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Figure 4. Socs3 promoter assay. (4) Primary structure of putative Foxo binding element in Socs3 promoter region. (B) Socs3-luc and Socs3
(FBEmut)-luc activities after overexpression of Foxo3a in Huh-7 cells. (C) Relative Socs3 messenger RNA (MRNA) expression after knockdown of
Foxo3a in normal and low-amino-acid media. (0) Chromatin immunoprecipitation of Socs3 promoter region by Foxo3a in normal and low-amino-acid
media. (E) Model of impaired IFN signaling by repressed mTORC1 signaling and increased Socs3 signaling under CH-C state of malnutrition.
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Figure 5. Effect of BCAA on HCV replication in cells in low-amino-acid medium. (A) Effect of BCAA on H778.3/GLuc2A replication in Huh-7.5 cells.
(B) Mx-1 expression in H77S.3/GLuc2A-transfected Huh-7.5 cells supplemented with BCAA. (C) Viability of Huh-7.5 cells. (D) Effect of BCAA on
JFH-1 replication continuously infecting Huh-7 ceils. (E) Mx-1 expression in continuously JFH-1-infecting Huh-7 cells supplemented with BCAA. (F)

Viability of Huh-7 cells.

to these metabolic aspects, recent reports have shown thar
mTORCI participates in IFN signaling and antiviral de-
fense responses, !0 although the precise signaling path-
way has not yet been clarified. In the present study, we
evaluated mTORCI signaling in CH-C livers using gene
expression profiling of 91 patients (Figure 1, Supplemen-
tary Table 1). We observed a significant negative correla-
tion between plasma Fischer’s ratio and hepatic expres-
sion of BCAT1, an important catalytic enzyme of BCAA
(Figure 1A). Moreover, BCAT1 expression was correlated
positively with PDCD4 expression, which in turn is regu-
lated negatively by pS6K at the transcriptional level (Fig-
ure 1D).16 Thus, the expression of BCAT1 appears to be a
negative indicator of mTORCI signaling in the liver, and
the plasma Fischer’s ratio is partially reflected by
mTORC1 signaling in the liver and muscle.
Interestingly, the expression of c-myc was correlated
significantly with BCAT1 (Figure 1C) as reported previ-
ously.'s Several studies observed up-regulated c-myc ex-
pression in advanced stages of CH-C'? but, on the other
hand, cmyc recently was shown to be a target of

mTORC1 in hepatic cells.'” The existence of a feedback
mechanism between c-myc and mTORCI signaling to
maintain liver homeostasis (Figure 1E) is plausible, al-
though the precise mechanisms need to be confirmed.
Impaired mTORCI signaling is suggested to affect the
IFN-alfa-induced signaling pathway. To address this, the
relationship between mTORC1 and IFN signaling was
assessed using a cell culture system. In low-amino-acid
medium (X1/5, X1/30, and X1/100 DMEM), expression
of pSTAT1 was decreased substantially, correlating with
the impaired mTORCI signaling represented by decreased
p-mTOR and pS6K expression in Huh-7 cells (Figure 2A).
The relationship between mTORCI and IFN signaling
was confirmed further by the knock-down experiment of
Raptor, a specific subunit of mTORC1 (Figure 2B), al-
though a more precise analysis should be performed to
confirm this relationship. Importantly, when Huh-7 cells
were stimulated by IFN-alfa, pSTAT1 induction was re-
pressed significantly in low-amino-acid medium (X1/§
DMEM) or in Raptor knocked-down conditions (Figure
2C). It therefore could be speculated that IFN treat-
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Figure 6. Expression of S6K, STAT1, Foxo3a. Socs3, and HCV core in H77S.3/GLuc2A-transfected Huh-7.5 cells or continuously JFH-1-infecting

Huh-7 cells supplemented with BCAA.

ment of patients with liver malnutrition and impaired
mTORCI signaling would lead to reduced induction of
ISGs. Importantly, BCAA was able to restore impaired
IFN signaling through increased binding of ISGF3y to
its targets (Figure 2D-F).

Besides cross-talk of mTORCI and IFN signaling, we
revealed that Foxo3a also is involved in the IFN inhibitory
pathway. In low-amino-acid medium, expression of
pFoxo3a (ser253) was decreased substantially whereas
that of Socs3 was increased. A decreased pFoxo3a/Foxo3a
ratio indicates nuclear accumulation of Foxo3a before
activation of its target genes, and this was confirmed by
immunofluorescent staining (Figure 3C). The expres-
sion of Foxo3a was significantly positively correlated
with that of Socs3 in CH-C liver (Figure 3F). These
findings prompted us to identify a putative FBE in the
Socs3 promoter region (Figure 44). In fact, Socs3 pro-
moter reporter activity was activated by overexpression
of Foxo3a, and mutation of FBE impaired Foxo3a-
dependent Socs3 promoter activation. Conversely, in-
duction of Socs3 was not observed when expression of
Foxo3a was knocked down by siRNA in low-amino-acid
medium. Socs3 induction in low-amino-acid medium
was owing to increased binding of Foxo3a to the FBE,
which was confirmed by ChIP (Figure 4D). Therefore, in
addition to impaired mTORC1 signaling, the Foxo3a-
mediated Socs3 IFN inhibitory pathway might be in-
volved in impaired IFN signaling in patients with liver
malnutrition (Figure 4E).

Finally, we examined whether BCAA could restore im-
paired IFN signaling and inhibit HCV replication in cells

under conditions of malnutrition. Importantly, BCAA
could repress replication of the recombinant genotype
la-derived HCV, H77S.3/GLuc2A, in a dose-dependent
manner (Figure SA). H77S.3/GLuc2A RNA produces in-
fectious virus'* and, therefore, the results indicate that
BCAA might act on a naive HCV infection. Moreover,
BCAA inhibited JFH-1-infected Huh-7 cells in which
JFH-1 continuously was infecting in a dose-dependent
manner. These results indicate that BCAA had an inhib-
itory effect on either naive or persistent HCV infection
irrespective of genotypes (la and 2a). Consistent with
these results, BCAA induced the expression of pSTAT1
and Mx protein in a dose-dependent manner, and re-
pressed Socs3 expression through increasing the ratio of
pFoxo3a (ser243) to Foxo3a in a dose-dependent manner
(Figures S and 6). Therefore, BCAA potentially could re-
store impaired IFN signaling and inhibit HCV replication
in a CH-C state of malnutrition.

In conclusion, we addressed the clinical significance of
the nutritional state of the liver on the treatment response
of Peg-IFN and RBV combination therapy for CH-C. Al-
though further studies are required to fully define the
precise mechanisms underlying mTOR and IFN signaling,
we showed that plasma values of Fischer’s ratio are a
useful nutritional parameter associated with treatment
response. Fischer’s ratio reflects mTORCI1 signaling in the
liver, which is correlated with IFN signaling and related to
Socs3 IFN inhibitory signaling through Foxo3a. The po-
tential usefulness of BCAA for the augmentation of IFN
signaling could suggest a new therapeutic application for
advanced-stage CH-C.
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Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2011.03.051.

Appendix A

The Hokuriku Liver Study Group is composed of
the following members: Drs Takashi Kagaya, Kuniaki
Arai, Kaheita Kakinoki, Kazunori Kawaguchi, Hajime
Takatori, and Hajime Sunakosaka (Department of Gas-
troenterology, Kanazawa University Graduate School of
Medicine, Kanazawa, Japan); Drs Touru Nakahama and
Shinji Kamiyamamoto (Kurobe City Hospital, Kurobe,
Toyama, Japan); Dr Yasuhiro Takemori (Toyama Rosai
Hospital, Uozu, Toyama, Japan); Dr Hikaru Oguri (Ko-
seiren Namerikawa Hospital, Namerikawa, Toyama, Ja-
pan); Drs Yatsugi Noda and Hidero Ogino (Toyama Pre-
fectural Central Hospital, Toyama, Japan); Drs Yoshinobu
Hinoue and Keiji Minouchi (Toyama City Hospital,
Toyama, Japan); Dr Nobuyuki Hirai (Koseiren Takaoka
Hospital, Takaoka, Toyama, Japan); Drs Tatsuho Sug-
imoto and Koji Adachi (Tonami General Hospital, To-
nam, Toyama, Japan); Dr Yuichi Nakamura (Noto Gen-
eral Hospital, Nanao, Ishikawa, Japan); Drs Masashi
Unoura and Ryuhei Nishino (Public Hakui Hospital,
Hakui, Ishikawa, Japan); Drs Hideo Morimoto and
Hajime Ohta (National Hospital Organization Kanazawa
Medical Center, Kanazawa, Ishikawa, Japan); Dr Hiro-
kazu Tsuji (Kanazawa Municipal Hospital, Kanazawa,
Ishikawa, Japan); Drs Akira Iwata and Shuichi Terasaki
(Kanazawa Red Cross Hospital, Kanazawa, Ishikawa, Ja-
pan); Drs Tokio Wakabayashi and Yukihiro Shirota (Sai-
seikai Kanazawa Hospital, Kanazawa, Ishikawa, Japan);
Drs Takeshi Urabe and Hiroshi Kawai (Public Central
Hospital of Matto Ishikawa, Hakusan, Ishikawa, Japan);
Dr Yasutsugu Mizuno (Nomi Municipal Hospital, Nomi,
Ishikawa, Japan); Dr Shoni Kameda (Komatsu Municipal
Hospital, Komatsu Ishikawa, Japan); Drs Hirotoshi Miy-
amori and Uichiro Fuchizaki (Keiju Medical Center,
Nanao, Ishikawa, Japan); Dr Haruhiko Shyugo (Kanazawa
Arimatsu Hospital, Kanazawa, Ishikawa, Japan); Dr
Hideki Osaka (Yawata Medical Center, Komatsu,
Ishikawa, Japan); Dr Eiki Matsushita (Kahoku Central
Hospital, Tsubata, Ishikawa, Japan); Dr Yasuhiro Katou
(Katou Hospital, Komatsu, Ishikawa, Japan); Drs Nobuyo-
shi Tanaka and Kazuo Notsumata (Fukuiken Saiseikai
Hospital, Fukui, Japan); Dr Mikio Kumagai (Kumagai
Clinic, Tsuruga, Fukui, Japan); and Dr Manabu
Yoneshima (Municipal Tsuruga Hospital, Tsuruga, Fukui,
Japan).
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Supplementary Materials and Methods
Plasma Amino Acid Analysis

Plasma sample amino acid concentrations were
measured by high-performance liquid chromatogra-
phy-electrospray ionizarion-mass spectrometry fol-
lowed by derivatization.! An MSQ Plus LC/MS system
(Thermo Fischer Scientific, Waltham, MA) equipped
with an electrospray ionization source was used in
positive ionization mode for selected ion monitoring.
Xcalibur version 1.4 SR1 software (Thermo Fischer
Scientific, Yokohama, Japan) was used for data collec-
tion and processing. The high-performance liquid
chromatography separation system consisted of an
L-2100 pump, L-2200 autosampler, and L-2300 col-
umn oven (Hitachi High-Technologies Corporation,
Tokyo, Japan). A Wakosil-II 3C8-100HG column (100,
2.1, 3 mm; Wako Pure Chemical Industries, Osaka,
Japan) was used for the separation, and the mobile
phase consisted of eluent A (25-mmol/L ammonium
formate in water, pH 6.0) and eluent B (water:acetoni-
trile = 40:60).

Western Blotting

The expression of HCV core protein, Socs3,
Foxo3a, phospho-Foxo3a (Ser253) (pFoxo3a), STATI,
pSTATI (Tyr701), S6K, pS6K, p-mTOR (Ser2448), Rap-
tor, and B-actin were evaluated with mouse anti-core
(Affinity BioReagents, Golden, CO), mouse anti-Socs3
(Santa Cruz Biotechnology, Santa Cruz, CA), rabbit ani-
Foxo3a, rabbit anti-B-actin (Sigma-Aldrich, St Louis,
MO), rabbit anti-phospho-Foxo3a (Ser253), rabbit anti-
STAT1, rabbit anti-p-STAT1 (Tyr701), rabbit anti-p70
S6K, rabbit anti-pS6K, rabbit anti-p-mTOR (Ser2448),
and rabbit anti-Raptor (Cell Signaling Technology, Bev-
erly, MA), respectively. Densitometric analysis was con-
ducted directly on the blotted membrane using a charge
coupled device camera system (LAS-3000 Mini; Fujifilm,
Tokyo, Japan) and Scion Image software (Frederick, MD).

Primer Sequences for PCR and siRNA

Primer sequences for PCR and siRNA were as
follows: 2'5'0OAS: forward 5'- CTC AGA AAT ACC CCA
GCC AAA TC-3', reverse 5'-GTG GTG AGA GGA CTG
AGG AA-3’; Socs3: forward S'-TAC CAC CTG AGT CTC
CAG CTT CTC-3/, reverse 5'-CCT GGC AGT TCT CAT
TAG TTC AGC ATT C-3’; Foxo3a: forward 5'-TGC TGT
ATG CAA GAA CTT TCC AGT AGC AG-3’, reverse 5'-
ACT CTA GCC CCC ATG CTA CTA GTG-3'; glyceralde-
hyde-3-phosphate dehydrogenase: forward 5'-GAA GGT
GAA GGT CGG AGT-3', reverse 5'-GAA GAT GGT GAT
GGG ATT TC-3', siFoxo3a (SASI_Hs01_00119127;
Sigma) sense: 5'-GAA UGA UGG GCU GAC UGA
AdTdT-3', antisense: 5'-UUC AGU CAG CCC AUC AUU
CdTdT-3’. Small interfering Raptor was purchased as

IMPAIRED IFN SIGNALING IN CH~C MALNUTRITION 140.e1

part of KIAA1303 siGENOME SMART pool siRNA re-
agents from Dharmacon, Inc (Lafayette, CO).

Construction of ISRE-Luc Reporter and
FBEmut-luc Reporter Plasmids

Oligonucleotides containing the ISRE tandem re-
peat sequence (sense 5'-TCG AGA ACT GAA ACT GAA
ACT GAA ACT GAA ACT GAA ACT GAA ACT GAA ACT
GAA ACT GAA A-3', antisense 5'-AGC TTT TCA GTT
TCA GTTTCA GTT TCA GTT TCA GTT TCA GTT TCA
GTT TCA GTT TCA GTT C-3', consensus 5'-GAA Ann
GAA ACT-3') were annealed, and integrated into Xho I
and Hind III sites of the pGL4.23 luciferase vector (Pro-
mega). The human Socs3 promoter region (-109/+217)
was amplified by genomic PCR using specific primers
(forward, 5'-TGC TGC GAG TAG TGA CTA AAC ATT
ACA AG-3' and reverse, 5'-CCG TGA AGT CCA CAA
AGG AGC CTT C-3") and cloned into the EcoR V site of
the pGL4.10-luc2 reporter vector (Promega). The Socs3
FBE mutant reporter vector was created by substituting 2
adenines in the putative FBE with guanines (wild-type
sequence 5'-CTAAACA-3’, mutated sequence 5'-CT-
GAGCA-3").

ChIP Assay

For the ChIP assay using the anti-ISGF3+y anti-
body, 1 X 10¢ Huh-7 cells were treated with IFN-alfa (0 or
100 U/mL) and BCAA (2 mmol/L) in low-amino-acid
medium for 6 hours. For ChIP using the anti-Foxo3a
antibody, 1 X 10% Huh-7 cells were cultured in low-
amino-acid medium for 24 hours.

Cells were cross-linked with 1% formaldehyde in PBS
for 10 minutes at 37°C, and the reaction was stopped
with 250 mmol/L glycine for 10 minutes. Cells were
suspended in sodium dodecyl sulfate-lysis buffer (1%
sodium dodecyl sulfate, 10 mmol/L ethylenediaminetet-
raacetic acid [EDTA], 50 mmol/L Tris-HCl [pH 8.1]},
complete protease inhibitor cocktail (Roche Applied Sci-
ence), and incubated for 30 minutes at 10°C. Cell lysate
was sonicated with Bioruptor (Cosmo Bio, Tokyo, Japan)
to obtain chromatin fragments and diluted 10-fold in
ChIP dilution buffer (0.01% sodium dodecyl sulfate, 1.1%
Triton-X 100, 1.2 mmol/L EDTA, 16.7 mmol/L Tris-HCl
[pH 8.1], 150 mmol/L NaCl, complete protease inhibitor
cocktail). Chromatin fragments were incubated with 2 g
ISGF3y antibody (Santa Cruz Biotechnology), 2 ug
Foxo3a antibody (H-144; Santa Cruz Biotechnology), or
normal rabbit immunoglobulin G for 18 hours at 4°C.
Dynabeads (30 pL) protein G (Invitrogen) was added and
incubated for 1 hour at 4°C. The beads were washed with
low-salt-wash buffer (0.1% sodium dodecyl sulfate, 1%
Triton-X 100, 2.0 mmol/L EDTA, 20 mmol/L Tris-HCl
[pH 8.1], 150 mmol/L NaCl), high-salt-wash buffer (0.1%
sodium dodecyl sulfate, 1% Triton-X 100, 2.0 mmol/L
EDTA, 20 mmol/L Tris-HCI [pH 8.1], 500 mmol/L NaCl),
LiCl wash buffer (250 mmol/L LiCl, 1% NP-40, 1% de-
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oxycholate, 1.0 mmol/L EDTA, 1.0 mmol/L Tris-HCl [pH
8.1]) and Tris-EDTA buffer. Immunoprecipitated chro-
matin fragments were eluted with elution buffer (1%
sodium dodecyl sulfate, 100 mmol/L NaHCO3, 10
mmol/L dithiothreitol), and reverse cross-linked by incu-
bating for 6 hours at 65°C in elurion buffer containing
200 mmol/L NaCl. DNA fragments were purified and
quantified by real-time detection PCR with primers for
putative ISRE in the 2'5'OAS promorter region (forward,
5-AAA TGC ATT TCC AGA GCA GAG TTC AGA G-3',
reverse, 5'-GGG TAT TTC TGA GAT CCA TCA TTG
ACA GG-3') or putative FBE in the Socs3 promorer
region (forward, 5'-TGC TGC GAG TAG TGA CTA AAC
ATT ACA AG -3’, reverse, 5'-AGC GGA GCA GGG AGT
CCA AGT C-3'). Values were normalized by the measure-
ment of input DNA.

PpH778.3/GLusc2A

pH77S.2 is a modification of pH77S? containing
an additional mutation within the E2 protein (N476D in
the polyprotein) that promotes infectious virus yields
from RNA-transfected cells (Yi et al, unpublished data).
To monitor replication, the GLuc sequence, fused atits C
terminus to the foot-and-mouth disease virus 2A auto-
protease, was inserted between p7 and NS2 of pH77S.2
(Supplementary Figure 4). To insert the GLuc-coding
sequence between p7 and NS2 in pH77S.2, followed by
the foot-and-mouth disease virus 2A protein-coding se-
quence, Mlu I, EcoR V, and Spe I restriction sites were
created between the p7 and NS2 coding sequences by
site-directed murtagenesis. DNA coding for GLuc was
subcloned into the Mlu I and EcoR V sites of the modi-
fied plasmid after PCR amplification using the primers:
5'- ATA ATA TTA CGC GTA TGG GAG TCA AAG TTC
TGT TTG CC-3' (sequence corresponding to the N-termi-
nal GLuc is italicized and that corresponding to Mlu I is
underlined) and 5'-ATA AAT AGAT ATC GTC ACC ACC
GGC CCC CIT GAT CTT-3' (C terminal GLuc is italicized
and EcoR V is underlined). A DNA fragment encoding
the 17 amino acids of the foot-and-mouth disease virus
2A protein was generated by annealing the following
complementary oligonucleotides: 5'- ATA TGA TAT CAA

GASTROENTEROLOGY Vol. 141, No. 1

CGA GTC CAA CCC AGG GCC CAC TAG CAT AT-3’
and 5'-ATA TGC TAG TGG GCC CTG GGT TGG ACT
CGA CGT CGC CGG CCA ACT TGA GAA GGT CAA
AGT TGA TAT CAT AT-3’' (underlined sequences indi-
cate EcoR V and Spe I sites). The annealed oligonucleo-
tides were digested by both restriction enzymes and the
product inserted into the corresponding sites of pH775.2
containing GLuc to generate pH775.2/GLuc2A. Q41R is
a cell-culture adaptive mutation within the NS3 protease
domain of pH778S. Because it is not essential for produc-
tion of infectious virus (Yi et al, unpublished data),
pH77S.2 and pH77S.2/GLuc2A constructs underwent
this mutation by site-directed mutagenesis of a PCR
fragment spanning the Afe I and BsrG I sites to replace
Glny, ~with wild-type Arg. The resulting plasmids
(pH77S.2/R41Q and pH77S.2/GLuc2A/R41Q) were re-
designated pH77S.3 and pH77S.3/GLuc2A, respec-
tively># GLuc has several advantages over other lu-
ciferase reporter enzymes in that it is smaller and allows
more sensitive detection than either firefly or Renilla
luciferase.®* In addition, a signal sequence directs its
secretion into cell-culture media, allowing real-time dy-
namic measurements of GLuc expression without the
need for cell lysis. H77S.3/GLuc2A RNA produces infec-
tious virus, although with lower efficiency than H77S.3
RNA (10-fold less).
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Abstract

The lack of a suitable small animal model for the analysis of hepatitis C virus (HCV) infection has hampered elucidation of
the HCV life cycle and the development of both protective and therapeutic strategies against HCV infection. Human and
mouse harbor a comparable system for antiviral type | interferon (IFN) induction and amplification, which regulates viral
infection and replication. Using hepatocytes from knockout (ko) mice, we determined the critical step of the IFN-inducing/
amplification pathways regulating HCV replication in mouse. The results infer that interferon-beta promoter stimulator (IPS-
1) or interferon A receptor (IFNAR) were a crucial barrier to HCV replication in mouse hepatocytes. Although both IFNARko
and IPS-1ko hepatocytes showed a reduced induction of type | interferons in response to viral infection, only IPS-1-/- cells
circumvented cell death from HCV cytopathic effect and significantly improved J6JFH1 replication, suggesting IPS-1 to be a
key player regulating HCV replication in mouse hepatocytes. We then established mouse hepatocyte lines lacking IPS-1 or
IFNAR through immortalization with SV40T antigen. Expression of human (h)CD81 on these hepatocyte lines rendered both
lines HCVcc-permissive. We also found that the chimeric J6JFH1 construct, having the structure region from J6 isolate
enhanced HCV replication in mouse hepatocytes rather than the full length original JFH1 construct, a new finding that
suggests the possible role of the HCV structural region in HCV replication. This is the first report on the entry and replication
of HCV infectious particles in mouse hepatocytes. These mouse hepatocyte lines will facilitate establishing a mouse HCV
infection model with multifarious applications.
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Introduction

Chronic hepatitis C virus (HCV) infection is a major cause of
mortality and morbidity throughout the world infecting around
3.1% of the world’s population [1]. The development of much
needed specific antiviral therapies and an effective vaccine has
been hampered by the lack of a suitable small animal model. The
determinants restricting HCV tropism to human and chimpanzee
hosts are unknown. Replication of HCV strain JFH1 has been
demonstrated in mouse cells only upon antibody selection [2],
highlighting the very limited replication efficiency. Human CD81
and occludin have been implicated as important entry receptors
for retrovirus particles bearing HCV glycoproteins, HCV
pseudoparticles (HCVpp), into NIH3T3 murine cells [3].
However, HCV infection, spontaneous replication and particle
production by mouse cells have not yet been reported.

In mammalian cells, the host detects and responds to infection
by RINA-viruses, including HCV, by primarily recognizing viral
RINA through several distinct pathogen recognition receptors
(PRRs), including the cell surface and endosomal RINA sensors
Toll-like receptors 3 and 7 (TLR3 and TLR7), and the
cytoplasmic RINA sensors retinoic acid-inducible gene I (RIG-I)

@ PLoS ONE | www.plosone.org

and melanoma differentiation associated gene 5 (MDAJ) [4]. The
detection of virus infection by these receptors leads to the
induction of interferons (IFNs) and their downstream IFN-
inducible ant-viral genes through distinct signaling pathways
[5]. Type I IFN is an important regulator of viral infections in the
innate immune system [6]. Another type of IFN, IFN-lambda,
affects the prognosis of HCV infection, and its response to antiviral
therapy [7,8].

Mutations impairing the function of the RIG-I gene and the
induction of IFN were essential in establishing HCV infectivity in
human HuH7.5 cells [9]. Similarly, the HCV-NS3/4a protease is
known to cleave IPS-1 adaptor molecule, inducing further
downstream blocking of the IFN-inducing signaling pathway
[10]. These data clearly demonstrate that the host RIG-I pathway
is crucial for suppressing HCV proliferation in human hepato-
cytes. Using a similar strategy, we investigated whether suppress-
ing the antiviral host innate immune system conferred any
advantage on HCV proliferation in mouse hepatocytes. We
examined the possibility of HCV replication in mice lacking the
expression of key factors that modulate the type I IFN-inducing
pathways. Only gene silencing of the IFN receptor (IFNAR) or
IPS-1 was sufficient to establish spontaneous HCV replication in
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mouse hepatocytes. To establish a cell line permissive for HCV
replication, which is required for further in zitro studies of the HCV
life cycle in mouse hepatocytes, we immortalized IFNAR- and
IPS-1-knockout (ko) mice hepatocytes with SV40 T antigen. Upon
expression of the human (h)CD81 gene, these newly established
cell lines were able to support HCV infection for the first time in
mouse hepatocytes. Viral factors required for HCV replication in
mouse hepatocytes were also analyzed.

Results

IPS-1-mediated IFN signaling is important for HCV
replication in mouse hepatocytes

As a first step in establishing HCV infection in mice, we tested
the susceptibility of mouse hepatocytes to persistent expression of
HCV proteins after RNA transfection. [n vitro transcribed chimeric
J6JFHI RNA, in which the HCV structural and non-structural
regions were from J6 and JFHI isolates respectively, was
transfected into hepatocytes from wild-type mice. We used a
highly sensitive polyclonal antibody derived from HCV-patient
serum for the detection of HCV proteins. No HCGV proteins were
detected five days after transfection (Fig. 1 A), suggesting that wild-
type mouse hepatocytes were unable to maintain HCV replication.
We then tried to find and block the pathway used by mouse
hepatocytes for the detection of viral-RNA and the induction of
IFN response. Mouse hepatocytes did not show the expression of
either TLR3 or TLR7 as detected by RT-PCR, unlike IPS-1 and
RIG-I which was fairly detected (Fig. S1), suggesting that the
cytoplasmic RIG-I/IPS-1 pathway is the main pathway utilized by
mouse hepatocytes for the detection of RNA viruses. We then
checked the susceptibility of hepatocytes from TICAM-1ko, IPS-
lko and IFNARko mice to the prolonged expression of HCV
proteins (Fig. 1B-D). Only IPS-1- and IFNARko mouse
hepatocytes showed expression of J6JFH]1 proteins five days after
transfection (Fig. 1), indicating the importance of impaired IPS-1
and/or IFNAR receptors for HCV persistence. Similarly, the
detection of the J6JFHI1-RNA in transfected hepatocyte lines from
various knockout mice showed higher levels in IPS-1 or IFNAR
knockout cells compared to TICAM-1knockout cells in which a
rapid decline of JEJFHI-RNA levels was noticed similar to the
non-replicating control JFHIGND construct (Fig. $2). These data

Wild Type

TICAMIko

Mouse Hepatocytes for HCV

clearly suggest that the RIG-I/IPS-1 but not TLR3/TICAM-1 is
the main pathway utilized for the detection of HCV-RNA and the
induction of anti-viral immune response in mouse hepatocytes. Its
suppression significantly improves HCV replication in mouse
hepatocytes.

Establishment and characterization of immortalized
mouse hepatocyte cell lines lacking expression of the

IFNAR or IPS-1 gene

We further established mouse hepatocyte lines with disrupted
IFNAR or IPS-1 genes through immortalization with SV40T
antigen, and used these cell lines to study factors required for the
HCV life cycle. Hepatocytes were transduced with SV40T-
expressing lentivirus vectors. Six weeks after transduction,
hepatocytes transduced with SV40T showed continuous prolifer-
ation and clonally proliferating hepatocyte lines were selected.
SV40T-immortalized IFNARko and IPS-lko clones were desig-
nated IRK (Fig. 2 A) and IPK (Fig. 2 B), respectively. 20 IRK and
19 IPK clones were picked up, of which IRK clones 2 and 4 (IRK2
and IRK4) and IPK clones 10 and 17 (IPK10 and TPK17) were
most closely related to primary mouse hepatocytes in term of
differentiation (Fig. 2 C) and were used in the following
experiments. Expression of SV40T was confirmed by RT-PCR
analysis (data not shown). IRK2, IRK4, IPK10 and IPK17, but
not the non-hepatocytic NIH3T3 cells, displayed albumin and
hepatocyte nuclear factor 4 (HNF4) expression similar to that
observed in liver tissue, but did not express the bile duct marker,
cytokeratin, IRK and IPK cells did not show expression of IFNAR
and IPS-1 respectively (Fig. 2 C).

Replication of the HCV genome in IRK and IPK cells

To assess the permissiveness of the established cell lines to HCV
replication, we transduced IRK4 and IPK17 cells with J6JFH1
RNA and monitored the HCV protein and RNA levels by IF
(Fig. 3 A) and real time RT-PCR (Fig. 3 B). The number of cells
expressing HCV proteins, as detected by IF, increased over time,
indicating the continuous proliferation of JGJFHI in these cells.
However, the ratio between infected and non-infected cells did not
significantly change over tme for 7 days after transfection.
Similarly, the amount of total J6JFH1 RNA in 1 pug of total
cellular RINA was reasonably constant. By contrast, the level of

IPS-1ko

IFNARko

Figure 1. IF detection of of J6JFH1 proteins’ expression 5 days after transfection of J6JFH1-RNA through electroporation into wild
type (A), TICAM-1ko (B), IPS-1ko (C), and IFNARko (D), freshly isolated primary hepatocytes. A highly sensitive polyclonal antibody
extracted from HCV-patient serum (AbS3) was used for the detection. Staining of the uninfected hepatocytes from different Ko mice was also

performed and they showed negative for HCV proteins (data not shown).

doi:10.1371/journal.pone.0021284.g001
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Figure 2. Morphological characteristics of IRK-4 (A) and IPK-17 (B) cells. (C) RT analysis for the expression of albumin, HNF4, cytokeratin,
interferon A receptor, and IPS-1 in 2 IFNAR-KO cell lines (IRK2 and 4), 2 IPS-1-KO cell lines (IPK-10 and 17), total liver, and NIH3T3 cells.

doi:10.1371/journal.pone.0021284.g002

JFH1GND RNA carrying a mutation in NS5B hampering HCV
replication, rapidly declined, indicating the requirement of
continuous HCV replication for the maintenance of HCV
positivity in the transfected mouse hepatocytes. Similar data were
obtained from IRK2 and IPK10 cells (data not shown).

IPS-1-dependent/Interferon-independent pathway is
responsible for HCV's cytopathic effect

In comparison to IPS-lko hepatocytes, J6JFHI-RNA in
IFNARko were lower and decreased further after its transfection,
while higher stable levels of J6JFH1-RNA were maintained in IPS-
lko cells (Fig. 3 B and Fig. S2). Similarly, larger numbers of HCV-
positive cells were detected in IPS-1ko hepatocytes compared with
their IFNARko counterparts (Fig. 3 A), suggesting that the IPS-1
disruption benefits HCV replication in a distinct manner from
IFNAR disruption. To measure the interferon induction after
RNA virus infection in those cells, we used a highly infectious
RNA-Virus (VSV) and measured the induction of interferon after
its infection. All the interferons measured showed similar
suppression of induction in IFNARko and IPS-lko hepatocytes
(Fig. 4). Surprisingly, cellular cytopathic effect that was monitored
after transfection of JGJFH1-RNA was markedly reduced in IPS-
1ko but not in IFNARko hepatocytes after wransfection (Fig. 5A).
This suppression was accompanied by an increase of J6JFHI-
RNA levels in IPS-lko cells, suggesting that minimal cellular
damage induced by HCV replication in IPS-1-/- cells led to the
improvement of HCV proliferation in mouse hepatocytes
(Fig. 5B).Reduction of HCIV-induced cellular cytotoxicity (Fig.5C),
and improvement of HCV replication (Fig.3D) in wild type, and
IFNAR-KO cells were found when we cultured the cells with a
pan-caspase inhibitor, zVAD-fimk, 2 days before and after HCV-
RNA transfection. We reasoned that the IPS-1 pathway rather
than the IFNAR pathway capacitates hepatocytes to induce HGV-
derived apoptotic cell death and its disruption resulted in the
circumvention of cell death.

@ PLoS ONE | www.plosone.org

Human CD81 is required for HCV infection of mouse
hepatocytes

Similar to the primary mouse hepatocytes, immortalized mouse
hepatocytes showed the expression of all the mouse counterparts of
human HCV entry receptors (Fig. S3). Human CD81 and
hOccludin, but not other human HCV receptors such as SR-B1
or claudinl, have previously been reported to be essential for
HCVpp entry into NIH3T3 mouse cells [3]. We then expressed
hCD81 and/or hOccludin in IRK2 and IRK4 cells using
lentivirus vectors. Using a MOI of 10, 95% transfection efficiency
was achieved (Fig. S4) with lentivirus vector. We next tested the
effect of these proteins on HCV particle (HCVec) infection.
Human CD8! alone was found to be required for J6JFHI
infection into all IRK and IPK cells tested (Fig. S5 and Fig. 6 A,
and B). For the first time in mouse hepatocytes, HCV proteins
were detected in nearly 1% of the cells used for infection. These
data demonstrated the importance of hCD81 in establishing
HCVecc infection in mouse hepatocytes.

Viral factors affecting HCV replication in mouse
hepatocytes

After successfully establishing J6JFH! infection in mouse
hepatocytes, we attempted to infect these cells with other strains
of HCV. Human CD8]1-expressing IPK17 cells were infected with
full-length JFH1FL, however, no infection was detected (data not
shown). This might be due to a problem in infection and/or
replication. We further examined the replication efficiency of
JFHIFL, the subgenomic JFHI replicon and the J6JFHI chimera
in two different mouse hepatocyte lines and the HuH7.5.1 cell line.
The persistent expression of HCV proteins was detected seven
days after RNNA transfection. Although HCV proteins were
detected in HuH7.5.1 cells in all cases (Fig. 7 C), only J6JFHI1
proteins were detected in the mouse hepatocyte lines, suggesting
for the first time the importance of the J6 structural region for the
replication of HCV in mouse hepatocytes (Fig. 7 A, and B).
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