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Fig. 2.

In vivo interaction between Prx1 and EGAP. A: HEK293T cells were co-transfected with pCAG-HA-EBAP together with either pCAG-FLAG-Prx1 or pCAG-FLAG-Prx2.

Cell lysates were immunoprecipitated with anti-HA mouse MAb, anti-FLAG mouse MAb, or normal mouse 1gG and analyzed by immunoblotting with anti-HA PAb or anti-FLAG
MAb. B: HEK293T cells were transfected with either HA-EGAP plasmid or FLAG-Prx1 plasmid, grown on coverslips, fixed, and processed for double-label immunofluorescence
for HA-EGAP or FLAG-Prx1. All the samples were examined with a BZ-8000 microscope (Keyence).

IN VITRO INTERACTION BETWEEN Prx1 AND E6GAP

To determine whether E6AP interacts with Prx1 in vitro,
purified recombinant MEF-E6AP, MEF-annexin Al expressed in
insect cells using a baculovirus system and purified recombinant
Hisg-Prx1 and Hisg-Prx2 expressed in E. coli were used. The
Hise-tagged Prx proteins were mixed with either MEF-E6AP or
MEF-annexin A1, incubated, pulled down with Ni-NTA agarose,
and analyzed by immunoblotting with anti-FLAG MAb (Fig. 3,
upper panel) or anti-polyhistidine MAb (Fig. 3, middle panel).
MEF-annexin A1 served as a negative control to confirm that MEF-
tag does not bind Prx 1. MEF-E6AP was pulled down with Prx 1, but
not with Prx2 (Fig. 3, lanes 1 and 3), whereas annexin A1 was not
pulled down with either Prx1 or Prx2 (Fig. 3, lanes 2 and 4). These

results suggest that E6AP directly and specifically binds Prx1
in vitro.

E6AP DECREASES STEADY-STATE LEVELS OF Prx1 IN

HEK293T CELLS

One of the characteristic features of HECT domain ubiquitin
ligases is their direct association with their substrates. Thus, we
hypothesized that EGAP would function as an E3 ubiquitin ligase for
Prx1. We assessed the effects of E6GAP on the steady-state levels of
Prx1 in HEK293T cells. FLAG-Prx1 together with HA-tagged E6GAP,
catalytically inactive E6AP, E6AP C-A, or Nedd4 (another HECT
domain ubiquitin ligase) was introduced into HEK293T cells, and the
levels of Prx1 were examined by immunoblotting. The steady-state
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Fig. 3. In vitro interaction between Prx1 and EGAP. Purified MEF-EGAP,
MEF-Annexin A1, Hisg=Prx1, and His¢—=Prx2 were used to examine the
interaction between E6AP and Prxs. Purified MEF-EBAP was mixed with either
Hisg=Prx1 or Hisg=Prx2, incubated, and pulled down with Ni-NTA agarose.
MEF-Annexin A1 served as a negative control. The bound proteins were
separated by SDS-PAGE and analyzed by immunoblotting with anti-FLAG
MAb (upper panel) or anti-Hiss MAb (middIe panel). The input MEF-EBAP and
MEF-annexin A1 were separated by SDS-PAGE and stained with Coomassie
brilliant blue (lower panel).

levels of Prx!1 decreased with an increase in the amount of E6AP
plasmid (Fig. 4A lanes 1-3, Fig. 4B). However, neither EGAP C-A nor
Nedd4 decreased the steady-state levels of Prx1 (Fig. 4A lanes 4-6
and 7-9, Fig. 4B), indicating that E6AP specifically decreases Prx1.

To determine if endogenous E6AP is critical for the degradation of
endogenous Prx1 in the cells, the expression of EGAP was knocked
down by siRNA and the expression of Prx1 and E6AP was analyzed
by immunoblotting. Transfection of siE6AP into HEK293T cells
resulted in a decrease in E6GAP levels by 97% (Fig. 4C, upper panel,
lane 2). Knock-down of endogenous E6AP resulted in accumulation
of endogenous Prx1 (Fig. 4C, lane 2, middle panel), suggesting that
endogenous E6AP plays a role in the proteolysis of endogenous
Prx1.

To further investigate if the E6GAP-induced reduction of Prx1 is
dependent on the proteasome, we examined the effects of the
proteasome inhibitor clasto-lactacystin and the lysosomal enzyme
inhibitors, E-64d and Pepstatin A, on the level of Prx1. Clasto-
lactacystin was used to examine if Prx1 gets stabilized after the
treatment, because it has an irreversible inhibitory effect on
proteasome. HEK293T cells were transfected with pCAG-FLAG-Prx1
plus either empty vector or pCAG-HA-E6AP. Overexpression of
E6AP resulted in a remarkable reduction of the Prx 1 (Fig. 4D, lane 2,
middle panel), whereas the Prx1 protein level was increased after
treatment with clasto-lactacystin (Fig. 4D, lane 4, middle panel).
In contrast, the Prx1 protein level was unchanged after treatment
with E-64d plus Pepstatin A (Fig. 4D, lane 6, middle panel). These
results indicate that E6GAP-induced reduction of Prx1 is proteasome-
dependent.

EGAP-DEPENDENT POLYUBIQUITYLATION OF Prx1 IN VIVO

To determine whether E6AP can induce ubiquitylation of Prx1 in
cells, we performed in vivo ubiquitylation assays. HEK293T cells
were transfected with FLAG-Prx1 plasmid and either EGAP or Nedd4
plasmid, together with a plasmid encoding HA-tagged ubiquitin to
facilitate the detection of ubiquitylated Prx1. Cell lysates were
immunoprecipitated with anti-FLAG MAb and immunoblotted with
anti-HA PAb to detect ubiquitylated Prx1 protein. No ubiquitin
signal was detected in the cells co-transfected with empty plasmid or
Nedd4 plasmid (Fig. 5A, lanes 4 and 6). In contrast, co-expression of
E6AP led to readily detectable polyubiquitylated forms of the Prx1
as a smear of higher-molecular weight bands (Fig. 5A, left panel,
lane 5). Inmunoblot analysis with anti-FLAG PAb confirmed that
FLAG-Prx1 was immunoprecipitated and that higher-molecular
weight bands conjugated with HA-ubiquitin were indeed poly-
ubiquitylated forms of the FLAG-Prx1 (Fig. 5A, right panel, lane 5).
These results suggest that EGAP enhances polyubiquitylation of
Prx1 in vivo.

To further investigate if E6AP is involved in K48-linked
ubiquitylation of Prx1, we performed in vivo ubiquitylation assay
using HA-tagged K48R dominant negative ubiquitin mutant and
K48 only ubiquitin mutant expression plasmids. HEK293T cells were
transfected with FLAG-Prx1 plasmid and E6AP plasmid, together
with a plasmid encoding HA-ubiquitin WT, HA-K48R ubiquitin, or
HA-K48 ubiquitin to facilitate the detection of ubiquitylated Prx1.
Ubiquitin signal was detected in the cells transfected with either HA-
ubiquitin WT or HA-K48 ubiquitin plasmid (Fig. 5B, lane 1 or 3),
whereas no ubiquitin signal was detected in the cells transfected
with HA-K48R ubiquitin (Fig. 5B, lane 2), suggesting that E6AP
enhances K48-linked polyubiquitylation of Prx1. These results are
consistent with the notion that E6AP is involved in proteasomal
degradation of PrxI.

EGAP MEDIATES POLYUBIQUITYLATION OF Prx1 IN VITRO

To reconstitute the E6AP-mediated polyubiquitylation of Prx1 in
vitro, we performed an in vitro ubiquitylation assay of the Prx1
using purified MEF-E6AP and Hisg-Prx1 as described above. When
the in vitro ubiquitylation reaction was carried out in the presence of
MEF-E6AP C-A, no ubiquitylation signal was detected (Fig. 5C,
lanes 3). However, inclusion of purified MEF-E6AP in the reaction
mixture resulted in ubiquitylation of Hisg-Prx1 (Fig. 5C, lane 4). No
signal was detected when Hisg—Prx 1 was not included in the reaction
mixture (Fig. 5C, lane 2). From these results, we concluded that EGAP
mediates polyubiquitylation of Prx1.

In this study, we identified Prx1 as a novel E6AP-binding protein
using a tandem affinity purification procedure coupled with mass
spectrometry. Overexpression of E6AP enhances proteasomal
degradation of Prx1, and siRNA-mediated knockdown of endo-
genous E6AP results in accumulation of endogenous Prx1. EGAP
enhances the polyubiquitylation of Prx1 in vivo and in vitro. We
conclude that EGAP mediates ubiquitin-dependent degradation of
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Fig. 4. EGAP decreases the steady-state levels of Prx1 protein in HEK293T cells. A: HEK293T cells (5 x 10° cells/six-well plate) were transfected with 0.5 jug pCAG-FLAG-
Prx1 plus empty vector and 1 or 9 g of pCAG-HA-E6AP, pCAG-HA-E6AP C-A, or pCAG-HA-Nedd4. At 48 h posttransfection, equivalent amounts of the whole-cell lysates
were separated by SDS-PAGE and analyzed by immunoblotting with anti-HA MADb (top panel), anti-FLAG MAGb (middle panel), and anti-GAPDH MAb (bottom panel). The results
shown are representative of three independent experiments. B: Quantitation of the data shown in panel A. The intensities of the gel bands were quantitated using the ImageJ
1.43 program. The level of GAPDH served as a loading control. C: Knockdown of endogenous EGAP by siRNA resulted in the accumulation of endogenous Prx1 in HEK293T cells.
HEK293T cells (3 x 10° cells/six-well plate) were transfected with 40 pmol of EGAP-specific duplex siRNA (or a scramble negative control). The cells were harvested at 96 h after
SiRNA transfection. D: HEK293T cells (5 x 10° cells/six-well plate) were transfected with 0.5 g of pCAG-FLAG-Prx1 plus 9 g of empty vector or pCAG-HA-EBAP. At 36h
after transfection, the cells were treated with DMSO control (lanes 1 and 2), 30 M clasto-lactacystin (lanes 3 and 4), or 40 uM E-64d plus 20 pM Pepstatin A (lanes 5 and 6).
Cells were collected at 12 h after treatment with the inhibitors. Equivalent amounts of the whole-cell lysates were separated by SDS-PAGE and analyzed by immunoblotting
with anti-HA MAb (upper panel), anti-FLAG MAb (middle panel), or anti-GAPDH MAb (lower panel).
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Prx1. Our results suggest that EGAP is involved in the regulation of

Prx1 activity through the ubiquitin-proteasome pathway.

Prx1is a 25-kDa member of the Prx family, a ubiquitous family of
antioxidant peroxidases that regulate many cellular processes

Fig. 5. EBAP mediates ubiquitylation of Prx1 in vivo and in vitro. A: HEK293T cells (2 x 10° cells/10-cm dish) were transfected with 1 g of pCAG-FLAG-Prx1 together with
2 g of plasmid encoding E6AP or Nedd4 as indicated. Each transfection also included 2 j1g of plasmid encoding HA-ubiquitin. The cell lysates were immunoprecipitated with
FLAG beads and analyzed by immunoblotting with anti-HA PAb (left panel) or anti-FLAG MAb (right panel). Arrow indicates FLAG-Prx1. Asterisk indicates immunoglobulin
light chain. Ubiquitylated species of FLAG-Prx1 are marked by brackets. B: HEK293T cells (2 x 10° cells/10-cm dish) were transfected with 1 j1g of pCAG-FLAG-Prx1 together
with 2 pg of plasmid encoding EGAP plasmid. Each transfection also included 2 jug of plasmid encoding HA-Ub WT, HA-Ub K48R, or HA-Ub K48 as indicated. At 36 h after
transfection, the cells were treated with 25 WM MG132 and cultured for 12 h. The cell lysates were immunoprecipitated with FLAG beads and analyzed by immunoblotting with
anti-HA PAb. Ubiquitylated species of FLAG-Prx1 are marked by brackets. C: In vitro ubiquitylation of Prx1 by recombinant E6AP. For in vitro ubiquitylation of Prx1 protein,
purified Hisg=Prx1 was used as a substrate. Assays were done in 40-l volumes containing each component as indicated. The reaction mixture is described in Materials and
Methods Section. The reaction was carried out at 37°C for 120 min followed by immunoprecipitation with anti-Prx1 PAb and analysis by immunoblotting with anti-Ub MAb.
Ubiquitylated species of Hisg~Prx1 are marked by brackets. Asterisk indicates immunoglobulin heavy chain.

through intracellular oxidative signal transduction pathways. More
than 50 members of the Prx family have been identified in a wide
variety of organisms ranging from prokaryotes to mammals. Prxs
are widely expressed hydrogen peroxide scavenger proteins best
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known for their role in detoxifying reactive oxygen species, DNA
damage, and cancer, but they also act in cellular signaling and as
molecular chaperones [Jang et al, 2004; Hall et al., 2009].
Mammalian cells express six isoforms of Prx (Prx1-6), which are
classified into three subgroups (2-Cys, atypical 2-Cys, and 1-Cys)
[Rhee et al., 2005]. Prx1 is a 2-Cys thiol reductase that forms a
component of cellular antioxidant and thermal stress defense
mechanisms through its ability to metabolize H,0,, and its
properties as a molecular chaperone [Wood et al., 2003a,b; Jang
et al., 2004]. Furthermore, Prx 1 controls neuronal differentiation by
a thiol-redox-dependent cascade [Yan et al., 2009].

The peroxidase activity of Prx1 is regulated by phosphorylation,
which is mediated by cyclin-dependent kinases [Chang et al., 2002].
Phosphorylation at Thr90 by several Cdks, including Cdc2, results in
inhibition of its peroxidase activity. Another known regulatory
mechanism is cysteine sulfinic acid formation [Woo et al., 2003].
The active-site cysteine of Prx1 is selectively reduced to cysteine
sulfinic acid during catalysis, which leads to inactivation of
peroxidase activity. Reversing the inactivation of Prxl was
previously identified as a mechanism for its regulation. The sulfinic
form of Prx1, produced during the exposure of cells to H,0,, is
rapidly reduced to the catalytic active thiol form [Woo et al., 2003].
We propose here a novel regulatory mechanism of Prx1. Our results
show for the first time that the E6AP-mediated ubiquitin-
proteasome pathway is a mechanism for irreversibly attenuating
the activity of Prx1. Our data suggest that EGAP specifically targets
Prx1 for ubiquitin-dependent proteasomal degradation. Prx1 and
Prx2 share 77.4% sequence identity at the protein level. However,
our data showed that E6AP does not interact with Prx2 in vivo and
in vitro, suggesting a specific interaction between E6AP and Prx1.

Angelman syndrome is a neurologic disorder characterized by
developmental delay, severe intellectual disability, motor impair-
ment, absent speech, happy demeanor, and epilepsy, and is
attributed to an absence of UBE3A/E6AP gene expression that
may be caused by various abnormalities of chromosome 15.
Although the genetic link between UBE3A/E6AP and Angelman
syndrome was identified more than 13 years ago [Kishino et al.,
1997; Matsuura et al.,, 1997], the underlying pathophysiology is
poorly understood. Ubiquitin-mediated proteolysis may be impor-
tant in a number of processes of neuronal development, including
synaptogenesis and mechanisms of long-term memory. Recent
findings in animal models of Angelman syndrome have demon-
strated altered dendritic spine formation as well as both synaptic and
nonsynaptic influences in various brain regions, including
hippocampus and cerebellar cortex [Dan, 2009]. Yan et al. [2009]
provided several lines of evidence suggesting that the requirement
for Prx1 in motor neuron differentiation stems from a previously
uncharacterized enzymatic function that is distinct from its
molecular chaperone or H,0, metabolic activities. It may be
intriguing to investigate the functional link between lack of UBE3A/
EGAP expression and stability of Prxl with regard to the
pathogenesis of Angelman syndrome.

The expression of Prx! is induced by oxidative stress including
that from the exposure to 0% Fe®, or 2-mercaptoethanol. In
addition to H,0,, other chemicals such as phorbol ester and okadaic
acid have also been shown to induce the expression of Prxl

[Immenschuh et al., 2002; Wijayanti et al., 2008]. Increased
expression of Prx1, in turn, contributes to greater resistance to
oxidative stress. Many studies have indicated that aberrant
expression of Prx1 was found in various kinds of cancers, such
as thyroid tumors, oral cancers, lung cancers, and esophageal
carcinoma [Yanagawa et al., 1999; Yanagawa et al., 2000; Chang
et al., 2001; Qi et al, 2005]. As the hypoxic and unstable
oxygenation microenvironment of a tumor is one of the key factors
influencing tumor growth and progression, the induction of Prx1
expression might be an adaptive response of the cancer cells [Zhang
et al., 2009]. Although the molecular mechanism responsible for the
abnormal elevation of Prx1 is still unclear, it may be interesting to
investigate the gene polymorphisms of E6AP and the stability of
Prx1 in cancer cells.

There are several modes of substrate recognition in the ubiquitin-
proteasome system. Recognition can be made via several mechan-
isms, such as (1) NH,-terminal residues (the N-end rule pathway),
(2) allosteric activation, (3) recognition of phosphorylated substrate,
(4) phosphorylation of E3, (5) phosphorylation of both the ligase
and its substrate, (6) recognition in trans via an ancillary protein,
(7) abnormal/mutated/misfolded proteins, and (8) recognition via
hydroxylated protein [Glickman and Ciechanover, 2002]. It is
known that E6AP uses several mechanisms for substrate recogni-
tion. E6AP recognizes p53 in conjunction with the HPV 16 E6 protein
[Scheffner et al., 1993; Talis et al., 1998]. E6AP also recognizes the
tyrosine-phosphorylated form of Blk [Oda et al., 1999] and the Ca®*-
binding form of annexin A1 [Shimoji et al., 2009]. Further studies
will be needed to elucidate the mode of Prx1 recognition by E6AP.

In conclusion, we demonstrated that E6AP mediates the
ubiquitin-dependent degradation of Prx 1. Future efforts will focus
on understanding the role of the EGAP-mediated proteolysis of Prx1
in the defense against oxidative stress and thermal stress as well as
the ubiquitylation signal of Prx1. Insights into the physiological
function of E6AP will be gained by investigating the effects of
various oxidative stresses on the stability and functional control
of Prx1.
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Secondary Structure of the Amino-Terminal Region
of HCV NS3 and Virological Response to Pegylated
Interferon Plus Ribavirin Therapy for Chronic
Hepatitis C
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The aim of the study was to identify a predictive
marker for the virological response in hepatitis C
virus 1b (HCV-1b)-infected patients treated
with pegylated interferon plus ribavirin therapy.
A total of 139 patients with chronic hepatitis C
who received therapy for 48 weeks were enrolled.
The secondary structure of the 120 residues of the
amino-terminal HCV-1b non-structural region 3
(NS3) deduced from the amino acid sequence
was classified into two major groups: A and B.
The association between HCV NS3 protein poly-
morphism and virological response was ana-
lyzed in patients infected with group A (n=28)
and B (n =40) isolates who had good adherence
to both pegylated interferon and ribavirin
administration (>95% of the scheduled dosage)
for 48 weeks. A sustained virological response
(SVR) representing successful HCV eradication
occurred in 33 (49%) in the 68 patients. Of the
28 patients infected with the group A isolate,
18 (64%) were SVR, whereas of the 40 patients
infected with the group B isolate only 15 (38%)
were SVR. The proportion of virological
responses differed significantly between the
two groups (P < 0.05). These results suggest that
polymorphism in the secondary structure of the
HCV-1b NS3 amino-terminal region influences
the virological response to pegylated interferon
plus ribavirin therapy, and that virus grouping
based on this polymorphism can contribute to
prediction ofthe outcome of this therapy. J. Med.
Virol. 82:1364-1370, 2010. © 2010 Wiley-Liss,
Inc.
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INTRODUCTION

Hepatitis C virus (HCV) is the major pathogen that
causes chronic liver diseases with arisk of progression to
cirrhosis and hepatocellular carcinoma. Currently, the
standard treatment for chronic hepatitis C is antiviral
therapy using pegylated interferon (Peg-IFN) plus
ribavirin (RBV), and this approach is most effective for
eradication of HCV viremia. However, even with the
widely used treatment regimen of 48 weeks, the rate of
sustained virological response (SVR), which indicates
eradication of viremia, is still approximately 50% for
patients infected with the therapy-resistant HCV
genotype 1b (HCV-1b) with a high viral load [Manns
etal., 2001; Brunoet al., 2004; Hadziyannis et al., 2004].
It would be useful to predict the virological response to
this therapy and to identify patients who would obtain
beneficial therapeutic effects before treatment, in order
to avoid any serious side effect and to eliminate those
who would not be helped by the treatment. In the future
it will be important to establish a protocol of tailor-made
medicine for chronic hepatitis C.
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Both the HCV genotype and pre-treatment viral load
are major viral factors that influence the response to
IFN-based antiviral therapy, but IFN resistance is also
partly due to variation of the amino acid sequence
encoded by HCV itself. Enomoto et al. {1996] proposed
that variation of 40 amino acids within the NS5A
region (aa 2,209--2,248), which is referred to as the
IFN sensitivity-determining region (ISDR), is well
correlated with IFN responsiveness. ISDR and its
adjacent sequence bind and inhibit the enzymatic
activity of a double-stranded RNA-activated protein
kinase (PKR), which can have an antiviral effect, and
therefore the combined region is referred to as the PKR-
binding domain (PKR-BD) [Gale et al., 1997, 1998]. A
correlation between sequence variation in the PKR-BD
and IFN responsiveness has been reported [Noushaum
et al.,, 2000], and some reports show a correlation
between IFN responsiveness and the sequence diversity
of variable region 3 (V3) (aa 2,356-2,379) or surround-
ingregions near the carboxy terminus of NS5A [Murphy
et al., 2002; Sarrazin et al., 2002; Puig-Basagoiti et al.,
2005]. A high degree of amino acid substitutionin the V3
and pre-V3 regions (aa 2,334—2,355) of NS5A, which is
referred to as the IFN/RBV resistance-determining
region (IRRDR) (aa 2,334-2,379), has been associated
with SVR in Peg-IFN/RBV combination therapy for
patients infected with HCV-1b [El-Shamy et al., 2007,
2008]. In addition to these findings in non-structural
proteins of the virus, amino acid substitution in a
structural region of HCV has been reported to be a
predictive viral marker for the virological response to
PegIlFN/RBV therapy. Amino acid polymorphismsin the
HCV core region (Arg70 vs. GIn70 and Leu91 vs. Met91)
correlate with virological outcome and on-treatment
viral kinetics in Peg-IFN/RBV therapy [Akuta et al.,
2006, 20071, and a double wild-type HCV core (Arg70
and Leu91) may be a significant predictor of SVR in
Peg-IFN/RBV therapy [Akuta et al., 2007].

Interactions between viral and host proteins in
infected cells may influence therapeutic effects and
the natural history of infection, since the HCV NS3
region has a significant effect on immunity. The amino-
terminal part of this region encodes a serine protease,
for which the minimum activity has been mapped to a
region between aa 1,059 and 1,204 [Yamada et al., 1998].
The serine protease inactivates Cardif, a caspase
recruitment domain (CARD)-containing adaptor pro-
tein that interacts with the RNA helicase retinoic
acid inducible gene 1 (RIG-1)-dependent antiviral path-
way in infected cells [Foy et al., 2003; Meylan et al.,
2005; Evans and Seeger, 2006]. This action inhibits
phosphorylation and subsequent heterodimerization of
interferon regulatory factor-3 (IRF-3), which is essential
for activation of IFN signaling through translocation of
IRF-3 heterodimers into the nucleus, and eventually
blocks IFN-beta production. In addition, inactivation of
IRF-3 is postulated to influence the therapeutic effect
of IFN-based antiviral therapy, because the IRF-3
heterodimer translocates into the nucleus to bind to
the IFN-stimulated response element that produces

1365

many antiviral proteins, including 2,5'-oligoadenylate
synthetase and PKR [Nakaya et al., 2001; Grandvaux
et al., 2002]. Collectively, these findings suggest that
polymorphisms in HCV NS3 structure deduced from
sequence variation may influence IFN-related signaling
and the antiviral effect of IFN-based anti-HCV therapy.

We have focused on polymorphisms in the secondary
structure of the viral polyprotein that interacts
with host proteins involved in immunity, with the aim
of identification of predictive viral markers for the
response to Peg-IFN/RBV therapy. In this study, we
examined the potential correlation between polymor-
phisms in the secondary structure of the HCV NS3
amino-terminal region and virological responses to Peg-
IFN/RBYV therapy in patients infected with HCV-1b with
a high viral load.

PATIENTS AND METHODS

Patients and Treatment Regimen With
Peg-IFN Plus Ribavirin

A total of 139 consecutive patients diagnosed with
chronic hepatitis C were enrolled in the study from
December 2004 to March 2007. These patients included
81 men and 58 women, and were aged from 31 to 75 years
old (mean + SD, 56.8 &+ 8.7 years old). All patients were
infected with HCV-1b with a high viral load of over
100 KIU/ml, and all received Peg-IFN/RBV therapy.
Patients with alcoholic liver injury, autoimmune liver
disease, and those who had symptoms of decompensated
cirrhosis including ascites were excluded. Briefly, all
patients were treated with a combination of Peg-IFN-
alpha 2b (Pegintron®; Schering-Plough, Kenilworth,
NJ) and RBV (Rebetol®; Schering-Plough) for 48 weeks,
Peg-IFN was administered subcutaneously once a week
and RBV was given orally twice a day for the total dose.
The dosages were determined on the basis of body
weight according to the Japanese standard prescription
information supplied by the Japanese Ministry of
Health, Labour and Welfare, and there was a limit for
calculating the optimized dose: patients with body
weights of 35-45, 46—60, 61-75, and 76—-90kg were
given Peg-IFN at doses of 60, 80, 100, and 120 g,
respectively, and those with body weights of <60, 60—80,
and >80kg were given RBV at doses of 600, 800, and
1,000 mg, respectively. The dose of Peg-IFN or RBV was
reduced according to the Japanese standard criteria
based on the white blood cell count, neutrophil
count, hemoglobin concentration and platelet count
[Hiramatsu et al., 2008].

Virological Tests and Response to
Peg-IFN Plus Ribavirin

Virological responses were evaluated at 12 weeks
after the start of treatment with an early depletion of
viremia referred to as an early virological response
(EVR), at the end of treatment with depletion of viremia
referred to as an end of treatment virological response
(ETR), and at 24 weeks after completion of treatment,
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with a clinical outcome of a sustained virological
response (SVR) representing successful HCV eradica-
tion. All patients were negative for hepatitis B surface
antigen. Quantification of serum HCV RNA was
performed using an RT-PCR-based commercial kit
(Amplicor HCV monitor test, ver. 2.0, Roche Dia-
gnostics, Tokyo, Japan). This Amplicor HCV RNA assay
has a lower limit of detection of 50IU/ml. SVR
was determined by monitering negativity for HCV
RNA monthly for 6 months. The real-time PCR assay
kit (COBAS TagMan HCV Auto, Roche Diagnostics) for
more precise quantitation of HCV viremia has
recently become available and pre-treatment viral titers
were re-evaluated using preserved serum samples. This
real-time PCR assay has a lower limit of detection of
151U/ml. The study protocol was approved by the Ethics
Committee of Yamagata University Hospital. Informed
consent was obtained from all patients.

PCR Amplification of the
Amino-Terminal Region of NS3

RNA was extracted from 50 ul of serum using an
RNeasy Mini kit (Qiagen, Tokyo, Japan). To amplify the
region of the HCV genome encoding the amino-terminal
region of NS3 (1,027-1,206), a one-step PCR was
performed in a tube using the Superscript One-Step
RT-PCR kit with Platinum Taq (Gibco-BRL, Tokyo,
Japan) and an outer set of primers: NS3-F1 (sense
primer; 5-ACA CCG CGG CGT GTG GGG ACA T-3';
nucleotides 3,295-3,316) and NS3-AS2 (antisense pri-
mer; 5-GCT CTT GCC GCT GCC AGT GGG A-3;
nucleotides 4,040—-4,019), as reported previously [Ogata
et al., 2002a, 2003]. PCR was initially performed at 45 C
for 30 min at RT and then at 94" C for 2 min, followed by
the first-round PCR for forty 3-min cycles at 947, 55", and
72 C for 1min each. The second-round PCR was
performed with Pfiut DNA polymerase (Promega, Tokyo,
Japan) and an inner set of primers: NS3-F3 (sense
primer; 5-CAG GGG TGG CGG CTC CTT-3"; nucleo-
tides 3,390-3,407) and NS3-AS1 (antisense primer;
5-GCCACTTGG AAT GTT TGC GGT A-3'; nucleotides
4,006—3,985). The second-round PCR was performed for
35 cycles, with each cycle consisting of 1 min at 94 C,
1.5min at 55 C, and 3min at 72°C. This method allowed
amplification of the corresponding portion of the HCV
genome from HCV-1b RNA-positive samples. The
amplified fragments were purified with a QIAquick
PCR purification kit (Qiagen) and directly sequenced
(without being subcloned) in both directions using a
dRhodamine Terminator Cycle Sequencing Ready Reac-
tion kit and an ABI 377 sequencer (Applied Biosystems,
Tokyo, Japan).

Classification of the Secondary Structure of
the HCV-1b NS3 Amino-Terminal Region

The secondary structure of the amino-terminal region
of HCV NS3 was predicted by computer-assisted Robson
analysis [Garnier et al., 1978] with Genetyx-Mac
software (ver.10.1; Software Development Co., Tokyo,
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Fig. 1. Secondary structure of the 120 amino-terminal residues of
HCV-1b nonstructural 3 (NS3) region classified into two major groups:
A and B. The looped, zigzag, straight, and bent lines represent «-helix,
B3-sheet, coil, and turn structures, respectively. The numbers indicate
amino acid positions. A: Group A, (B) Group B.

Japan). Previously, the full-length secondary structure
of the HCV-1b NS3 region was analyzed, and this
showed that the secondary structure deduced from the
carboxy-terminal 60 residues was well conserved in
terms of linear structure, without any turn structure
[Ogata et al., 2002a]. We have shown that the secondary
structure of the 120 residues in the amino-terminal
region of HCV-1b NS3 can be classified into two major
groups: A and B (Fig. 1) [Ogata et al., 2002a, 2003].
Briefly, the criteria for this classification are as follows:
in group A isolates, the carboxy-terminal 20 residues (aa
1,125-1,146) are oriented leftward relative to a domain
composed of the remaining amino-terminal region;
whereas in group B isolates, the same 20 residues are
oriented rightward relative to the rest of the amino-
terminal domain.

Analysis of Amino Acid Substitutions in
the Core Region

To amplify a region of the HCV genome encoding the
core region including positions 70 and 91, reverse
transcription and the first-round PCR were performed
in a tube by the Superscript One-Step RT-PCR kit
with Platinum Tag (Gibeo-BRL) and an outer set of
primers, followed by second-round PCR with an
inner set of primers in accordance with procedures
reported previously [Ogata et al., 2002b]. The sequences
of the amplified fragments were determined by direct
sequencing.

Statistical Analysis

Data were analyzed by a 7 test for independence
with a two-by-two contingency table and a Student
t-test. A P-value <0.05 was considered significant.

RESULTS

Virological Response and Adherence to the
Peg-IFN Plus Ribavirin Regimen

Rates of virological responses in patients treated with
PeglFN/RBV combination therapy for 48 weeks are
shown in Figure 2. Of the 139 patients enrolled in the
study, SVR, non-SVR and cessation of therapy occurred
in58(42%), 62(45%), and 19 (14%), respectively. Serious
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Fig. 2. Virological response in patients treated with peginterferon
plus ribavirin for 48 weeks. The results are shown for all 139
subjects (open bars) and for 75 cases with good adherence of >80% of
the scheduled dosages (closed bars). SVR, sustained virological
response.

adverse events that necessitated discontinuation of this
therapy were depression in one patient, thyroid function
disorder in 2, general itching in 2, infection in 2,
anorexia in 2, occurrence of hepatocellular carcinoma
in 2, and a decreased neutrophil count in 2. Six patients
also terminated this therapy at their ownrequest. Of the
139 patients, 75 (54%) received >80% of the scheduled
dosage of Peg-IFN and RBV designated before treat-
ment, and of these 75 cases SVR and non-SVR occurred
in 38 (51%) and 37 (49%), respectively.

Prevalence of Types of Secondary Structure of
the Amino-Terminal Region of HCV NS3

The prevalence of the types of secondary structure of
HCV NS3 in the 139 subjects is shown in Table I. Among
these subjects, 43 (31%), 70 (50%), and 26 (19%) were
classified into groups A, B, and others, including 3 of
mixed type (A plus B) and 23 of non-A, non-B type. Of the
75 cases with good adherence to administration of >80%
of the scheduled dosage, 28 (37%), 40 (63%) and 7 (9%)
were classified into groups A, B, and others. The
amino acid data of group A and B in the cases with
good adherence to administration are available in the
DDBJ/EMBL/GenBank databases with the accession
numbers AB548070-AB548137. Our analysis revealed
no specific correlations between amino acid sequences

TABLE I. Prevalence of the HCV NS3 Secondary Structure

Type
GroupA  GroupB  Others
(%) (%) (%)
Enrolled cases (n=139) 43 (31) 70 (50) 26 (19)
Adherent cases (n =75} 28 (37) 40 (63) 7D
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and the secondary structure deduced by the Robson
method, as we have reported previously [Ogata et al.,
2003].

Characteristics of Adherent Patients Based on
Different HCV NS3 Structure Types

The virological responses to Peg-IFN/RBV combina-
tion therapy for patients infected with group A and B
isolates were assessed in the 68 subjects with good
adherence to the scheduled dosage of Peg-IFN and RBV.
The characteristics of patients infected with group A
and B isolates are shown in Table II. Age, gender, pre-
treatment level of serum HCV RNA and ALT, and
frequency of fibrosis stage did not differ significantly
between the two groups. Peg-IFN/RBV combination
therapy was completed in all the patients, and the total
administered dosages of Peg-IFN and RBV was >95% of
the scheduled dosage in both groups.

Relationship Between Virological
Responses and Polymorphisms in the
HCV NS3 Amino-Terminal Region

In the 68 patients who received >95% of the scheduled
doses of Peg-IFN and RBV for 48 weeks, SVR and non-
SVR occurred in 33 (49%) and 35 (51%), respectively.
The EVR, ETR, and SVR rates in patients infected with
group A and B isolates are shown in Table III. There was
a significant difference in the rates of EVR between
subjects infected with group A and B isolates: EVR
was achieved in 19 of 28 (68%) patients with group A
infection, compared to 17 of 40 (43%) with group B
infection (P<0.05). The final outcome also differed
significantly between subjects infected with group A and
B isolates: SVR was achieved in 18 of 28 (64%) patients
with group A infection, compared to 15 of 40 (38%) with
group B infection (P < 0.05).

Polymorphisms in Core Amino Acids 70/91 and
in the HCV NS3 Secondary Structure

The wild-type core sequence (Arg70, Leu91) has been
associated with SVR in Peg-IFN/RBV combination
therapy, while the non-double wild-type containing
one or two substitutions at positions 70 and/or 91 was
associated with non-SVR [Akuta et al., 2007]. Therefore,
we examined substitutions at positions 70 and 91 in the
HCV core region in pre-treatment serum samples of
44 cases that were available for testing. The double
wild-type 70/91 sequence was found in 22 of the 44 cases
(50%), of which 12 were SVR and 10 were non-SVR.
Combination analysis of polymorphisms of the HCV core
70/91 positions and the NS3-amino-terminal region
showed that 10 (83%) of the 12 SVR cases and only 3
(80%) of the 10 non-SVR cases with the double wild-
type core had a group A polymorphism in HCV NS3
(Table IV). Thus, combination analysis of the core and
NS3 regions may improve prediction of the outcome of
Peg-IFN/RBV therapy.
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TABLE II. Characteristics of Adherent Patients Infected With HCV Group A and B Isolates

Group A (n=28) Group B (n=40) P

Age (years) 55.5+9.5 55.5+8.9 NS®
Sex (men/women) 18/10 21/19 Nsb
Pre-treatment HCV RNA (KIU/ml) 1,635+ 930 2,087 +1,422 NS?
Alanine aminotransferase level (U/L) 80+ 62 71+47 NS
Stage of liver fibrosis

Flor F2/F3 or F4 19/9 28/12 Ng®
Drug adherence dosage (%)

Pegylated interferon 97.7+5.2 95.2+7.3 NS&*

Ribavirin 96.8+6.4 953+ 7.7 NS*
NS, not significant.
%-test.
b2 test,

Re-Evaluation of Pre-Treatment HCV Viremia
Status Using Real-Time PCR

Since the viral titer before treatment is a major
predictive marker of the outcome of Peg-IFN/RBV
therapy, we re-evaluated the pre-treatment viral titers
more precisely using preserved serum samples taken
within 1 month before treatment, using a real-time
PCR assay. The pre-treatment viral titers did not
differ significantly between sera with group A and B
isolates (5.98 4 0.94 vs. 6.25 £ 0.62 logIU/ml) (Table V).
The secondary structure polymorphisms of HCV NS3
were independent of the pre-treatment viral titers.

DISCUSSION

Antiviral therapy with Peg-IFN/RBV for 48 weeks
fails to eradicate HCV in about half of patients infected
with a high titer of HCV genotype 1b, and the severe
adverse events and high costs associated with this
therapy require outcome prediction to allow targeted
treatment for chronic hepatitis C. The pre-treatment
viral titer, viral factors that influence the virological
response to IFN-based anti-HCV therapy have been
widely investigated. Viral kinetics showing prompt
seronegativity after the start of treatment is a critical
factor for achieving SVR, and thus the possible correla-
tion between an early virological response and genetic
sequence variation of the HCV has been studied. In
particular, amino acid substitutions in the HCV core
region at positions 70 and 91 or multiple mutations
detected in the IRRDR of the HCV NS5A region are
useful markers for predicting EVR and subsequent SVR.

TABLE III. Virclogical Responses in Subjects With Different
Polymorphisms in the Secondary Structure of HCV NS3

EVR* ETR** SVR*
Group A (n=28) 19 (68%) 23 (82%) 18 (64%)
Group B (n=40) 17 (43%) 25 (63%) 15 (38%)

EVR: early virological response at 12 weeks after the start of treatment,
ETR: virological response at the end of treatment.

SVR: sustained virological response 24 weeks after completion of
treatment.

*P<0.05.

%P =(.08; ¢ test.

J. Med. Virol. DOI 10.1002/jmv

To date, the influence of several single amino acid
substitutions and accumulation of these changes in the
viral genome on the effect of IFN-based anti-HCV
therapy has been examined. Since interactions between
host and viral proteins in infected cells may influence
the therapeutic effect of an antiviral agent, we focused
on the association of structural polymorphism of a viral
protein with the effect of Peg-IFN/RBV combination
therapy in this study. Qur results suggest that poly-
morphism analysis of secondary structure deduced from
sequence variations in the HCV NS3 amino-terminal
region can be used to predict viral responses to this
therapy.

Amino acid sequences of the HCV NS3 amino-
terminal region, which encodes a serine protease, vary
greatly among HCV isolates. Interactions between HCV
NS3 and host proteins may influence both oncogenesis
and immunity, and thus elucidation of the biclogical
significance of these interactions could result in a new
prognostic marker for HCC or a predictive marker
for anti-HCV therapy. First, HCV NS3 interacts with
the p53 tumor suppressor to suppress p53-dependent
apoptosis or p2l transeriptional activity [Ishido
and Hotta, 1998; Kwun et al., 2001; Deng et al., 2006].
Transfection of a plasmid expressing the amino-termi-
nal portion of HCV NS3 induces cell transformation
in vitro, and transplanted cells proliferate with sar-
coma-like features in vivo [Sakamuro et al., 1995]. These
findings suggest that NS3 may be involved in the
oncogenic pathway in HCV infection. We have shown
that the secondary structure of the 120-residue amino-
terminal region of NS3 (1,027—1,146) is classifiable into
two major groups: A and B. This region encodes a serine
protease and also includes p53-binding sites. Our

TABLE IV. Treatment Outcome of Cases With a Double
Wild-Type Core Region and Different HCV NS3 Structural

Polymorphism
Group A (%) GroupB (%) P
SVR (n=12) 10 (83) 20an 0.02%
Non-SVR (n=10) 3 (30$) 7 (70)

SVR, sustained virological response,
a2 test.
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TABLE V. Pre-Treatment HCV RNA Levels Measured by
Real-Time PCR for Subjects With Different HCV NS3
Structural Polymorphism

Group A Group B P
SVR (n=33) 5.78+1.05 6.13:+0.71 Ns*
Non-SVR (n=35) 6.33+£0.59 6.32£0.55 NS§?
Total (n=68) 5.98+0.94 6.25+0.62 NS?

SVR, sustained virological response. NS, not significant.
% test.

previous cross-sectional studies revealed that the
prevalence of group B infection is significantly higher
in HCC cases thanin non-HCC cases [Ogata et al., 2003],
and that the group B infection is an independent risk
factor for development of HCC in patients with chronic
HCV infection [Nishise et al., 2007]. Second, NS3
interacts with host proteins associated with IFN signal-
ing and thus influences cellular immunity. Since the
serine protease encoded by the amino-terminal region of
NS3 inhibits the IFN-signaling pathway, polymorphism
of this region is likely to influence the effect of Peg-IFN/
RBV combination therapy.

Several factors associated with the virological
response to this therapy are well known, with adherence
to both IFN and RBV strongly influencing outcome
[Pearlman, 2004; Arase et al., 2005; Yamada et al.,
2008]. In this study, we analyzed 75 cases in which
>80% of the scheduled dosage of both drugs was
administered. Of these cases, 28 (837%) and 40 (53%)
were infected with group A and B isolates, respectively,
which were similar rates to those for the 139 cases in the
overall study. Age, gender, viral load before treatment,
ALT level, proportion of fibrosis stage and adherence to
Peg-IFN and RBV did not differ between the group A and
B cases. However, the frequencies of SVR and EVR were
significantly higher in group A, and those for non-EVR
and non-SVR were significantly higher in group B. The
results suggest that infection with the group B isolate,
which correlates with a higher rate of HCC, is resistant
to Peg-IFN/RBV therapy. The pre-treatment viremia
status in the 68 cases with group A or B isolates showed
no significant differences between the two groups of
patients. Therefore, these results suggest that
the secondary structure of the HCV NS3 amino-
terminal region may be useful for prediction of the
outcome of Peg-IFN/RBV combination therapy. In this
initial study setting, the relationship of these poly-
morphisms to the frequency of rapid viral response at
4 weeks after the start of treatment was not evaluated. It
will be important to assess this relationship in a future
study.

The polymorphism in HCV core region (Arg70/Leu91)
is a useful predictive marker for virological responses in
Peg-IFN/RBV therapy [Akuta et al., 2007]. Interest-
ingly, a combined analysis of polymorphisms of the core
region (which encodes a structural protein) and HCV
NS3 (a nonstructural protein) improved the prediction
rate. Therefore, analysis of NS3 polymorphism in
combination with the core structural polymorphism
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appears to improve prediction of the outcome of Peg-
IFN/RBV therapy. A larger, multi-center prospective
study would be necessary to validate the present
results. In conclusion, the results of this study suggest
that secondary structure polymorphism in the amino-
terminal region of HCV NS3 is a useful predictive
marker of the effect of Peg-IFN/RBV combination
therapy for chronic hepatitis C. Although the present
findings are clinically important, and will be helpful
for predicting the outcome of Peg-IFN/RBV therapy,
further in vitro studies will be needed to elucidate
the molecular mechanism underlying the association of
HCV NS3polymorphisms with clinical outcome.
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