN sensitivity-determining region (ISDR), is correlated
with IFN responsiveness. It was further demonstrated
that ISDR and its adjacent sequence was able to bind to
double-stranded RNA-activated protein kinase (PKR),
one of the important antiviral proteins of the host cell, to
inhibit its enzymatic activity and, therefore, the combined
region is called PKR-binding domain (PKR-BD).'%!" A
significant correlation berween sequence variation in
PKR-BD and IFN responsiveness was also reported.'? In
addition, there are some reports that showed a correlation
berween IFN responsiveness and the sequence diversity of
the variable region 3 (V3) [amino acids (aa) 2356 to
2379] or its surrounding regions near the carboxy termi-
nus of NS5A.12-20

We have recently reported thar a high degree of se-
quence variations in the V3 and the pre-V3 regions (aa
2334-2355) of NS5A, which we collectively refer to as
IFN/RBV resistance-determining region (IRRDR) (aa
2334-2379), was closely correlated with carly virological
response (EVR) by week 16 in HCV-1b-infected patients
treated with PEG-IFN and RBV.?! In the current study,
we aimed to follow up our previous observations to inves-
tigate whether the degree of sequence variation in IRRDR
could also correlate with SVR on PEG-IFN/RBV combi-
nation therapy.

Patients and Methods

Patients. A rotal of 45 patients chronically infected
with HCV-1b, whose diagnoses had been made based on
anti-HCV antibody detection, HCV subtype determina-
tion according to the method by Okamoto et al.,* and
clinical follow-up, were treated with PEG-IFN a-2b (1.5
pg/kg body weight, once weekly, subcutancously) and
RBV (600-800 mg daily, per os), according to a standard
treatment protocol for Japanese patients established by a
hepatitis study group of the Ministry of Health, Labour,
and Welfare, Japan, at Kobe Asahi Hospiral, Hyogo Pre-
fecture, Japan. All the parients were confirmed negative
for hepatitis B surface antigen using chemiluminescent
immunoassay (Abbotr Japan Co., Ltd., Tokyo, Japan).
Serum samples were collected from the partients ar inter-
vals of 4 weeks before, during, and after the treatment,
and tested for HCV RNA by reverse transcription poly-

EL-SHAMY ET AL. 39

merase chain reaction (RT-PCR), as reported previous-
ly.2! The quantification of serum HCV RNA titers was
performed by RT-PCR with an internal RNA standard
derived from the 5’ noncoding region of HCV (Amplicor
HCV Monitor test, version 2.0, Roche Diagnostics, To-
kyo, Japan). The thresholds of the low-range and high-
range measurements of this assay were 50 and 600 IU/
mL, respectively. HCV core antigen in the sera was also
quantitatively measured by chemiluminescent immuno-
assay (Abborr Japan Co., Lud., Tokyo, Japan). The
threshold of this assay is 20 fmol/L.

The study protocol was approved beforchand by the
Ethic Commirtee in Kobe Asahi Hospital, and written
informed consent was obrained from each parient before
the treatment.

NS5A Sequence Analysis. HCV RNA was extracted
from 140 pL serum using a commercially available kit
(QIAmp viral RNA ki, QIAGEN, Tokyo, Japan). For
amplification of the NS5A region of the HCV genome,
the extracted RNA was reverse transcribed and amplified
for full-length NS5A using SuperScript One-step RT-
PCR for long templates (Invitrogen, Tokyo, Japan) and a
set of primers, NS5A-F1 [5'-TACTCCCTGCCATC-
CTCTCTCCTG-3'; sense, nucleotides (nt) 5974-5997]
and NS5A-F2 (5'-CTCCTTGAGCACGTCCCGGT-
3'; antisense, nt 7777-7796). The resultant RT-PCR
product was subjected to a second-round PCR by using
Platinum Taq DNA polymerase (Invitrogen) and an in-
ner set of primers, NS5A-F3 (5'TCTCCAGCCTTAC-
CATCACYCA-3'; sense, nt 6172-6193) and NS5A-F4
(5'-CGGTARTGRTCGTCCAGGAC-3'; antisense, nt
7761-7780). The samples that were not amplifiable (nos.
3,23,47,61, 65, and 69) using the aforementioned prim-
ers were amplified using primer sets reported previously.?3
Reverse transcription was performed at 45°C for 30 min-
utes and terminated at 94°C for 2 minutes, followed by
the first-round PCR over 35 cycles, with each cycle con-
sisting of denaturation at 94°C for 30 seconds, annealing
at 55°C for 30 seconds and extension at 68°C for 90
seconds. The second-round PCR was performed under
the same condition. The amplified fragments were puri-
fied with QIA quick PCR purification kit (QIAGEN),
and visualized by agarose gel electrophoresis and ethidium
bromide staining. The sequences of the amplified frag-
ments were determined by direct sequencing without sub-
cloning using Big Dye Deoxy Terminator cycle
sequencing kit and ABI 337 DNA sequencer (Applied
Biosystems, Inc, Japan). The aa sequences were deduced
and aligned using GENETYX Win software version.7.0
(GENETYX Corp., Tokyo, Japan). Numbering of aa
throughout the complete manuscript is according to the
poly protein of HCV genotype 1b prototype HCV-].24
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Statistical Analysis. Statistical difference in the pa-
rameters, including all available patients’ demographic,
biochemical, hemarological, and virological dara as well as
IRRDR sequence variations factors, was determined be-
tween different patients’ groups by Student ¢ test for nu-
merical variables, and Fisher’s exact probability test for
categorical variables, In the case of multiple comparisons
for various regions of NS5A, P values were adjusted by the
Bonferroni method to reduce the probability of errone-
ously classifying nonsignificant hypothesis as significant.
Although there are five regions of comparison (full-
NS5A, N-half, ISDR, PKR-BD and IRRDR), the ISDR
is entirely within the PKR-BD, and all the regions fall
within the full-NS5A. Therefore, it would be reasonable
to adjust the P values for three regions of comparison.
Accordingly, the P value for a test was multiplied by 3. To
evaluate the optimal threshold of IRRDR mutations for
SVR predicrion, the receiver operating characreristic
curve was constructed and the area under the curve as well
as the sensitivity and specificity were calculated. Subse-
quently, univariate and multivariate logistic analyses were
performed to identify variables that independently pre-
dict SVR. The odds ratios and 95% confidence intervals
(95% CI) were also calculared. Kaplan-Meier HCV sur-
vival curve analysis was performed based on serum HCV-
RNA positivity data during treatrment period (48 weeks)
according to the number of IRRDR mutations
(IRRDR = 6 and IRRDR = 35). The HCV death event
was estimated as the first time point of HCV-RNA clear-
ance after initiation of the treatment. The data obrained
were evaluated by the log-rank test. Positive and negative
predictive values of SVR predictors were compured, and
their significance levels were evaluated using the sign test.
All statistical analyses were performed using the SPSS ver-
sion 16 software (SPSS Inc., Chicago, IL). Unless other-
wise stated, a P value of less than 0.05 was considered
startistically significant.

Nucleoride Sequence Accession Numbers. The se-
quence data reported in this article have been deposited in
the DDBJ/EMBL/GenBank nucleotide sequence dara-
bases with the accession numbers AB285035 through
AB285081, and AB354116 through AB354118.

Results

Virological Responses of the Patients Treated with
PEG-IFN and RBV. Proportions of various virological
responses of the patients treated with PEG-IFN/RBV
combination therapy are shown in Table 1. Of 45 patients
enrolled in this study, 23 (51%), 31 (69%), and 21 (47%)
patients, respectively, achieved EVR by week 12
[EVR(12w)], end-of-treatment response (ETR), and sus-
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Table 1. Proportions of Various Virological Responses of
Patients Treated With PEG-IFN/RBV

Virclogical Response Proportion
EVR{12w) 51% (23/45)*
ETR 69% (31/45)
SVR 47% (21/45)
Non-SVR 53% (24/45)
CNR 24% (11/45)
Relapse 29% (13/45)
ETR-relapse 22% (10/45)
Viral breakthrough 7% (3/45)

*No. of patients/no. of total.

Abbreviations: PEG-IFN/RBV, pegylated-interferon/ ribavinn; EVR, early virolog-
Ical resp ETR, end-of SVR, sustained virological re-
sponse; CNR, complete nonresponse.

tained virological response (SVR). Among 23 parients
with EVR(12w), 22 (96%) and 18 parients (78%)
achieved ETR and SVR, respectively. This indicares thar
EVR(12w) was significantly correlated with ETR and
SVR (P < 0.0001). A total of 24 patients (53%) failed ro
achieve SVR, and they were referred to as non-SVR. Non-
SVR can be divided into two categories: (i) complete non-
response (CNR), which is defined by continued presence
of serum HCV RNA up to the end of the trearment, and
(i) relapse, which is defined by transient disappearance of
HCV RNA at a certain time point followed by reappear-
ance of HCV RNA either before or after the end of the
treatment. CNR represented 24% (11/45) of all cases and
46% (11/24) of non-SVR. Thirteen (29%) of 45 patients
underwent relapse. Among 13 relapsers, 3 (23%) patients
had rebound in HCV viremia before the end of the treat-
ment and, hence, were defined as undergoing viral break-
through, whereas 10 (77%) patients had rebound in
HCV viremia after the end of the treatment, defined as
ETR-relapsers.

Demographic characteristics of patients with SVR,
non-SVR, CNR, and relapse are summarized in Table 2.
Age, sex, body weight, hemoglobin levels, or gamma
guanosine triphosphate titers did nor significandy differ
between SVR and non-SVR or CNR. However, patients
with SVR showed a trend toward having significantly
higher platelet counts than those with non-SVR and
CNR. Also, the mean initial titers of HCV core antigen
for non-SVR and CNR, respectively, were 1.6 times and
2.3 times higher than that for SVR, although the differ-
ence was not staristically significant. HCV RNA riters
were almost the same among them.

Correlation Between Virological Responses and the
Sequence Variation of IRRDR of HCV NS5A Ob-
tained from the Pretreated Sera. The entire NS5A
region of the HCV genome was amplified from the pre-
treated sera and the aa sequences deduced. We compared
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Table 2. Demographic Characteristics of Patients With SVR, Non-SVR, CNR, and Relapse

P Value
SVR versus SVR versus SVR versus
Factor SVR Non-SVR CNR Reiapse Non-SVR CNR Relapse

Age 56.5 = 8.0 599 = 106 59.4 > 10.0 603 = 115 NSt NS NS
Sex (male/femaie) 12/9 13/11 6/5 7/6 NS NS NS
Body weight (kg) 585=04 59 =132 61.0 = 10.8 578= 153 NS NS NS
Platelets (x 10%/mm3) 183+ 44 150 = 49 123 =39 168 > 49 0.02¢ 0.001% NS
Hemoglobin (g/dL) 141213 13T =14 144=13 1432158 NS NS NS
yGTP (IU/L) 435287 516 =357 628 + 403 438 = 30.5 NS NS NS
HCV-RNA (KIU/mL) 1326 = 1256 1667 = 1311 1488 = 1228 1818 = 1408 NS NS NS
HCV core antigen (fmol/L) 6183 = 6894 9830 = 1214 14,033 = 17,089 6481 = 4023 NS NS NS

*Mean = SD.

TNot significant.

$Student 1 test.

Abbreviations: SVR, sustained virological response; CNR, complete nonresponse; y-GTP, gamma guanosine tnphosphate.

each NS5A sequence with a consensus sequence inferred
from aligning the previously published NS5A-1b se-
quences.® In this connection, the consensus sequence for
IRRDR differs from the corresponding sequence of a pro-
totype strain of IFN resistance HCV-1b (HCV-J; DDBJ/
EMBL/Genbank accession no. D90208) by a single
residue at position 2367 (Ala instead of Gly). Because
Ala?3¢7 was conserved in 95% of the reported sequences,
we used the IRRDR consensus sequence in this study. As
shown in Table 3, the mean number of aa substitutions in
the entire NS5A obtained from patients with SVR was
significantly greater compared with non-SVR and relapse.
There was no difference in the number of murarions in an
N-terminal half of NS5A (aa 1972-2208), the ISDR (aa
2209-2248) or the PKR-BD (aa 2209-2274) between the
different patients’ groups. Conversely, we found a more
abvious significant difference in the mean numbers of aa
mutations within a region consisting of the pre-V3 and
V3 regions, which we refer to as IRRDR, between SVR
and other patients’ groups (Table 3).

To estimate a cutoff number of murations in
IRRDR predicting SVR, the receiver operating charac-
teristics analysis was performed. The result revealed
that six mutations were an optimal number of muta-
tions to predict SVR, because it achieved the highest
sensitivity (76%) combined with the highest specificity
(92%) and yielded an area under the curve of 0.81
(Fig. 1).

Indeed, only 2 (8%) of 24 patients with non-SVR, in
contrast to 16 (76%) of 21 patients with SVR, had HCV
with IRRDR of 6 or greater, with the difference between
the two groups being staristically significant (< 0.0001)
(Table 4). Furthermore, none of 11 patients with CNR
had HCV of IRRDR of 6 or greater, and the difference
berween SVR and CNR was statistically significant (P <
0.0001). Similarly, only 2 (15%) of 13 relapsers (10 ETR-
relapsers + 3 patients with viral breakthrough) had HCV
of IRRDR greater than or equal to 6, with the result
demonstrating significant difference berween SVR and
relapse (P = 0.001).

Table 3. Average Numbers of aa Mutations Within Different Regions of HCV NS5A Obtained From Pretreated Sera of
Patients With SVR, Non-SVR, CNR, and Relapse

No. of Mutations* P Valuet
SVR versus SVR versus SVR versus

NSSA Reglon SVR Non-SVR CNR Relapse Non-SVR CNR Relapse
Full-NS5A (aa 1972-2419) 249 > 6.1 19.7+ 43 201 =52 194 =35 0.012 0.144 0.03
N-half (aa 1972-2208) p2=19 86=19 9.0=x24 B2=x12 NS NS NS
ISDR (aa 2209-2248) 21+28 12+11 1714 08 =07 NS NS NS
PKR-BD (aa 2209-2274) 38+34 2520 29=24 2118 NS NS NS
IRRDR (aa 2334-2379) 6121 39+14 3.7*08 40 =18 0.0006 0.003 0.018

*Mean = SD.

tThe P values obtained with Student ¢ test were adjusted using the Bonferronl method (see Materials and Methods).

$Not significant.

Abbreviations: SVR, sustained virological response; CNR, complete nonresponse; aa, amino acid; ISDR: interferon sensitivity-determining region, PKR-BD,
double-stranded RNA-activated protein kinase-binding domain; IRRDR, interferon/ribavirin resistance-determining region.
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Fig. 1. The receiver operating characteristic curve analysis of IRRDR
sequence vanation for SVR prediction. The curve depicted with solid line
shows an area under the curve of 0.81. Solid circles with numerals
plotted on the curve represent different numbers of IRRDR mutations
analyzed. The dashed line in the upper left comer indicates the optimal
number of IRRDR mutations for SVR prediction, which ylelds the highest
sensitivity (76%) and the highest specificity (92%).

When the IRRDR sequences obtained from all 45 pa-
tients were aligned along with the consensus sequence
(Fig. 2), we noticed that 10 (48%) of 21 parients with
SVR had alanine at position 2360 (Ala?3%%), whereas only
3 (13%) of 24 parients with non-SVR and none of 11
patients with CNR did (2 = 0.02and 0.006, respectively)
(Table 4). Similarly, 9 (43%) of 21 patients with SVR had
threonine at position 2378 (Thr?37%), whereas only 3
(13%) of 24 patients with non-SVR and none of 11 pa-
tients with CNR did (P = 0.04 and 0.01, respecrively).

To identify significant independent SVR predictors,
we first entered all available baseline patients’ features and
IRRDR sequence variations data in univariate logistic
analysis. As had been expected, this analysis yielded four
factors significantly associared with SVR: IRRDR muta-
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tions, either continuous variable (7 < 0.0001) or dichot-
omized at 6 (P < 0.0001), Ala?*® (P = 0.002), Thr?*78
(P = 0.019), and platelet count (P = 0.017). Subse-
quently, we analyzed these four factors by multivariate
logistic analysis. When the IRRDR murations were di-
chotomized at 6, the multivariate analysis identified only
the IRRDR of 6 or greater criterion as the independent
predictor of SVR (odds ratio = 16.0; CI, 2.4-104.3; P =
0.004) (Table 5). However, when the IRRDR mutations
were analyzed as a continuous variable, the multivariate
analysis yielded IRRDR mutations (odds ratio = 1.8; ClI,
1.1-3.1; P = 0.02) and Ala?3® (odds ratic = 9.3; CI,
1.1-78.8; P = 0,04) as independent SVR predictors.

Figure 3A shows the viral clearance rates of patients
infected with HCV of IRRDR of 6 or greater and those
with IRRDR of 5 or less at 4-week intervals during the
whole observation period (72 weeks). All of 18 patients
infected with HCV of IRRDR 6 or greater cleared the
virus by week 16 and remained free of viremia thereafter
until the end of the PEG-IFN/RBV treatment (week 48).
Within 4 weeks after the cessation of the combination
therapy, however, 2 (11%) of the 18 patients underwent
relapse (ETR relapse). Conversely, 16 (59%) of the 27
patients with HCV of IRRDR of 5 or less cleared the virus
by week 32. Of the 16 patients who once cleared the virus,
3 (19%) and 8 (50%) underwent relapse to become viral
breakthrough and ETR relapsers, respectively.

Kaplan-Meier HCV survival curve analysis confirmed
that, after the initiation of the IFN/RBV treatment, HCV
clearance was achieved significantly more rapidly in pa-
tients infected with HCV isolates with IRRDR of 6 or
greater than those with IRRDR of 5 or less, with the
difference between the two groups being statistically sig-
nificant (P < 0.0001) (Fig. 3B).

Sequence Analysis of ISDR and PKR-BD of HCV
NS5A Obtained from Pretreated Sera. As described,
there was no difference in the mean number of murations
in ISDR or PKR-BD berween SVR and non-SVR or
CNR (Table 3). Only four patients had HCV with four or

Table 4. Correlation Between NS5A Sequence Variation and Virological Responses of the Patients

No. of Subjects / no. of Total* P Valuet
SVR versus SVR versus SVR vorsus

Criterla SVR Non-SVR CNR Relapse Non-SVR CNR Relapse
IRRDR = 6 16/21 (76%) 2/24 (B%) 0/11 (0%) 2/13 (15%) < 0.0001 < 0.0001 0.001
A3 10/21 (48%) 3/24 (13%) 0/11 (0%) 3/13 (23%) 0.02 0.006 NSt
Thrase 9/21 (43%) 3/24(13%) 0/11 (0%) 3/13(23%) 0.04 0.01 NS

*Total no. of SVR, Non-SVR, CNR, or relapse.

{Fisher's exact lest

{Not significant.

Abbreviations: SVR, ined virak | CNR, plete nt 0 IRRDR, Interferon/ ribavir g region; Ala®%, alanine at position

2360; Thr¥3®, threonine at position 23?8‘
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