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siRNA oligonucleotides according to a previous report (Jansen
et al., 2005). The ability of furin siRNA to suppress the ex-
pression of furin protein was validated by transfecting siRNA in
Huh-7 cells. Immunoblot analysis revealed that the designed
sequence specifically abolished furin expression in Huh-7 cells,
whereas expressiori of a-tubulin was not affected 2 days
posttransfection (Fig. 4A). As the effect of siRNA was con-

A
Furin
a-tubulin
S
B ;Po\ QQ‘\Q
‘\V' \gl
&£ &
& F 2 F
SB ds
SS
core
B Furin
o-tubulin .
oy
'60
C v‘ooe v-'(‘\)@
& &

Fig. 4. Influence of viral replication and core protein expression by using SiRNA
specific for furin. (A) Huh-7 cells were transfected with either siRNA specific
for furin or control siRNA (1 pg), and harvested 2 days posttransfection.
Immunoblot analysis was performed to confim the knock-down of furin.
(B) Both siRNA (1 ug) and HBV DNA (5 pg) were transfected into cells under
the knock-down of furin. The replication efficiency was analyzed by southem
blot analysis and the expression levels of core protein, furin, and a-tubulin were
detected by immunablot analysis using HB50 (anti-core monoclonal antibody),
ant-furin polyclonal antibody, and anti-a-tubulin monoclonal antibody,
respectively. {C) The expression vector harboring core gene. either pcDNA/
core_wild or pcDNA/core_2339, was transfected into Huh-7 cells 2 days after
siRNA specific for turin was transtected. The levels of core expression were
examined by immunoblot analysis under the knock-down of furin.

firned, in addition, both HBV plasmid and siRNA were
transfected 2 days after the initial transfection of siRNA. To
elucidate the effect of the A2339G mutation on viral replication
under down-regulation of furin, we performed southem blot
analysis using purified HBV DNA from intracellular core
patticles additional 2 days after the second transfection. The
similar trend was observed between siRNA-Control and
siRNA-Furin treatment; the viral replication as well as core
expression were enhanced by the A2339G mutant regardless of
the furin expression levels (Fig. 4B). To confirm these results,
we investigated the amount of the full-length core protein under
conditions down-regulating furin expression by using a
transient transfection of core expression vector derived CMV
promoter. Immunoblot analysis using anti-core monoclonal
antibody (HB50) showed that core expression was enhanced by
the A2339G mutant regardless of the furin expression levels
(Fig. 4C). Therefore, the influence of furin was not detected in
these experiments.

Replication of the A2339G mutant rescued by full-length core
protein in trans :

To elucidate whether A2339G mutant can influence the viral
replication of wild-type clone in trans, the construct with
pBj-wild or pBj._wild core(—) vector was cotransfected with
either pcDNA/core_wild or pcDNA/core 2339, using a tatio
2:1. The pBj_wild core(—) construct was derived from the
core_wild construct by a nonsense mutation in the core gene. As
illustrated in Fig. 5, the low intra-cellular DNA level of wild-
type clone was rescued by cotransfection with the core_2339
vector but not with the core_wild vector, resulting in similar
replication levels of pBj_2339 and pBj_2339/45 as shown in
Fig. 2. Therefore the virtue of the A2339G mutant indeed lies at
the core protein levels rather than at the polymerase or the
pregenomic RNA levels.

Prevalence of the A2339G mutation in GenBank

To examine the influence of the A2339G mutation on the
outcomes of patients, all available published complete or partial
core genome sequences of HBV were recruited from interna-.
tional data base (1507 entries excluding 74 from non-human
primates, June 2006). Twenty-seven independent sequences
with the A2339G mutation were found in the database as well as
one unpublished sequence from another patient with fulminant
hepatitis in our hospital. The prevalence of A2339G mutation in
genotype B strains was significantly higher than that in the other
genotypes (6.3% vs. 1.1%, p<0.001) (Table 1). Interestingly,
acute exacerbation or fulminant hepatitis was found to be
associated with genotype B only; 8/14 (57.1%). Six of the 8
strains had precore stop mutation (G1896A) as well as A2339G
mutation.

Discussion

In the present study, the A2339G mutation was shown to
enhance the replication of HBV in vitro. We initially investigated
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Fig. 5. Rescue of the replication of wild-type clone. either pBj_wild or pBj_wild
core(~), by the core protein provided in trans. (A) Rescue of pBj_wild cloné.
(B) Rescue of pBj_wild core(-) clone. Gach replication coustruct (5 pg) was
cotransfected with 2.5 pg of pcDNA/core_wild or pcDNA/core_2339.
Intracellular HBV DNA was analyzed by Southern blotting as described
above. The levels of core expression in cell lysate were detenmined by
immunoblot analysis using HB50 monoclonal antibody.

the fundamental advance effects and mechanism of the A2339G
mutation against the replication of HBV, and found that
acceleration of HBV replication is compatible with an increase
in the level of the full-length core protein under conditions using
furin inhibitor. Immunoblot analysis using core gene expression
vector or the 1.24-fold HBV genome showed that the A2339G
mutation may be associated with inhibition of the cleavage of the
core protein by a furin-like protease, resulting in the high
expression of the complete core protein. The A2339G mutation
within the consensus recognition sites of furin-like protease
might interfere with the recognition, binding, and/or processing
by protease.

Cotransfection of the 1.24-fold the wild-type full-genome
with the core protein expression vector harboring the A2339G
mutation that provides core protein in frans enhanced the
replication of HBV as compared with the wild type. Core
protein with the A2339G mutation could work as a trans-acting
regulator of HBV replication. This may reveal the reason for the
aggravation of outcomes when the A2339G mutant has been
shown for quasispecies or coinfections.

Furin or furin-like protease, a subtilisin-like mammalian.

endoprotease, is a proprotein convertase that processes latent
precursor proteins into their biologically active forms. Furin is a
calcium-dependent serine endoprotease that can efficiently
cleave precursor proteins at paired basic amino acid processing
sites (Julius et al., 1984). Tt is thought to be responsible for the
processing of many protein precursors of viral as well as cellular
origin, including gp160 and gp140 of human immunodeficiency
virus type 1 (Hallenberger et al., 1992; Morikawa et al., 1993),
which share the same consensus processing sites. A study to
confirm and extend the concept that gp160 is processed by furin
has been performed by using a cell line, LoVo, which is
demonstrated to be furin-defective (Ohnishi et al., 1994). Un-
expectedly, LoVo cells were shown to process gpl160 as effi-

ciently as normal cell lines do, being capable of producing fully
infectious virions (although Newcastle disease virus fusion
glycoprotein was not processed in the same cell lines). Thus the
processing of core protein was not completely influenced by
furin alone, although furin inhibitor worked in the present study.
Furin inhibitor could also interfere with the activity of other
proteases. These findings raise a further need to search for and
identify the proteases involved in core protein processing.

HBYV genotypes have distinct geographical distributions and
are associated with differing severities of liver disease as well as
response to antiviral therapies (Chu and Lok, 2002; Kao, 2002;
Miyakawa and Mizokami, 2003). In previous studies, the
majority of patients with fulminant hepatitis and fatal acute
exacerbation of chronic hepatitis were found to have a G1896A
precore stop codon mutation (Liang et al., 1991; Omata et al.,
1991), core promoter (A1762T/G1764A) mutation, HBeAg-
negative, or HBV/Bj as independent risk factors (Imamura et
al., 2003; Ozasa et al., 2006). Various mutations at nt 1753 for
enhanced HBV replication, as well as those adjacent at nt 1754
occurred frequently in patients with fulminant hepatitis
(Imamura et al., 2003). In our study, acute exacerbation or
fulminant hepatitis was relatively prevalent when outcomes of
patients with the entire HBV genome or partial core sequences
harboring the A2339G mutation in GenBank were analyzed.
Fourteen of the sample sequences were classified into HBV/B.
To our surprise, the majority (57.1%) of HBV/B sequences
harboring A2339G have been reported as acute exacerbation or
fulminant hepatitis while no entries with it were found in the
other genotypes. Details included 4 patients with fulminant
hepatitis and the remaining 4 patients with acute exacerbation of
chronic hepatitis. Because of high replication levels of HBV
with the A2339G mutation, patients with the mutation in the
HBV genome would correlate with acute exacerbation during
long-lasting HBV infection as well as in the fulminant form of
acute infection.

It was reported that the A2339G mutation coresponding to
core protein codon 147 was located in the epitopes of the
cytotoxic T lymphocyte (CTL) in the core region (Missale etal,,
1993). The CTL response to this epitope is dually restricted by

Table 1
Prevalence of A2339G mutation among HBV genotypes strains recruited from
international data base

Genotype A2339G Qutcomes

™) %) Fulminant Acute Chronic
hepatitis exacerbation hepatitis
(with G1896A) (with GI1896A) (with G1896A)

A (218) 4(18%) O 0 4 (0)

B (222) 14 (6.3%)* 4 (4) 4(2) 6(4)

C (433) S(1.1%) O 0 5(1)

D (384) 4(1.0%) 0 0 44

E (164) 0(0%) O 0 7

F (43) 0 (0%) 0 0 0

G (13) 0 (0%) 0 0 0

H(10) 1(10%) 0 0 1(0)

Total (1508) 28 (1.9%) 4 (4) 4(2) 20 (9)

* p<0.001: Genotype B with A2339G vs. the other genotypes with it by Chi
square test (Yates’ correction).
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the histocompatibility leukocyte antigen (HLA) A31 and HLA-
Aw68 alleles. This may cause the differences in outcomes even
if the mutation exists in the core region. As well, the A2339G
mutation at core protein codon 147 was frequently found in 9
(29%) of 31 chronic HB V-infected children, aithough it has not
reached a statistically significant difference between pre-
HBeAg seroconversion and post-seroconversion (Ni et al,
2003). Children with the codon 147 mutation had higher peak
alanine aminotransferase (ALT) levels than those without the
mutant when peak ALT levels before HBeAg seroconversion
were compared between these two groups.

In conclusion, by elucidating the effect of the A2339G
mutation we suggested that the viral replication level might be
associated with a processing of its core protein by furin-like
protease. Although the mutation A2339G might be considered
as one of the viral factors involved in development of fulminant
hepatitis, further studies are required to investigate details to this
association and its clinical implication.

Materials and methods
Patients

A serum sample was obtained from a patient with fulminant
hepatitis in Saitama Medical University Hospital, in whom
prothrombin time decreased less than 40% of the controls with
hepatic encephalopathy of grade II or more within 8 weeks after
the onset of the disease. HBV clones from the patients belong to
genotype B and had precore stop codon mutation (G1896A),
but not the A1762T/G1764A double mutation in the core
promoter. The study design conformed to the 1975 Declaration
of Helsinki, and was approved by the Ethic Committees of
Institutions. An informed consent was obtained from a patient.

Plasmid constructs of HBV DNA and sequencing

A consensus clone was used for plasmid construction as
reported previously (Ozasa et al., 2006). The clone was named
pBj_39, which cotresponds to pBj_2339/45 with A2339G and
G2345A mutations in the core region. Fig. 1 illustrates the
mutants assessed in this study. Each mutation was introduced
into the construct by overlap extension PCR. The PCR products
were digested with HindIIl and EcoO65I for cloning back into
the pBj_2339/45 construct. In addition, we generated expres-
sion plasmids encoding the core gene only. The core gene was
inserted into pcDNA3.1/Hyg (Invitrogen Corp., Carlsbad, CA).
These plasmids were capable of driving the synthesis of wild
type, A2339G, G2345A, or A2339G/G2345A core protein from
the cytomegalovirus promoter.

Cell culture and transfection

Huh-7 cells were maintained in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum. For the standard
replication assay, 10-cin-diamater dishes were seeded with
1 x10° cells per dish. After 16 h of incubation, Huh-7 cells were
transfected with 5 ug of DNA construct using the Fugene 6

transfection reagent (Roche Diagnostics, Indianapolis, IN) and
harvested 48 h later. Transfection efficiency was measured by
cotransfection with 0.5 pg of a reporter plasmid expressing
secreted alkaline phosphatase (SEAP) and estimating SEAP
enzymatic activity in the culture supernatant. Three replicate
experiments were conducted for each clone. For RNAi-
mediated knockdown of furin, we referred to the previous
report for the sequence to design target-specific sSiRNA duplex
against furin (Jansen et al., 2005). We obtained a 21-nt sense
and antisense strand with symmetric 2-nt 3’ overhangs of
identical sequences (sense siRNA: 5'-GAC CAT TCG ACC
AAA CAG TdTdT-3’). Scramble oligo-ribonucleotide duplex
that was not homologue to any mammalian genes was utilized
as control (sense siRNA: 5'-TTC TCC GAA CGT GTC ACG
TdTdT-3') (Little et al, 2007). Transient transfections of
siRNAs in Huh-7 cells were carried out using X-tremeGene
siRNA Transfection Reagent (Roche Diagnostics, Indianapolis,

IN).

Isolation of core-associated HBV DNA from transfected cells
and Southern Blot hybridizations

HBV DNA was purified from intracellular core particles by
the method described previously (Fujiwara et al, 2005).
Southern blot hybridizations were performed with a full-length
probe by the method described previously (Ozasa et al., 2006).

Immunoblot analysis of core protein

Huh-7 cells grown in each well of the dishes were scraped at
day 2 after transfection, and the cell pellet was lysed with
CellLytic-M buffer (SIGMA, St. Louis, MO). Proteins from
10 ul of lysate were separated on a 0.1% SDS-15% poly-
acrylamide gel and transferred to Hybond ECL nitroceliulose
membrane (Amersham Biosciences Corp, Piscataway, NJ). A
mouse monoclonal anti-core antibody (HB50, kindly provided
by Advanced Life Science Institute Inc.) that specifically
recognizes SPRRR repeats in the arginine-rich domain of the
core protein was used as the primary antibodies. To control for
transfection efficiency, the blots were stripped with Restore
Immunoblot stripping buffer (Pierce, Rockford, IL). The blots
were incubated with a mouse monoclonal a-tubulin antibody
{Zymed Laboratories, South San Francisco, CA). The proteins
were detected by anti-mouse antibody HRP-linked TgG
(Amersham Biosciences Corp, Piscataway, NJ).
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Hepatitis C virus (HCV) is a major cause of chronic liver disease that
frequently leads to steatosis, cirrhosis, and eventually hepatocel-
lular carcinoma {HCC). HCV core protein is not only a component of
viral particles but also a multifunctional protein because liver
steatosis and HCC are developed in HCV core gene-transgenic
(CoreTg) mice. Proteasome activator PA28y/REGy regulates host
and viral proteins such as nuclear hormone receptors and HCV core
protein. Here we show that a knockout of the PA28y gene induces
the accumulation of HCV core protein in the nucleus of hepatocytes
of CoreTg mice and disrupts development of both hepatic steatosis
and HCC. Furthermore, the genes related to fatty acid biosynthesis
and srebp-1c promoter activity were up-regulated by HCV core
protein in the celt line and the mouse liver in a PA28y-dependent
manner. Heterodimer composed of liver X receptor a (L1XRa) and
retinoid X receptor o (RXRa) is known to up-regulate srebp-fc
promoter activity. Our data also show that HCV core protein
enhances the binding of IXRa/RXRa to LXR-response element in
the presence but not the absence of PA28+. These findings suggest
that PA28 plays a crucial role in the development of liver pathol-
ogy induced by HCV infection.

fatty acid | proteasome | sterol reguiatory element-binding
protein (SREBP) | RXRa | LXRa

H epatitis C virus (HCV) belongs to the Flaviviridae family, and
it possesses a positive, single-stranded RNA genome that
encodes a single polyprotein composed of ~3,000 aa. The HCV
polyprotein is processed by host and viral proteases, resulting in 10
viral proteins. Viral structural proteins, including the capsid (core)
protein and two envelope proteins, are located in the N-terminal
one-third of the polyprotein, followed by nonstructural proteins.

HCV infects >170 million individuals worldwide, and then it
causes liver disease, including hepatic steatosis, cirrhosis, and
eventually hepatocellular carcinoma (HCC) (1). The prevalence of
fatty infiltration in the livers of chronic hepatitis C patients has been
reported to average ~50% (2, 3), which is higher than the percent-
age in patients infected with hepatitis B virus and other liver
diseases. However, the precise functions of HCV proteins in the
development of fatty liver remain unknown because of the lack of
a system sufficient to investigate the pathogenesis of HCV. HCV
core protein expression has been shown to induce lipid droplets in
cell lines and hepatic steatosis and HCC in transgenic mice (4-6).
‘These reports suggest that HCV core protein plays an important
role in the development of various types of liver failure, including
steatosis and HCC.

Recent reports suggest that lipid biosynthesis affects HCV rep-
lication (7-9). Involvement of a geranylgeranylated host protein,
FBL2, in HCV replication through the interaction with NSSA
suggests that the cholesterol biosynthesis pathway is also important
for HCV replication (9). Increases in saturated and monounsatu-
rated fatty acids enhance HCV RNA replication, whereas increases
in polyunsaturated fatty acids suppress it (7). Lipid homeostasis is
regulated by a family of steroid regulatory element-binding proteins
(SREBPs), which activate the expression of >30 genes involved in

Www.pnas.org/cgi/doi/10.1073/pnas.0607312104

the synthesis and uptake of cholesterol, fatty acids, triglycerides, and
phospholipids. Biosynthesis of cholesterol is regutated by SREBP-2,
whereas that of fatty acids, triglycerides, and phospholipids is
regulated by SREBP-1¢ (10-14). In chimpanzees, host genes in-
volved in SREBP signaling are induced during the early stages of
HCYV infection (8). SREBP-1c regulates the transcription of acetyl-
CoA carboxylase, fatty acid synthase, and stearoyl-CoA desaturase,
leading to the production of saturated and monounsaturated fatty
acids and triglycerides (15). SREBP-1c is transcriptionally regulated
by liver X receptor (LXR) « and retinoid X receptor (RXR) a,
which belong to a family of nuclear hormone receptors (15, 16).
Accumulation of cellular fatty acids by HCV core protein is
expected to be modulated by the SREBP-1c pathway because
RXRa is activated by HCV core protein (17). However, it remains
unknown whether HCV core protein regulates the srebp-Ic
promoter.

We previously reported (18) that HCV core protein specifically
binds to the proteasome activator PA28y/REGyyin the nucleus and
is degraded through a PA28y-dependent pathway. PA28y is well
conserved from invertebrates to vertebrates, and amino acid se-
quences of human and murine PA28ys are identical (19). The
homologous proteins, PA28« and PA288, form a heteroheptamer
in the cytoplasm, and they activate chymotrypsin-like peptidase
activity of the 208 proteasome, whereas PA28y forms a homohep-
tamer in the nucleus, and it enhances trypsin-like peptidase activity
of 208 proteasome (20). Recently, Li and colleagues (21) reported
that PA28y binds to steroid receptor coactivator-3 (SRC-3) and
enhances the degradation of SRC-3 in a ubiquitin- and ATP-
independent manner. However, the precise physiological functions
of PA28y are largely unknown in vive. In this work, we examine
whether PA28y is required for liver pathology induced by HCV
core protein in vivo.

Results

PA28y-Knockout HCV Core Gene Transgenic Mice. To determine the
role of PA28y in HCV core-induced steatosis and the development
of HCCin vivo, we prepared PA28y-knockout core gene transgenic
mice. ‘The PA28y-deficient, PA28y~~ mice were bom without

Author contributions: K. Moriishi, K.T., T.M,, TS, K.X., and Y. Matsuura designed research;
K. Moriishi, R.M., K. Moriya, H.M., Y. Mori, and T.A. performed research; S.M. contributed
new reagents/analytic tools; Y. Matsuura analyzed data; and K. Moriishi, K.K., and Y.
Matsuura wrote the paper.

The authors declare no conflict of interest.
This article is @ PNAS direct submission.
Freely available onfine through the PNAS open access option.

Abbreviations: CoreTg, HCV core gene-transgenic; HCC, hepatocellular carcinoma; HCV,
hepatitis Cvirus; LXR, fiver X receptor; LXRE, liver X receptor-response element; MEF, mouse
embryonic fibroblast; ROS, reactive oxygen species: RXR, retinoid X receptor; SRC-3, steroid
receptor coactivator-3; SREBP, steroid regulatory element-binding protein.

TTo whom correspondence should be addressed. E-mail: matsuura@biken.osaka-u.ac.jp.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0607312104/DC1.

© 2007 by The National Academy of Sciences of the USA

PNAS | January 30,2007 | vol. 104 | no.5 | 1661-1666

253

>
I
S
2
=4
=0
<)
-4
g
B3




£
[ Y
7,

A e <
§ 3
Wild-type ¢ ¥y g
il & ¥ ¥
PAZEy = 0.75k0 -
S 0.90kD
HBX X promoter HCV core
B U3 PAZBy C‘a

1 PA28;~“CoreTg
W PA28y+-CoreTy

HCV core (ng / mg)

Mate Femnale Male Female
M N pocemeree
PA2By*CoareTy PA28y*Corelg

PA28y“-CareTg

Fig. 1. Preparation and characterization of PA28y-knockout HCV core-
transgenic mice. (A) The structures of the wild-type and mutated PA28y genes
and the transgene encoding the HCV core protein under the control of the
HBV X promoter were investigated. Positions corresponding to the screening
primers and sizes of PCR products are shown. PCR products of the HCV core
gene as well as wild-type and mutated PA28y alleles were ampiified from the
genomic DNAs of PA28y*/*, PA28v*/*CoreTg, PA28y~/~, and PA28~~/~CoreTg
mice. (B) Body weights of PA28y*/*, PA28y*/*CoreTg, PA28y~/~CoreTg, and
PA28y™/~ mice at the age of 6 months. (C) HCV core protein levels in the livers
of PA28y*/*CoreTg and PA28y~'~CoreTg mice were determined by ELISA
{mean = SD, n = 10). (D) Localization of HCV core protein in the liver. Liver
sections of PA28y*/*, PA28y*/*CoreTg, and PA28y~/~CoreTg mice at the age
of 2 months were stained with anti-HCV core antibody.

appreciable. abnormalities in all tissues examined, with the excep-
tion of a slight retardation of growth (22). HCV core gene-
transgenic (PA28y*/*Core'lg) mice were bred with PA28y~/~
mice to create PA28y*/~CoreTg mice. The PA28y*/~CoreTg
offspring were bred with each other, and PA28y~/~CoreTg mice
were selected by PCR using primers specific to the target sequences
(kig. 14). No significant differences in body weight were observed
among the 6-month-old mice, although PA28y~/~ mice exhibited a
slight retardation of growth (Fig. 18). A similar level of PA28y
expression was detected in PA28y+/* CoreTg and PA28y*/* mice
(see Fig. 5B). The expression levels and molecular size of HCV core
protein were similar in the livers of PA28y*"*CoreTg and
PA28y~/~Core'l'g mice (Fig. 1C; see also Fig. 5B).

PA28~ Is Required for Degradation of HCV Core Protein in the Nucleus
and Induction of Liver Steatosis. HCV core protein has been
detected at various sites, such as the endoplasmic reticulum, mito-
chondria, lipid droplets, and nucleus of cultured cell lines, as well
as in hepatocytes of PA28y*/*Core’l g mice and hepatitis C patients
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Fig. 2. Accumulation of lipid droplets by expression of HCV core protein. (4)
Liver sections of the mice at the age of 6 months were stained with hematoxylir/
eosin (HE). (B) (Upper) Liver sections of PA28vy*/*CoreTg and PA28y~/~CoreTg
mice at the age of 6 months were stained with oil red O. (Lower) The
area occupied by fipid droplets of PA28y*/* (white), PA28v*/*CoreTg (gray),
PA28y~/~CoreTg (black), and PA28y~/~ (dark gray) mice was calculated by Image-
Pro software (MediaCybernetics, Silver Spring, MD) (mean = SD, n = 10).

(6. 23, 24). Although HCV core protein is predominantly detected
in the cytoplasm of the liver cells of PA28y*/*CoreTg mice, as
reported in ref. 6, m the present study a clear accumulation of HCV
core protein was observed in the liver cell nuclei of PA28y~/-
CoreTg mice (Fig. 1D). These findings clearly indicate that at least
some fraction of the HCV core protein is translocated into the
nucleus and is degraded through a PA28y-dependent pathway.
Mild vacuolation was observed in the cytoplasm of the liver cells of
4-month-old PA28y*/*Core'I'g mice, and it became more severe
at 6 months, as reported in ref. 25. Hematoxylin/eosin-stained liver
sections of 6-month-old PA28y*/*CoreTg mice exhibited severe
vacuolating lesions (Fig. 24), which were clearly stained with oil
red O (Fig. 2B Upper), whereas 1o such lesions were detected in
the livers of PA28y~/~CoreTg, PA28y*/*, or PA28y™/~ mice at
the same age. The areas occupied by the lipid droplets in
the PA28y*/*Core'l'g mouse livers were ~10 and 2-4 times larger
than those of male and female of PA28y**, PA28y~/~, and
PA28y~/~Core'l'y mice, respectively (Fig. 28 Lower). These results
suggest that PA28y is required for the induction of liver steatosis by
HCV core protein in mice.

PA28y Is Required for the Up-Regulation of SREBP-1c Transcription by

HCV Core Protein in the Mouse Liver. To clarify the effects of a
knockout of the PA28y gene in PA28y*/*Corelg mice on lipid
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Fig. 3. Transcription of genes regulating lipid biosynthesis in the mouse
liver. (A) Total RNA was prepared from the fivers of 2-month-old mice; and the
transcription of genes encoding SREBP-1a, SREBP-1¢, and SREBP-2 was deter-
mined by real-time PCR. (B) The transcription of genes encoding SREBP-1c,
fatty acid synthase, acetyl-CoA carboxylase, stearoyl-CoA desaturase, HMG-
CoA synthase, and HMG-CoA reductase of 6-month-old mice was measured by
real-time PCR. The transcription of the genes was normalized with that of
hypoxanthine phosphoribosyitransferase, and the values are expressed as
relative activity (n = 5; », P<0.05; »+, P < 0.01). The transcription of each gene
in PA28y*/*, PA28y*/*CoreTg, PA28y~/~CoreTg, and PA28y~/~ mice is indi-
cated by white, gray, black, and dark gray bars, respectively.

<

metabolism, genes related to the lipid biosyntheses were examined
by real-time quantitative PCR. 'I'ranscription of SREBP-1c was
higher io the livers of PA28y*/*CoreTg mice than in those of
PA28y*/* PA28y~'~, and PA28y~/~Core'l'g mice at 2 months of
age, but no such increases in SREBP-2 and SREBP-1a were
observed (Fig. 34). Although transcription of SREBP-1c and its
regulating enzymes, such as acetyl-CoA carboxylase, fatty acid
synthase, and stearoyl-CoA desaturase, was also enhanced in the
livers of 6-month-old PA28y*/*Core'l'g mice compared with the
levels in the livers of PA28y*/*, PA28y~'~, and PA28y~/~CoreTg
mice, no statistically significant differences were observed with
respect 1o the transcription levels of cholesterol biosynthesis-refated
genes that are regulated by SREBP-2 (e.g., HMG-CoA synthase
and HMG-CoA reductase) (Fig. 3B). These results suggest the
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following: (i) the up-regulation of SREBP-1c¢ transcription in the
{ivers of mice requires both HCV core protein and PA28y; and (&)
the nuclear accumulation of HCV core protein alone, which occurs
because of the lack of degradation along a PA28y-dependent
proteasome pathway, does not activate the srebp-Ic promoter.

HCV Core Protein Indirectly Potentiates srebp-1c Promoter Activity in
an LXRa/RXRa-Dependent Manner. LXRaq, which is primarily ex-
pressed in the liver, forms a complex with RXRa and synergistically
potentiates srebp-Ic promoter activity (16). Activation of RXRa by
HCV core protein suggests that cellular fatty acid synthesis is
modulated by the SREBP-1c¢ pathway, although HCV core protein
was not incfuded in the transcription factor complex in the elec-
trophoresis mobility shift assay (EMSA) (17). Lo analyze the cffect
of HCV core protein and PA28y on the activation of the srebp-Ic
promoter, we first examined the effect of HCV core protein on the
binding of the LXRa/RXRea complex to the LXR-response ele-
ment (LXRE) located upstream of the SREBP-1c gene (Fig. 44).
Although a weak shift of the labeled LXRE probe was observed by
incubation with nuclear extracts prepared from 2931 cells express-
ing FLAG-tagged LXRo and HA-tagged RXRa, a clear shift was
obtained by the treatment of cells with 9-cis-retinoic acid and
22(R)-hydroxylcholesterol, ligands for LXR« and RXRa, respec-
tively. In contrast, coexpression of HCV core protein with LXRa
and RXRa potentiated the shift of the probe irrespective of the
treatment with the ligands. Addition of 500 times the amount of
nonlabeled LXRE probe (competitor) diminished the shift of the
labeled probe induced by the ligands and/or HCV core protein.
Furthermore, coincubation of the nuclear fraction with antibody to
FLLAG or HA tag but not with antibody to either HCV core or
PA28y caused a supershift of the labeled probe. These results
indicate that HCV core protein does not participate in the LXRa/
RXRo-LXRE complex but indirectly enhances the binding of
LXRo/RXRe to the LXRE.

The activity of the srebp-Ic promoter was enhanced Ly the
expression of HCV core protein in 2931 cells, and it was further
enhanced by coexpression of LXRa/RXRa (Fig. 4B). Enhance-
ment of the srebp-1c¢ promoter by coexpression of HCV core protein
and LXRo/RXRa was further potentiated by treatment with the
ligands for LXRea and RXRe. ‘The cells treated with 9-cis-retinoic
acid exhibited more potent enhancement of the srebp-1c promoter
than those treated with 22(#)-hydroxylcholesterol. HCV core pro-
tein exhibited more potent enhancement of the srebp-Ic promoter
in cells treated with both ligands than in those treated with either
ligand alone. These results suggest that HCV core protein poten-
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Fig.4. Activation of the srebp-1c promoter by HCV core protein. (A) FLAG-LXRa and HA-RXRa were expressed in 2937 cells together with or without HCV core
protein. Ligands for {XRa and RXRa dissolved in ethanol [Ligands (+)] or ethanol alone [Ligands (—)] were added to the culture supernatant at 24 h
posttransfection. Cells were harvested at 48 h posttransfection, and nudear extracts were mixed with the reaction buffer for EMSA in the presence or absence
of antibody (100 ng) against HA, FLAG, HCV core or PA28y, or nonfabeled LXRE probe (Competitor). (Left) The resulting mixtures were subjected to PAGE and
biotted with horseradish peroxidase/streptavidin. The mobility shift of the LXRE probe and its supershift are indicated by a gray and black arrow, respectively.
(Right) Expression of HCV core, HA-RXRa, FLAG-LXRa, and PA28y in cells was detected by immunoblotting. (B) Effects of ligands for RXR«, 9-cis-retinoic acid
(9cisRA), and for LXRa, 22(R)-hydroxylcholesterol (22RHC), on the activation of the srebp-1c¢ promoter in 293T cells expressing RXRa, LXRa, and/or HCV core
protein. Ligands were added into the medium at 24 h posttransfection at a concentration of 5 uM, and the cells were harvested after 24 h of incubation.
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Fig.5. PA28vyisrequired for HCV core-dependent activation of the srebp-ic

promoter. (A) Effect of PA28y knockdown on the LXR/RXRo~DNA complex.
FLAG-LXRa and HA-RXRx were expressed in FLC4 {(control) or PA28y-
knockdown (PA28y KD) cells together with or without HCV core protein. Cells
were harvested at 48 h posttransfection, and nudear extracts were mixed with
the reaction buffer for EMSA. (Upper) The resulting mixtures were subjected
to PAGE and blotted with horseradish peroxidase-streptavidin. The mobility
shift of the LXRE probe is indicated by an arrow. (Lower) Expression of HCV
core, HA-RXRa, FLAG-LXR«, and PA28y in cells was detected by immunoblot-
ting. (B) Effect of PA28y knockout on the LXRa/RXRa—-DNA complex in the
mouse tiver. {Upper) Nuclear extracts were prepared from the livers of
2-month-old PA28y~/-, PA28y*/*CoreTg, PA28v~/~CoreTg, and PA28y*/*
mice and subjected to EMSA. The mobility shift of the LXRE probe is indicated
by an arrow. (Lower) The expression of HCV core, PA28y, and B-actin in the
livers of the mice was detected by immunoblotting. (C) Effect of HCV core
protein on srebp-1 promoter activity in PA28v-knockout fibroblasts. A plasmid
encoding firefly luciferase under the control of the srebp-1¢ promoter was
transfected into MEFs prepared from PA28y*/* (Left) or PA28y™~ (Right) mice
together with a plasmid encoding a Renilla luciferase. An empty plasmid or
plasmids encoding mouse RXRa or LXRa were also cotransfected into the cells
together with (gray bars) or without (white bars) a plasmid encoding HCV core
protein. Luciferase activity under the control of the srebp-1¢ promoter was
determined, and it is expressed as the fold increase in relative luciferase
activity after standardization with the activity of Renilla ludferase.

tiates srebp-Ic promoter activity in an LXRa/RXRa-dependent
manner.

HCV Core Protein Activates the srepb-1c Promoter in an LXRa/RXRa-
and PA28vy-Dependent Manner. To examine whether PA28y is
required for HCV core-induced enhancement of srebp-1c promoter
activity in human liver cells, a PA28y-knockdown human hepatoma
cell line (FLC4 KD) was prepared. Enhancement of binding of the
1L.XRE probe to LXRa/RXRa by coexpression of HCV core
protein and LXRa/RXRe in FLC4 cells was diminished by knock-
down of the PA28y gene (kig. S4). lFurthermore, formation of the
LXRa/RXRo-LXRE complex was enhuanced in the livers of
PA28y*™* CoreTg mice but not in those of PA28y~/~, PA28y*/*,
or PA28y~/~CoreTg mice (Fig. 5B). The expression of the HCV
core protein in the mouse embryonic fibroblasts (MEFs) of
PA28y*"* mice induced the activation of the mouse srebp-Ic
promoter through the endogenous expression of LXRa and RXRa
(Kig. 5C Left). Further enhancement of the activation of the srebp-1c
promoter by HCV core protein in PA28y*/+ MLil's was achieved
by the exogenous expression of both LXRa and RXRe. However,
no enhancing effect of HCV core protein on srebp-Ic promoter
activity was observed in PA28y~/~ MEFs (Fig. 5C Right). These
results support the notion that HCV core protein enhances the
activity of the srepb-Ic promoter in an LXRo/RXRa- and PA28+-
dependent manner.

1664 | www.pnas.org/cgi/doi/10.1073/pnas.0607312104

Table 1. HCC in mice at 16—18 months of age

Total no. No. of mice

Mouse and sex of mice developing HCC Incidence, %
PA28y*/*CoreTg

Male 17 5 294

Female 28 3 10.7
PA28y*/~ -

Male 16 0 0

Female 4 0 0
PA28vy~/~

Male 23 0 0

Female 13 0 0
PA28y~'~CoreTg

Male 15 0 1]

Female 21 0 0

PA28y Plays a Crucial Role in the Development of HCC in PA28y*/+
CoreTg Mice. 'I'he incidence of hepatic tumors in male PA28y*/+
CoreTg mice older than 16 months was significantly higher than
that in age-matched female PA28y*/* CoreTg mice (6). We recon-
firmed here that the incidence of HCC in male and female
PA28y*/*Core'kg mice at 16-18 months of age was 29.4% (5 of 17
mice) and 10.7% (3 of 28 mice), respectively. To our surprise,
however, no HCC developed in PA28y~/~CoreTg mice (males, 15;
females, 21), although, as expected, no HCC was observed in
PA28y*/~ (males, 16; females, 4) and PA28y~/~ mice (males, 23;
females, 13) (Table 1). These results cleasly indicate that PA28y
plays an indispensable role in the development of HCC induced by
HCYV core protein.

Discussion

HCV core protein is detected in the cytoplasm and partially in the
nucleus and mitochondria of culture cells and hepatocytes of
transgenic wice and hepatitis C patients (6, 23, 24, 26). Degradation
of HCV core protein was énhanced by deletion of the C-terminal
transmembrane region through a ubiquitin/proteasome-dependent
pathway (27). We previously reported (18) that PA28y binds
directly to HCV core protein and then enhances degradation of
HCV core protein in the nucleus through a proteasome-dependent
pathway because HCV core protein was accumulated in nucleus of
human cell line by treatment with proteasome inhibitor MG132. In
this work, accumulation of HCV core protein was observed in
nucleus of hepatocytes of PA28y~/~Core'lyg mice (Fig. 10). 'This
result directly demonstrates that HCV core protein migrates into
the nucleus and is degraded through a PA28y-dependent pathway.
However, HCV core protein accumulated in the nucleus because
knockout of PA28y gene abrogated the ability to cause liver
pathology, suggesting that interaction of HCV core protein with
PA28vin the nucleus is prerequisite for the liver pathology induced
by HCV core protein. We have previously shown (18) that HCV
core protein is degraded through a PA28y-dependent pathway, and
Minami et al. (28) reported that PA28y has a cochaperdne activity
with Hsp90. Therefore, degradation products of HCV core protein
by means of PA28y-dependent processing or correct folding of
HCYV core protein through cochaperone activity of PA28y might be
involved in the development of liver pathology. We do not know the
reason why knockout of the PA28y gene does not affect the total
amount of HCV core protein in the liver of the transgenic mice.
PA28y-dependent degradation of HCV core protein may be inde-
pendent of ubiquitination, as shown in SRC-3 (21), whereas knock-
down of PA28y in a human hepatoma cell line enhanced the
ubiquitination of HCV core protein [supporting information (SI)
Fig. 6], suggesting that lack of PA28y suppresses a ubiquitin-
independent degradation but enhances a ubiquitin-dependent deg-
radation of HCV core protein. therefore, the total amount of HCV
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core protein in the liver of the mice may be unaffected by the
knockout of the PA28y gene.

Qur results suggest that the interaction of HCV core protein with
PA28y leads to-the activation of the srebp-Ic promoter along an
LXRa/RXRoa-dependent pathway and the development of liver
steatosis and HCC. HCV core protein was not included in the
LXRo/RXRa-ILXRE complex (Fig. 34), suggesting that HCV
core protein indirectly activates the srebp-1c promoter. Cytoplasmic
HCYV core protein was shown to interact with Sp110b, which is a
transcriptional corepressor of RARa-dependent transcription, and
this interaction leads to the sequestermg of Sp110b in the cyto-
plasm, resulting in the activation of RARa-dependent transcription
(29). The sequestration of an unidentified corepressor of the
LXRa/RXRa heterodimer in the cytoplasm by HCV core protein
may also contribute to the activation of the srebp-Ic promoter.
Although the precise physiological function of PA28y-proteasome
activity in the nucleus is not known, PA28vy has previously been
shown (21) to regulate nuclear hormone receptors by means of the
degradation of its coactivator SRC-3 and to participate in the fully
Hsp90-dependent protein refolding (28). it appears reasonable to
speculate that degradation or refolding of HCV core protein in a
PA28y-dependent pathway might be involved in the modulation of
transcriptional regulators of various promoters, including the
srebp-1c promoter. Saturated or monounsaturated fatty acids have
been shown to enhance HCV RNA replication in Huh7 cells
containing the full-length HCV replicon (7). The up-regulation of
fatty acid biosynthesis by HCV core protein may also contribute to
the efficient replication of HCV and to the progression of HCV
pathogenesis.

Expression of HCV core protein was reported to enhance
production of reactive oxygen species (ROS) (30), which leads to
carbonylation of intraceilular proteins (31). Enhancement of
ROS production may trigger double-stranded DNA breaks and
result in the development of HCC (30, 32, 33). HCV core protein
could enhance the protein carbonylation in the liver of the
transgenic mice in the presence but not in the absence of PA28y
(SI Fig. 7), suggesting that PA28y is required for ROS produc-
tion induced by HCV core protein. Development of HCC was
observed in PA28y*/*CoreTg mice but not in PA28y~/~CoreTg
mice (Table 1). Enhancement of ROS production by HCV core
protein in the presence of PA28y might be involved in the
development of HCC in PA28y*/+CoreTg mice.

It is well known that resistant viruses readily emerge during the
treatment with antiviral drugs targeting the viral protease or
replicase, especially in the case of infection with RNA viruses.
‘Therefore, antivirals targeting the host factors that are indispens-
able for the propagation of viruses might be an ideal target for the
development of antiviral agents because of a lower rate of mutation
than that of viral genome, if they have no side effects to patients.
Importantly, the amino acid sequence of PA 28y of mice is identical

to that of human, and mouse PA28y is dispensable because PA28y

knockout mice exhibit no abnormal phenotype except for mild
growth retardation. ‘T herefore, PA28y might be a promising target
for an antiviral treatment of chronic hepatitis C with negligible side
effects.

In summary, we observed that a knockout of the PA28y gene
from PA28vy*/*CoreTg mice induced the accumulation of HCV
core protein in the nucleus and disrupted the development of both
steatosis and HCC. Activation of the srebp-Ic promoter was up-
regulated by HCV core protein both in vitro and in vivo through a
PA28-dependent pathway, suggesting that PA28 plays a crucial
role in the development of liver pathology induced by HCV
infection.

Materials and Methods

Histology and immunohistochemistry, real-time PCR, and detec-
tion of proteins modified by ROS are discussed in ST Materials and
Methods.

Moriishi et al.

Plasmids and Reagents. Human PA28y cDNA was isolated from a
human fetal brain library (18). 'lhe gene encoding HCV core
protein was amplified from HCV strain J1 (genotype 1b) (34) and
cloned into pCAG-GS (35). Mouse cDNAs of RXRa and LXRa
were amplified by PCR from the total cDNAs of the mouse liver.
The RXRa and LXRa genes were introduced into pEF-
FLAGGspGBK (36) and pcDNA3.1 (Invitrogen, Carlsbad, CA),
respectively. The targeting fragment for human PA28y knockdown
(GGATCCGGTGGATCAGGAAGIGAAGI'ITCAAGAGA-
CUTCACITCCIGATCCACCITTII'ITGGAAAAGCIT) was

. introduced into the BamH1 and HindHUI sites of pSilencer 4.1 U6

hygro vector (Ambion, Austin, 'I'X). Mouse anti-FLLAG (M2) and
mouse anti-B-actin antibodies were purchased from Sigma (St.
Louis, MO). Rabbit polyclonal antibody against synthetic peptides
corresponding to amino acids 70—85 of PA 28y was obtained from .
AFFINITI (Exeter, UXK). Horseradish peroxidase-conjugated
goat anti-mouse and anti-rabbit IgGs were purchased from ICN
Pharmaceuticals (Aurora, OH). Rabbit anti-HCV core protein was
prepared by immunization with recombinant HCV core protein
{amino acids 1-71), as described in ref. 24. Mouse monoclonal
antibody to HCV core protein was kindly provided by S. Yagi (37).
The plasmid for expression of HA-tagged ubiquitin was described
in ref. 27.

Preparation of PA28y-Knockout HCV CoreTg Mice. The generation of
CS57BL/6 mice carrying the gene encoding HCV core protein
genotype 1b line C49 and that of PA28y~/~ mice have been
reported previously (22, 25). Both strains were crossbred with each
other to create PA28y~/~Core'lg mice. PA28y~/~Core'lg mice
were identified by PCR targeted at the PA28y or HCV core gene
(22,25). Using 1 pg of genomic DNA obtained from the mouse tail,
the PA 28y gene was amplified by PCR with the following primers:
sense, PA28-3 (AGGTGGATCAGGAAGTGAAGCTCAA); and
antisense, PA28y-5cr (CACCICACTIGIGATCCGCICICI-
GAAAGAATCAACC). 'Ihe targeted sequence for the PA28y
knockout mouse was detected by PCR using the PA28-3 primer and
the PAKO-4 primer (FGCAGI'TCATTCAGGGCACCGGA-
CAGQG). The transgene encoding HCV core protein was detected by
PCR as described in ref. 25. The expression of PA28y and HCV
core protein in the livers of 6-month-old mice was confirmed by
Western blotting with mouse monoclonal antibody to HCV core
protein, clone 11-10, and rabbit antibody to PA28y. Mice were
cared for according to the institutional guidelines. ‘1he mice were
given ordinary feed, CRE-1 (Charles River Laboratories, Yoko-
hama, Japan), and they were maintained under specific pathogen-
free conditions.

All animal experiments conformed to the Guidelines for the
Care and Use of Laboratory Animals, and they were approved by
the Institutional Committee of Laboratory Animal Experimenta-
tion (Research Institute for Microbial Diseases, Osaka University).

Preparation of Mouse Embryonic Fibroblasts. MEFs were prepared
as described in ref. 22. MEFs were cultured at 37°C under an
atmosphere of 5% CO; in Dulbecco’s modified Eagle’s medium
(Sigma) supplemented with 10% FBS, penicillin, streptomycin,
sodium pyruvate, and nonessential amino acids.

Transfection and Immunoblotting. Plasmid vectors were transfected
into the MEFs and 293T cells by liposome-mediated transfection
by using Lipofectamine 2000 (lavitrogen). The amount of HCV
core protein in the liver tissues was determined by an ELISA as
described in ref. 37. ‘Ihe cell lysates were subjected to SDS/
PAGE (12.5% gel), and they were then transferred onto PVDF
membranes. Proteins on the membranes were treated with
specific antibody and Super Signal Femto (Pierce, Rockford, IL).
The results were then visualized by using an LAS3000 imaging
system (Fuji Photo Film, Tokyo, Japan). The method of immu-
noprecipitation test is described in ref. 18.
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Reporter Assay for srebp-1c Promoter Activity. '1he genomic DNA
fragment encoding the srebp-Ic promoter region (located from
residues —410 to +24) was amplified from a mouse genome. The
fragment was introduced into the Kpnl and HindII sites of
pGL3-Basic (Promega, Madison, WI), and it was designated as
pGL3-srebp-1cPro. The plasmids encoding RXRa and LXRe
were transfected into MEFs together with pGL3-srebp-1cPro
and a control plasmid encoding Renilla luciferase (Promega).
‘I'he total DNA for transfection was normalized by the addition
of empty plasmids. Cells were harvested at 24 h positransfection.
The ligand of RXRa, 9-cis-retinoic acid (Sigma), and that of
I.XRa, 22(R)-hydroxylcholesterol (Sigma) were added at a final
concentration of 5 uM each to the culture medium of 293T cells
transfected with pGL3-srebp-1cPro together with expression
plasmids encoding RXRea, LXRe, and HCV core protein at 24 h
posttransfection. Cells were harvested 24 h after treatment.
Luciferase activity was measured by using the dual-luciferase
reporter assay system (Promega). Firefly luciferase activity was
standardized with that of Renilla luciferase, and the results are
expressed as the fold increase in relative luciferase units.

Electrophoresis Mobility Shift Assay (EMSA). EMSA was carried out
by using a LightShift Chemiluminescent EMSA kit (Pierce)
according to the manufacturer’s protocol. Nuclear extract of the
cell lines and liver tissue was prepared with an NE-PER nuclear
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Hepatitis C virus (HCYV) infection induces a wide range of chronic liver injuries; however, the mechanism through
which HCV evades the immune surveillance system remains obscure. Blood dendritic cells (DCs) play a pivotal role
in the recognition of viral infection and the induction of innate and adaptive immune responses. Several reports
suggest that HCV infection induces the dysfunction of DCs in patients with chronic hepatitis C. Toll-like receptor
(TLR) has been shown to play various roles in many viral infections; however, the involvement of HCV proteins in
the TLR signaling pathway has not yet been precisely elucidated. In this study, we established mouse macrophage
cell lines stably expressing HCV proteins and determined the effect of HCV proteins on the TLR signaling pathways.
Immune cells expressing NS3, NS3/4A, NS4B, or NSSA were found to inhibit the activation of the TLR2, TLR4,
TLR7, and TLR9 signaling pathways. Various genotypes of NS5A bound to MyD88, a major adaptor molecule in
TLR, inhibited the recruitment of interleukin-1 receptor-associated kinase 1 to MyD88, and impaired cytokine
production in response to TLR ligands. Amino acid residues 240 to 280, previously identified as the interferon
sensitivity-determining region (ISDR) in NS5A, interacted with the death domain of MyD88, and the expression of
a mutant NSSA lacking the ISDR partially restored cytokine production. These results suggest that the expression

of HCV proteins modulates the TLR signaling pathway in immune cells.

Hepatitis C virus (HCV) belongs to the family Flaviviridae
and possesses a positive, single-stranded RNA genome that
encodes a single polyprotein composed of approximately 3,000
amino acids. HCV polyprotein is processed by host and viral
proteases, resulting in 10 viral proteins. Viral structural pro-
teins, including the capsid protein and two envelope proteins,
are located in the N-terminal one-third of the polyprotein,
followed by nonstructural proteins. HCV infects 170 million
people worldwide and frequently leads to cirrhosis and hepa-
tocellular carcinoma (36). In over one-half of patients, acute
infection evolves into a persistent carrier state, presumably due
to the ability of HCV to incapacitate the activation of the host
immune mechanisms. Dendritic cells (DCs) are one type of
potent antigen-presenting cell in vivo and play a crucial role in
the enhancement and reguiation of cell-mediated immune
reactions. Since DCs express various costimulatory and/or
adhesion molecules, they can activate even naive T cells in a
primary response. The role of the response of HCV antigen-
specific T cells in viral clearance or persistence has been in-
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vestigated extensively in both humans and chimpanzees (6, 27,
48, 51). These studies suggest that acute HCV infections fol-
lowed by viral clearance are associated with a high frequency of
HCV-specific CD4™ and CD8" T-cell responses that can per-
sist (27, 51), while chronic HCV infections are characterized by
weak and restricted CD4™ and CD8" T-cell responses that are
not sustained (51).

Toll-like receptors (TLRs) are membrane-bound receptors
that can be activated by the binding of molecular structures
conserved among families of microbes. More than 10 different
TLRs have been identified to date (2). They are highly con-
served among mammals and are expressed in a variety of cell
types. TLR binding and stimulation by pathogen-associated
molecules is followed by a cascade of intracelluiar events that
culminate in the expression of multiple genes (2). TLR signal-
ing is mediated primarily by the adaptor protein myeloid dif-
ferentiation factor 88 (MyD88), which triggers the activation of
transcription factors, such as NF-«B, that are essential for the
expression of proinflammatory cytokine genes (2). This path-
way also leads to the potent production of type I interferon
(IFN) through the activation of IFN regulatory factor 7 (IRF7)
upon stimulation of TLR7 or TLRI (22). In contrast, Toll/
interleukin-1 (IL-1) receptor homology domain-containing
adaptor-inducing IFN- (TRIF/TICAM-1) mediates the pro-
duction of type I IFNs primarily through the activation of IRF3
in response to TLR3 or TLR4 stimulation (2). Type I IFN
induces the maturation of DCs by increasing both the expres-
sion of costimulatory molecules such as CD80, CD86, and
CD40 and antigen presentation via major histocompatibility
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complex class | in addition to classical endogenous antigen
presentation; it also facilitates the cross-presentation of viral
antigens. A cumulative report has shown that DC activation via
TLR signaling is a prerequisite for the subsequent induction of
vigorous T-cell responses (42). Some viral proteins have been
shown to inhibit the TLR-dependent signaling pathway
through interactions with the downstream adaptor molecules,
suggesting that the alteration of TLR-mediated signals is one
of the mechanisms of virus-induced immune modulation (49).
Dysfunction of DCs in patients with chronic HCV infection
due to immaturation caused by the direct infection of DCs by
HCV or by interactions with HCV proteins has been reported
previously (4, 21). On the other hand, there have also been
contrasting reports suggesting a lack of impairment of DC
function in both chimpanzees and humans chronically infected
with HCV (26, 32). Thus, at present, alterations in the TLR
signaling pathway in the immune cells of patients with chronic
hepatitis C virus infection are not well understood.

In the present study, we examined the effect of HCV pro-
teins on TLR function in murine macrophage cell lines stably
expressing HCV proteins. The expression of NS3, NS3/4A,
NS4B, or NS5A was found to impair the activation of the TLR
signaling pathways, and NS5A interacted with MyD88 through
the IFN sensitivity-determining region (ISDR) and impaired
cytokine production. To the best of our knowledge, this is the
first demonstration of NS5A as an immunomodulator of TLR
signaling pathways through the direct interaction with an adap-
tor molecule in immune cells.

MATERIALS AND METHODS

Cell culture. Haman embryonic kidney 293T cells and mouse macrophage
RAW264.7 cells were maintained in Dulbecco’s modified Eagle's medium
(Sigma, St. Louis, MO) containing 10% fetal calf serum. Al cells were cultured
at 37°C in a humidified atmosphere with 5% CO,.

Plasmids and viruses. DNA fragments encoding each of the HCV structural
and nonstructural proteins were generated from a full-length ¢cDNA clone of
genotype 1b strain J1 (1) by PCR using Pfic Turbo DNA polymerase (Stratagene,
La Jolla, CA). The fragments were cloned into pCAGGs-puro/N-Flag, in which
the sequence encoding a Flag tag is inserted at the 5’ terminus of the cloning site
of pCAGGs-puro (37). A protease-deficient NS3/4A mutant with Ser'? replaced
with Ala (S139A) was generated by the method of splicing by overlap extension
and cloned into pCAGGs-puro. NS5A genes were amplified by PCR from HCV
clones of strains of J1 (genotype 1b), H77c (genotype 1a, kindly provided by J.
Bukh), and JFH1 (genotype 2a, kindly provided by T. Wakita) and cloned into
pcDNA3.1Flag/HA (38). The NS5A deletion mutants were prepared as de-
scribed previously (16). DNA fragments encoding a human MyD88, human
Toll-1L-1 receptor domain—containing adapter protein (TIRAP), and human
TRIF-related adapter molecule (TRAM) were amplified by reverse transcrip-
tion-PCR from total RNA of THP-1 cells and cloned into pcDNA3.1-C-Myc-His
(Invitrogen, Carlsbad, CA) and pcDNA3.1Flag/HA. Murine IPS-1 (mEPS-1) was
amplified from total RNA of RAW264.7 cells by reverse transcription-PCR and
cloned into pcDNA3.1Flag/HA. Human MyD88 deletion mutants and a mIPS-1
mutant with Cys*®® replaced by Ala (CS08A) were generated by the method of
splicing by overlap extension and cloned into pcDNA3.1Flag/HA. pCMVI-
RAKI1-myc and pCMVIRAK4-myc, encoding IL-{ receptor-associated kinase 1
(IRAK-1) and IRAK-4, respectively, were prepared as described previously (53).
pEFBossTICAM-I-HA was kindly provided by T. Seya (44). All PCR products
were confirmed by sequencing by using an ABI PRSM 310 genetic analyzer
(Applied Biosystems, Tokyo, Japan). Vesicular stomatitis virus (VSV) (Indiana
strain, NCP12.1) (19) was kindly provided by M. A. Whitt.

Establishment of stable cell lines expressing HCV proteins. pCAGGs-puro/
N-Flag plasmids encoding HCV proteins were transfected into RAW264.7 cells
by liposome-mediated transfection using Lipofectamine 2000 (Invitrogen) and
selected with 10 pg/ml of puromycin (InvivoGen, San Diego, CA). After about
2 10 3 weeks of selection, several clones were isolated, and cell lysates of each
clonte were immunoblotted with each of specific mouse anti-HCV antibody (1) or

J. ViroOL.

anti-Flag M2 mouse monoclonal antibody (Sigma). Macrophage cell lines stably
expressing HCV protains and a control cell line obtained by transfection with an
empty pCAGGs-puro vector were maintained in the presence of puromycin (10
pg/ml) throughout the experiments.

Immunoprecipitation and immunoblotting. Cells were seeded onto a six-well
tissue culture plate 24 h before transtection. The plasmids were transfected by
the lipofection method, and the cells were harvested at 43 h posttransfection,
washed three times with 1 ml of ice-cold phosphate-buffered saline (PBS), and
suspended in 0.4 ml lysis buffer containing 20 mM Tris-HCl (pH 7.4), 135 mM
NaCl, 1% Triton X-100, 10% glycerol, and protease inhibitor cocktail tablets
(Roche Molecular Biochemicals, Mannheim, Germany). Cell lysates were incu-
bated for 30 min at 4°C and centrifuged at 14,000 X g for 15 min at 4°C. The
supernatant was immunoprecipitated with 1 p.g of mouse monoclonal anti-Flag
M2, anti-hemagglutinin (HA) 16B12 (HA.11; BabCO, Richmond, CA), or anti-
hexahistidine (Santa Cruz Biotechnology. Santa Cruz, CA) antibody and 10 wl of
protein G-Sepharose 4B Fast Flow beads (Amersham Pharmacia Biotech,
Franklin Lakes, NJ) at 4°C for 90 min. The immunocomplex was precipitated
with the beads by centrifugation at 5,000 X g for 1 min and then washed five
times with 0.4 mi of 20 mM Tris-HCI (pH 7.4) containing 135 mM NaCl and
0.05% Tween 20 (TBST buffer) by centrifugation. The proteins binding to the
beads were boiled in 20 pl of sample buffer and then subjected to sodium dodecyl
sulfate-12.5% polyacrylaniide gel electrophoresis and transferred onto polyvi-
nylidene difiuoride membranes (Millipore, Tokyo, Japan). The membranes were
blocked with TBST containing 5% skim milk at room temperature for 1 h;
incubated with mouse monoclonal anti-Flag M2, anti-HA 16B12, or anti-hexa-
histidine monoclonal antibody at room temperature for 1 h; and then incubated
with horseradish peroxidase-conjugated anti-mouse immunoglobulin G (IgG)
antibody at room temperature for 1 h. The cell lines (2 X 10° cellswell) were
stimulated with various doses of lipopolysaccharide (LPS) derived {rom Salmorella
enterica serovar Minnesota (Re-595) (Sigma), peptidoglycans (PGN) derived from
Staphylococcus aureus (Sigma), R-837 (InvivoGen), or phosphorothioate-stabilized
mouse CpG (mCpG) oligodeoxynucleotides (ODN1668) (TCCATG-ACG-TTC-
CTG-ATG-CT) (Invitrogen) for the times indicated, and the phosphorylation status
of extracellular signal-regulated kinase (ERK) was determined by immunoblotting
using antibodies specific to ERK1/2 or phosphorylated ERK1/2 (T202/Y204) (Celi
Signaling Technology, Inc., Beverly, MA). Cells (1 X 10° cellsiwell) were treated
with various doses of mouse IFN-« (PBL Biomedical Laboratories, New Brunswick,
NJ) or VSV for 24 h, and the phosphorylation status of double-stranded RNA-
dependent protein kinase (PKR) and signal transducer and activator of transcription
1 (STAT1) was determined by immunoblotting using antibodies specific to STAT1
(Cell Signaling), phosphorylated STAT1 (Cell Signaling), or phosphorylated PKR
(BioSource International, Inc., Camarillo, CA). The immune complexes were
visualized with Super Signal West Femto substrate (Pierce, Rockford, IL.) and
detected by using an LAS-3000 image analyzer system (Fujifilm, Tokyo, Japan).

Cytokine production and enzyme-linked immunosorbent assay (ELISA). To
evaluate cytokine production in macrophage cell lines expressing HCV proteins,
cells were seeded onto 96-well plates at a concentration of 1 X 10° cellspwell and
stimulated with various doses of LPS, PGN, R-837, or mCpG. After 24 h of incu-
bation, culture supernatants were collected, and IL-6 production was determined by
using an OptEIA mouse [L-6 set purchased from BD Pharmingen (San Diego, CA).

Real-time PCR. The cell lines (3 X 10° cells/well) were stimulated with R-837,
LPS, PGN, mCpG, VSV, and polyinosine-poly(C) [poly(I:C)] (Invivogen) for the
times indicated, and the expression of mRNA of cytokines, chemokines, and
TLR genes was determined by real-time PCR. Total RNA was prepared from the
macrophage cell lines using an RNeasy Mini kit (QIAGEN). First-strand cDNA
was synthesized using a ReverTra Ace (TOYOBO, Japan) and oligo(dT)z
primer. Each cDNA was estimated by Platinum SYBR Green gPCR SuperMix
UDG (Invitrogen) according to the manufacturer’s protocol. Fluorescent signals
were analyzed by using an ABI PRISM 7000 apparatus (Applied Biosystems).
Mouse Ccl2, IFN-B, IFN-al, IFN-a4, and IL-1-a genes were amplified with
primer pairs 5'-GCATCCACGTGTTGGCTCA-3' and 5'-CTCCAGCCTACTC
ATTGGGATCA-¥, 5'-ACACCAGCCTGGCTTCCATC-3' and 5'-TTGGAG
CTGGAGCTGCTTATAGTTG-%, 5'-AGCCITGACACTCCTGGTACAAAT
G-3' and 5'-TGGGTCAGCTCACTCAGGACA-¥, 5'-GCTCAAGCCATCCT
TGTGCTAA-3 and 5'-CATTGAGCTGATGGAGGTC-¥, and 5'-TTGGTTA
AATGACCTGCAACAGGA-3 and 5'-AGGTCGGTCTCACTACCTGTGAT
G-3', respectively. The mouse TLR2, TLR3, TLR4, TLR7, TLRY, and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) genes were amplified using primer
pairs 5-AGCTCTTTGGCTCTTCTG-3' and 5'-AGAACTGGGGGATATGC-
3, §-AAATCCTTGCGTTGCGAAGTG-3 and 5'-TCAGTTGGGCGTTGTT
CAAGAG-¥, 5-GCCTCGAATCCTGAGCAAACA-3' and 5'-CTTCTGCCC
GGTAAGGTCCA-¥, 5“TCTGCAGGAGCTCTGTCCTTGA-3 and 5'-CAAG
GCATGTCCTAGGTGGTGA-¥, 5'-ACCAATGGCACCCTGCCTAA-3 and 5'-
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FIG. 1. Establishment of stable macrophage cell lines expressing HCV proteins. (A) Cell lysates were prepared from macrophage cell lines
expressing each of the HCV proteins (4 X 10° cells) and immunoblotted with antibodies against HCV proteins or B-actin. (B) Total RNA was
extracted from macrophage cell lines expressing NSSA (gray bars) or control (white bars), and the expression of mRNA of TL.Rs was determined
by real-time PCR. (C) The subcellular localization of NSSA was examined by confocal microscopy. Cells were fixed with 4% paraformaldehyde-
PBS, permeabilized with 0.5% Triton X-100, and stained with specific antibodies. Celis expressing NSSA or control cells were extracted into cytosol
(C), membrane-organelle (M), and nuclear (N) fractions. Each fraction was concentrated and subjected to immunoblotting with specific antibodies.
PA28a, calregulin, and histone H1 were used as markers for cytosol, membrane-organelle, and nuclear fractions, respectively.

CGTCTTGAGAATGTTGTGGCTGA-¥, and 5-ACCACAGTCCATGCCATC
AC-3 and 5-TCCACCACCCTGTTGCTGTA-3', respectively. The expression of
mRNAs of each of the chemokines, cytokines, and TLR was normalized with that of
GAPDH mRNA.

Immunofluorescence microscopy and subcellular localization of HCV proteins
in stable macrophage cell lines. Cells were seeded onto an eight-weli chamber
slide at 1.5 X 10* cells per well, washed twice with PBS, fixed with PBS containing
4% paraformaldehyde at 18 h of cultivation, and permeabilized with PBS con-
taining 0.5% Triton X-100 at 15 min. The cells were then incubated at 4°Cfor 1 h
with 1 pg of mouse anti-NS5A antibody (Austral Biologicals, San Ramon, CA)
or rabbit polyclonal antibody against calregulin (Santa Cruz Biotechnology) in
PBS containing 10% fetal calf serum (PBSF) and then incubated at room tem-
perature for 1 h with 0.5 pg of Alexa Fluor 488-conjugated anti-mouse IgG
(Molecular Probes) or Alexa Fluor 594-conjugated anti-rabbit IgG (Molecnlar
Probes) after three washes with PBSF. After extensive washing with PBSF, the
samples were examined with a FluoView FV1000 laser scanning confocal micro-
scope (Olympus, Japan). To confirm the subcellular localization of the HCV
proteins in the macrophage cell lines, each stable cell line was fractionated with
a Subcellular Proteome Extraction kit (Calbiochem, Darmstadt, Germany).
Stepwise extraction resulted in four distinct fractions, which contained primarily
cytosolic, membrane-orgaselle, nuclear, and cytoskeleton proteins, respectively.
Each fraction was concentrated by Microcon (Millipore) and subjected to im-
munoblotting. PA28a (Biomol International, Plymouth Meeting, PA), calregu-
lin, and histone H1 (Santa Cruz Biotechnology) were used as cytoplasmic, mem-
brane, and nuclear markers, respectively. )

RESULTS

Establishment of macrophage cell lines stably expressing
HCYV proteins. To examine the effect of HCV proteins on the
TLR function of immune cells, we established murine macro-
phage cell lines stably expressing HCV structural or nonstruc-
tural proteins. We selected mouse macrophage RAW264.7
cells due to their high level of expression of various TLRs (3)
and their high sensitivity to stimulation with TLR ligands.
Processed HCV structural and nonstructural proteins were
detected in each of the cell lines by immunoblot analyses using
specific monoclonal antibodies (Fig. 1A). To examine the ef-
fect of HCV proteins on TLLR expression in macrophage cell
lines, the mRNA of 1LRs in cells expressing NS5A was deter-
mined by real-time PCR (Fig. 1B). Although slight reductions
in TLR2, TLR3, and TLR4 or enhancement of TILLR7 and
TLR9 was observed, a substantial amount of mRNA of the
examined TLRs was detected in the cell lines expressing NSSA
and other HCV proteins (data not shown). To determine the
subcellular localization of HCV proteins in macrophage cell
lines, the expression of HCV proteins was examined by con-
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FIG. 2. Expression of HCV nonstructural proteins modulates IL-6 production and MAPK cascades through the TLR-dependent signaling
pathway in macrophage cell lines. (A) Cells were seeded onto 96-well plates (1 X 10° cells/well) and stimulated with the indicated amounts of
mCpG, R-837, LPS, 6r PGN. After 24 h of stimulation, IL-6 production in the culture supernatants was determined by sandwich ELISA. Data are
shown as means = standard deviations (SD). (B) Cells (2 X 10° cellsfwell) were stimulated with 10 pg/ml of R-837 for the times indicated, and
ERKLW/2 phosphorylation was determined by immunoblotting with antibodies to ERK and phosphorylated ERK (p-ERK). Asterisks indicate
nonspecific bands. (C) Cells (2 X 10° cells/well) were stimulated with 10 wg/ml of mCpG, 25 ng/ml of LPS, or 10 pg/m! of PGN for the times
indicated, and ERKY/2 phosphorylation was determined by immunoblotting.

focal microscopy and cell fractionation (Fig. 1C). HCV NS5A
was colocalized with the endoplasmic reticuium marker cal-
regulin in the macrophage cell line as reported previously for
human hepatoma cell lines (47). Other HCV proteins exhib-
ited similar localization with NS5A (data not shown). To fur-
ther confirm the subcellular localization of NSSA proteins,
cytoplasmic, membrane-organelle, and nuclear fractions of the
cell line expressing NS5A were analyzed by Western blotting.
NSS5A was detected mainly in the membrane-organelle frac-
tion.

Expression of HCV NS3, NS3/4A, NS4B, or NS5A modulates
the TLR-dependent signaling pathway in macrophage cell
lines. In order to determine the effect of the expression of
HCV proteins on the TLR signaling pathway in macrophage
cell lines, we examined the ability of HCV proteins to inhibit
NF-«B activation via stimulation with various TLR ligands.
The macrophage cell {ines were stimulated with the TLR li-
gands, and the production of the proinflammatory cytokine
IL-6 in the culture supernatants was deterrmined by ELISA
(Fig. 2A). The expression of HCV structural proteins or NS5B
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FIG. 3. Effect of NS5A expression on the production of cytokines and chemokines in response to TLR ligands ia macrophage cell lines. Cells
(3 % 10° cells/well) were stimulated with 10 ng/ml of mCpG, 10 wg/ml of R-837, 25 ng/ml of LPS, and 10 pg/ml of PGN for the times indicated.
Total RNA was extracted from macrophage cell lines expressing NS5A (gray bars) or control (white bars), and the expression of mRNA of IL-1e

and Cdl2 (A) and IFN-B and IL-6 (B) was determined by real-time PCR.

had no effect on IL-6 production after stimulation with mCpG,
R-837, LPS, or PGN, which are ligands for TLRY, TLR7,
TLR4, and TLR2, respectively. On the other hand, the expres-
sion of NS3, NS3/4A, NS4B, or NSSA inhibited the production
of IL-6 induced by treatment with the ligands. These results
indicate that the expression of NS3, NS3/4A, NS4B, and NSSA
inhibits the production of IL-6 through the TL.R-dependent
signaling pathway in macrophage cell lines.

In addition to proinflammatory cytokine production via
NF-kB activation, stimulation of TLR also activates mitogen-
activated protein kinases (MAPKs). We then examined the
activation of ERK, a MAPK signaling pathway, in response to
the TLR ligands in the macrophage cells expressing HCV
proteins (Fig. 2B). Although the expression of the HCV struc-
tural proteins NS3, NS4B, and NS5B did not alter the phos-
phorylation status of ERK1/2 in response to stimulation with
the TLR7 ligand R-837, the expression of NS5A exhibited a
clear inhibition of the phosphorylation of ERK1/2. To further
examine the effect of NSSA expression on the MAPK cascade
in response to the TLR ligands, the cells were treated with
mCpG, LPS, and PGN. NS5A expression was found to inhibit
the phosphorylation of ERK1/2 in response to stimulation
with the ligands for TLR9, TLR4, and TLR2 (Fig. 2C). In
contrast, the phosphorylation of c-Jun NH,-terminal kinase in

response to stimulation with R-837 was less impaired in the
macrophage cell line expressing NS5A (data not shown). These
results indicate that the expression of NS3, NS3/4A, NS4B, or
NS5A inhibits the production of proinflammatory cytokines
and that the expression of NS5A alone induces the inhibition
of the MAPK cascade in response to stimulation by various
TLR ligands in macrophage cells.

To further examine the effect of NSSA expression on the
production of the other proinflammatory cytokines and che-
mokines in response to TLR ligands, the expression of mRNA
of IL-1« and Ccl2 in cells expressing NSSA after stimulation
with TLR ligands was determined by real-time PCR (Fig. 3A).
Expression of IL-1a and Ccl2 was reduced in cells expressing
NS5A by stimulation with mCpG, R-837, LPS, or PGN except
for the IL-la expression by treatment with LPS, probably due
to the TRIF-dependent activation of NF-kB. To further con-
firm the specific inhibition of the MyD88-dependent signaling
pathway by NSSA, we examined the effects of NS5A expression
in macrophage cells on the MyD88-independent/TRIF-depen-
dent production of IFN-B (Fig. 3B). Although the expression
of IL-6 mRNA in cells expressing NSSA was impaired after
stimulation with mCpG or LPS, the expression of [FN-g was
enhanced. These results suggest that the expression of NSSA
specifically inhibits the MyD88-dependent signaling pathway.
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TLR-dependent and -independent immune activation of
macrophage cells expressing NS3/4A or NSSA protein by RNA
virus and dsRNA. TLR3 has been shown to sensitize cells in
response to double-stranded RNA (dsRNA) generated by viral
infection and a synthetic dsRNA analog, poly(I:C), through an
adaptor molecule, TRIF/TICAM-1, but not MyD88. Further-
more, RIG-I and MDAS have been identified as being cyto-
plasmic dsRNA detectors responding to poly(I:C) and viral
RNAs (57, 58), sensitizing cells through an adaptor molecule,
IPS-1/MAVS/VISA/CARDIF, in a TLR-independent manner
(24, 35, 46, S5). Recently, HCV NS3/4A protease was shown
not only to cleave HCV nonstructural proteins but also to
inhibit viral RNA- and dsRNA-induced IFN production
through the cleavage of the adaptor molecules TRIF (28) and
IPS-1 (29, 30, 33, 35). Moreover, it has been shown that
NS3/4A protease inhibits dsRNA-induced immune activation
in a protease-dependent manner in human hepatoma cell lines
(11).

To determine whether murine TRIF (mTRIF) is cleaved by
HCV NS3/4A protease, C-terminally His-tagged mTRIF was
coexpressed with N-terminally Flag-tagged NS3, NS3/4A, or
NS3/4A(S139A) in 293T cells. Immunoblot analyses revealed
that mTRIF was not processed by HCV NS3/4A protease,
probably due to differences in the amino acid sequences at the
cleavage site in mTRIF (Fig. 4A). Amino acid sequences at the

‘cleavage site of human T'RIE are Cys*” and Ser*”?, and those
at the cleavage sites of m'I'RIF are Pro®™ and Ala®”? (Fig. 4B).
These results suggest that HCV NS3/4A protease could not
inhibit immune activation through the TLR3-mTRIF-depen-
dent signaling pathway in murine cells. We next determined
the processing of IPS-1 by HCV NS3/4A protease. N-termi-
nally Flag-tagged mIPS-1 or its C508A mutant, with Cys*%®
replaced with Ala to prevent cleavage by HCV NS3/4A pro-
tease, was coexpressed with N-terminally Flag-tagged NS3,
NS3/4A, or NS3/4A(S139A) in 293T cells. Immunoblot analy-
ses revealed that wild-type mIPS-1 was cleaved in cells coex-
pressing the active NS3/4A protease but not in those with NS3
(Fig. 4C). mIPS-1 processing was reduced in cells coexpressing
NS3/4A(S139A) as well as in those coexpressing mlPS-
1(C508A) and NS3/4A (Fig. 4C). Furthermore, we were able
to detect cleavage of endogenous mIPS-1 in macrophage cell
fines expressing NS3/4A but not in those expressing NS3 or
NS3/4A(S139A) (Fig. 4D), indicating that mIPS-1 in murine
macrophage cell lines is cleaved by HCV NS3/4A protease, as
reported -previously for a human hepatoma cell line.

We then examined the effect of expression of NS3/4A and
NS5A on TLR-dependent and -independent immune activa-
tion induced by dsSRNA. VSV and poly(I:C) were inoculated
into macrophage cell lines, and the expression of mRNA of
IFN-B and IL-1a was determined by real-time PCR (Fig. 4E).
The macrophage cell lines expressing NS3/4A exhibited inhi-
bition of IL-1a and 1KN-f expression upon infection with VSV
but not in response to poly(I:C), whereas no inhibition was
observed in those expressing NS5A. These results suggest that
the invasion of VSV and poly(1:C) is preferentially recognized
in RAW cell lines by RIG-1-IPS-1- and TLR3-TRIF-depen-
dent signaling pathways, respectively. Inhibition of IL-1e and
IFN-B expression upon infection with VSV but not in response
to poly(I:C) is probably due to the selective cleavage of IPS-1
but not TRIF by NS3/4A protease in the macrophage cell lines.

J. ViroOL.

In contrast, the expression of NS5A has no effect on both
TLR3-TRIF and RIG-I-IPS-1-dependent signaling pathways
in macrophage cells.

Although MyD88/IRF7-dependent production of IFN-«
upon activation was reported in plasmacytoid DCs (pDCs) (17,
23), it is unclear whether murine macrophage cells are capable
of producing IFN-« in a TLR/MyD88/IRF7-dependent man-
ner. To examine the effect of NSSA expression on [FN-a pro-
duction, the expression of IFN-al1 and IFN-a4 in the macro-
phage cell line upon infection with VSV was determined (Fig.
4E, bottom). In contrast to the effect on IFN-8 production, the
expression of NS5A in the macrophage cells reduced the pro-
duction of IFN-a1 and IFN-a4 upon infection with VSV, al-
though the inhibitory effect was weaker than that of NS3/4A.
These results suggest that RAW?264.7 cells are capable of pro-
ducing IFN-a in a TLR/MyD88/IRF7-dependent manner upon
infection with VSV as reported for pDCs, and the expression
of NS5A partially counteracts this signaling pathway. However,
the production of type I IFNs by the treatment with ligands for
TLR7 (R-837) and TLR9 (mouse CpG) was weaker than that
induced by infection with VSV in macrophage cells (data not
shown). Further study is needed to clarify the precise mecha-
nisms of the inhibition of TLR/MyD88/IRF7-dependent IFN-o
production by the expression of HCV NS5A in human immune
cells. :

NSSA interacts with MyD88 in mammalian cells. The inhi-
bition of the production of proinflammatory cytokines and
chemokines and the MAPK cascade by NSSA expression in
response to stimulation by various TLR ligands without par-
ticipation of 'I'RIF- and IPS-1-dependent signaling pathways
suggests that NSSA specifically inhibits the TLR-MyD88-de-
pendent signaling pathway in macrophage cell lines. MyD88 is
a critical component of the signaling pathway and leads to the
production of proinflammatory cytokines, chemokines, and
MAPKSs. To determine the effect of the expression of HCV
proteins on the TLR signaling pathway in macrophage cell
lines, the interaction of the HCV proteins with the adaptor
molecules in the signaling pathway of the TLR family was
examined by immunoprecipitation analysis. His-tagged MyD88
was coexpressed with Flag-tagged HCV proteins in 293T cells
and immunoprecipitated with the indicated antibodies. As
shown in Fig. SA and B, MyD88 was coimmunoprecipitated
with NS5A but not with structural and other nonstructural
proteins in 293T cells.

‘Lo further confirm the specificity of the interaction of NSSA
with MyD88, NSS5A was coexpressed with other adaptor mol-
ecules in the TLR signaling pathway, TRAM, TIRAP, or
TRIF, in 293T cells (Fig. 5C). NS5A interacted with MyD88
but not other adaptor molecules, suggesting that NS5A may
inhibit the production of proinflammatory cytokines and che-
mokines and the phosphorylation of MAPKs through the
counteraction of the MyD88-dependent TLR signaling path-
way.

NS5A interacts with the death domain of MyD88 through
the ISDR and inhibits recruitment of IRAK to MyD88. 'l'o
determine the region of NS5A responsible for the interaction
with MyD88, a series of deletion mutants of N-terminal Flag-
tagged NS5A was constructed, and its interaction with His-
tagged MyD88 was examined (Fig. 6A). The NS5A mutant
covering amino acids 1 to 280 but not that covering amino
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FIG. 4. TLR-dependent and -independent immune activation of macrophage cells expressing theNS3/4A or NS3A protein by RNA virus and
dsRNA. (A) Myc-His-mTRIF was coexpressed with Flag-NS3, -NS3/4A, or -NS3/4A(S139A) in 293T cefls and immunoblotted (IB) with antibodies
against His and Flag. (B) Alignment of the flanking sequence of NS3 protease cleavage sites of NS4A/4B, N§4B/5A, TRIF, and 1PS-1 of human
and murine origins. The cleavage site is indicated by an arrow. (C) Flag-mIPS-1 and a mutant with Cys™® replaced with Ala (C508A) were
coexpressed with Flag-NS3, -NS3/4A, or -NS3/4A(S139A) in 293T cells and immunoblotted with antibodies against miPS-1 and NS3. (D) Pro-
cessing of endogenous mIPS-1. Cell lysates of the macrophage cell lines expressing NS3, NS3/4A, and NS3/4A(S139A) were immunoblotted with
antibodies asgainst mlIPS-1, NS3, and B-actin. The cleavage product of mIPS-1 is indicated as mIPS-T*. (E) Cells (3 X 10° cells/well) were stimufated
with 2 X 10° PFU/m! of VSV or 50 pg/ml of poly(I:C) for the times indicated. Total RNA was extracted from the macrophage cell lines expressing
NS3/4A (black bars), NSSA (gray bars), or control (white bars), and the expression of mRNA of IFN-B, IL-1a, IFN-al, and IFN-a4 was
determined by real-time PCR.
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FIG. 5. NS5A interacts with MyD88. MyD88-His was coexpressed with Flag-core/E1/E2 or -NS5A (A) or Flag-NS3, -NS3/4A, -NS4B, -NS5A,
or -NS5B (B) in 293T cells; immunoprecipitated (IP) with anti-Flag, EL, or E2 antibody; and immunoblotted (IB) with anti-His antibody.
(C) Flag-NS5A was coexpressed with MyD88-His, TRAM-His, TIRAP-His, or TRIF-HA in 293T cells and immunoprecipitated with anti-His or
-HA antibody. The immunoprecipitates were immunoblotted with anti-Flag antibody. Asterisks indicate nonspecific bands.

acids 1 to 200 exhibited binding to MyD88, suggesting that
amino acid residues 200 to 280 of NS5A are required for the
interaction with MyD88. Further mutational analyses of NSSA
revealed that amino acid residues 240 to 280, which overlap the
ISDR (amino acid residues 237 to 276), which was previously
suggested to be involved in IFN resistance (10, 41), are re-
quired for the interaction with MyD88 (Fig. 6A). To determine
the region of MyD88 responsible for the interaction with
NSSA, His-tagged MyD88 mutants were coexpressed with
Flag-tagged NSSA- in 293T cells and immunoprecipitated
with anti-His antibody. A MyD88 deletion mutant lacking
amino acids 1 to 50, but not one lacking amino acids 1 to 80,
and a mutant possessing amino acids 1 to 70 exhibited binding
to NS5A, suggesting that amino acid residues 50 to 70 in the
death domain of MyD88 are required for the interaction with
NSSA (Fig. 6B).

MyD88 associates with TLRs and acts as an adapter that
recruits IRAK, which is known as a key regulator for TLR7-
and TLR9-mediated 1FN-a production in pDCs (53). To
determine the role of NS5A binding to MyD88 in the TLR-
MyD88-dependent signaling pathway, we examined the asso-
ciation of IRAK with MyD88 in the presence of NS5A. Flag-
tagged MyD88 was coexpressed with Myc-tagged IRAK-1 or
IRAK-4 and immunoprecipitated with anti-Myc antibody (Fig.
6C, left). IRAK-1, but not IRAK-4, was coimmunoprecipitated
with MyD88. Although NS5A did not bind to IRAK-1, it was
not possible to assess the interaction of NSSA with IRAK-4
due to the degradation of NS5A in cells coexpressing IRAK-4
for unknown reasons (Fig. 6C, middle). I'o examine the inter-
play between IRAK-1 and MyD88 in the presence of NS5A,
Flag-tagged MyD88 and Myc-tagged IRAK-1 were coex-
pressed with Flag-tagged NS5A in 2937T cells. The interaction
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FIG. 6. NS5A interacts with the death domain of MyD88 through the ISDR and inhibits recruitment of IRAK to MyD88. (A) The structure of NS5A and
the MyD88 binding region are indicated at the top. MyD88-His was coexpressed with C-terminal deletion mutants of Flag-NS5A in 293T cells, immunopre-
cipitated (IP) with anti-His antibody, and immunoblotted (IB) with anti-Flag antibody (left). MyD88-His was coexpressed with Flag-NSSA deletion mutants
(A240-280 or A280-300) in 293T cells, immunoprecipitated with anti-Flag aatibody, and then imniumoblotted with anti-His antibody (right). (B) Flag-NS5A was
coexpressed with N-terminal or C-terminal deletion mutants of MyD88-His (AN1, AN2, AN3, ACI, AC2, or AC3) in 293T cells, immunoprecipitated with
anti-His antibody, and immunoblotted with anti-Flag antibody. The structures of MyD88 and the deletion mutants and the NS3A binding region are indicated
on the left. (C) Flag-MyD88 (left) or Flag-NSSA (middle) was coexpressed with IRAK-1-Myc or IRAK-4-Myc in 293T cells, immunoprecipitated with anti-Myc
antibody, and immunoblotted with anti-Flag antibody. Flag-MyD88 and IRAK-1-Mycwere coexpressed with Flag-NSSA in 293T cells, immunoprecipitated with
anti-Myc antibody, and immunoblotted with anti-Flag antibody. The effect of the increase in Flag-NSSA expression on the interaction of MyD88 with IRAK-1
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FIG. 7. NS5A of other genotypes also interacts with MyD88 and inhibits the TLR signaling pathway. (A) Flag-NSS5As of other genotypes were
coexpressed with MyD88-His in 293T cells, immunoprecipitated (IP) with anti-Flag antibody, and immunoblotted (IB) with anti-His antibody.
(B) The wild type or a deletion mutant lacking amino acids 240 to 280 of Flag-NS5A of genotype 1a or 2a was coexpressed with MyD88-His in
293T cells, immunoprecipitated with anti-Flag antibody, and immunoblotted with anti-His antibody. (C) Amino acid sequences of ISDR and its
adjacent region of strains H77c (genotype 1a), J1 (genotype 1b), Conl (genotype 1b), and JFHI (genotype 2a). The conserved amine acids among
genotypes la and 1b are indicated by boxes. Conserved amino acids among all strains are indicated by asterisks. (D) Macrophage cell lines
expressing NS5A of genotypes la (H77c), 1b (J1), and 2a (JFH1) were established. Cells were stimulated with the indicated amounts of mCpG,
R-837, LPS, or PGN, and the production of IL-6 in the culture supernatants was determined by ELISA 24 h after stimulation. Data are shown

as the means * SD.

of IRAK-1 and MyD88 decreased in accord with the increasing
NS5A expression complex (Fig. 6C, right), suggesting that the
expression of NSSA may interfere with the TLR-MyD88-de-
pendent signaling pathway through the inhibition of the re-
cruitment of IRAK-1 to MyD88.

NSSA of other genotypes also interacts with MyD88 and
inhibits the TLR signaling pathway. To determine the inter-
action of MyD88 with NSSA of other genotypes, Flag-tagged
NSSA of genotype 1a (H77c) or 2a (JFH1) was coexpressed
with His-tagged MyD88 in 293T cells. MyD88 was coprecipi-
tated with the NS5As of genotypes la and 2a, although it
should be noted that the interaction between the MyD88 and
NS5A of genotype 2a was weaker than that of the other geno-
types (Fig. 7A). To determine the region of the NS5As of
genotype la or 2a responsible for the interaction with MyD88,
N-terminal Flag-tagged NS5As of genotype 1a or 2a deletion

mutants lacking amino acids 240 to 280 (A240-280) were con-
structed, and their interaction with MyD88 was examined. Mu-
tational analyses revealed that amino acid residues 240 to 280
of the NS5As of genotypes 1a and 2a were also required for the
interaction with MyD88 (Fig. 7B). Amino acid alignment of
the ISDRs of genotypes la, 1b, and 2a revealed that the region
of genotype 2a was less conserved than those of the other
genotypes (Fig. 7C).

To determine the effect of NSSA expression of other geno-
types on the TLR signaling pathway, we established macro-
phage cell lines expressing NSSA of each genotype. NS5A
expression for all genotypes was found to inhibit IL-6 produc-
tion after stimulation with mCpG, R-837, LPS, or PGN (Fig.
7D). Although the association of NS5A of genotype 2a to
MyD88 was weaker than that of other genotypes, the expres-
sion of genotype 2a NS5A in macrophage cells exhibited com-
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