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Regulation of interferon signaling and HCV-RNA
replication by extracellular matrix
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Abstract. Although interferon (IFN)-based treatment of
patients with chronic hepatitis C virus (HCV) infection is
widely applied, treatment resistance is often observed in
patients with advanced liver fibrosis. Given that the molecular
mechanisms of IFN resistance in liver fibrosis remain elusive,
the present study investigated the effects of extracellular
matrix (ECM) on IFN signaling in hepatic cells. The native
HuH-7 human hepatoma cell line and HuH-7 cells were
stably transfected with full-length HCV-RNA fused with
Renilla luciferase (OR6 cells) were cultured on ECM-coated
dishes or non-coated plastic dishes (NDs), and treated with
human IFN-o. In Huh-7 cells cultured on coated dishes, the
IFN-stimulated response element (ISRE) luciferase activity
was measured following ISRE plasmid transfection and the
expression of IFN-stimulated genes (ISG) were significantly
lower than those in cells cultured on NDs. In addition, after
IFN-a treatment, the amount of HCV-RNA and viral protein
produced by ORG6 cells cultured on coated dishes was higher
than that produced by cells cultured on NDs. When cells
were treated with Bl-integrin-blocking antibody to disrupt
the cell-matrix interaction, the ISRE luciferase activity was
restored, and the protein expression of ISG was increased,
while that of HCV proteins was suppressed. Treatment of cells
with integrin-linked kinase (ILK) inhibitor or focal adhesion
kinase (FAK) inhibitor restored the ISRE luciferase activity
and expression of ISG proteins. These results suggested that
Bl-integrin-mediated signals affected the IFN signaling and
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promoted HCV replication. Therefore, the accumulation
of ECM in liver fibrosis may impair IFN signaling through
pl-integrin-mediated signaling involving ILK and FAK.

Introduction

Interferon (IFN) has important roles in innate immunity to
fight off viral infections and has been widely used for the
treatment of patients with hepatitis C virus (HCV) infec-
tion (1-3). Secreted and/or exogenously administered IFN-a/3
binds to the IFN-a/p receptors and activates the Janus
kinase (Jak)/signal transducer and activator of transcription
(STAT) pathway, in which the receptor-associated protein
kinases Jakl and tyrosine kinase 2 cause the phosphorylation
of STAT proteins on critical serine and tyrosine residues. The
activated STATs associate with IFN-stimulated gene factor
(IRF)9 to form an IRF3 transcription factor complex, and
then stimulate the expression of IFN-stimulated genes (ISGs)
through the IFN-stimulated response element (ISRE) by inter-
acting with its promoter/enhancer region. Hundreds of ISGs
induced by IFN act as effectors of the host defense against
viruses, including HCV.

Polyethylene glycol-conjugated IFN (PEG-IFN) and riba-
virintherapy for HCV achieves a sustained viral response (SVR)
of >70% in genotype 2/3- and 40-60% in genotype l-infected
patients (4,5). Numerous host and viral factors have been
associated with resistance to IFN-based anti-HCV treatment,
and the presence of liver fibrosis remains an important factor
influencing the failure of HCV clearance (6-10). Combination
treatment of PEG-IFN and ribavirin with recently developed
direct-acting antivirals (DA As) further increases the response
rate to 80-90% SVR for HCV genotype 1. However, the
response rates of patients with advanced liver fibrosis and
cirrhosis are still lower (11,12). More recently, DA As have also
made it possible to treat HCV infection without IFN. DAA
combination therapies for HCV are well-tolerated and effec-
tive for viral suppression, reaching a probable SVR of >90% in
clinical trials (13-15). However, it has been reported that even
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with IFN-free DA A regimens, an endogenous, intrahepatic
type I IFN response may be important for achieving SVR (16).
Therefore, investigating the factors that antagonize IFN
signaling in HCV treatments may be important, irrespective
of whether or not the treatment itself involves IFN.

Excessive accumulation of extracellular matrix (ECM)
components, including fibrillar type I and III collagens,
fibronectin and laminin, is a feature of liver fibrosis (17,18),
and these fibrotic ECM components provoke diverse cellular
responses, mainly through the integrin family transmem-
brane receptors (19). Increased ECM stimulates integrin
receptor-mediated signaling in hepatocytes and promotes
the growth and survival of cells through the activation of
several signaling cascades, including the phosphoinositide-3
kinase (PI3K), mitogen-activated protein kinase (MAPK)
and transforming growth factor (TGF)-p/Smad signaling
pathways (20-22).

Although the presence of liver fibrosis remains an impor-
tant factor influencing the response to IFN-based anti-HCV
therapy, the molecular mechanisms by which liver fibrosis
prevents IFN from eliminating HCV have remained to be fully
elucidated, and the direct roles of ECMs in the IFN signaling
pathway in hepatic cells remain unknown. The present study
investigated the effects of ECMs on the IFN signaling cascade
in hepatic cells and indicated that the presence of ECMs,
including fibrotic collagen, attenuated IFN-mediated signaling
in a B1-integrin-dependent manner and inhibited the effects of
IFN on HCV replication.

Materials and methods

Cells and cell culture. The human hepatoma-derived cell
line HuH-7 was obtained from the Japanese Cancer Research
Resources Bank (Osaka, Japan). OR6 cells derived from
HuH-7 cells with the stable transfection of the full-length
genotype 1 replicon containing the Renilla luciferase gene
were selected by neomycin, ORN/C-5B/KE (23), were used
to examine the anti-HCV effect of IFN-a. The cells were
cultured and maintained in Dulbecco's modified Eagle's
medium (DMEM; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) containing 10% fetal bovine serum (FBS; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) and 1% antibiotics
(ampicillin/streptomycin) in 5% CO, at 37°C. ECM (type I
collagen, laminin, type IV collagen or fibronectin)-coated
dishes (Cosmo Bio, Tokyo, Japan) were used for cell culture
to investigate the differences in cell signaling between
cells cultured on ECM-coated dishes and those cultured on
non-ECM-coated dishes, which had hydroxyl and carboxyl
groups on the surface to facilitate cell adhesion (cat. no. 150687,
Thermo Fisher Scientific, Inc.).

Reagents and antibodies. Human IFN-a was obtained from
Merck KGaA. The Bl-integrin function-blocking antibody
was purchased from EMD Millipore (Billerica, MA, USA;
cat. no. MABTS821). The rabbit polyclonal anti-IFN-stimu-
lated gene (ISG) 15 (cat. no. 2743S) and anti-protein kinase
R (PKR; cat. no. 3072S) antibodies were purchased from
Cell Signaling Technology, Inc. (Danvers, MA, USA). The
antibody against the HCV core protein (cat. no. ab2740)
and HCV nonstructural protein (NS) 5A (cat. no. ab13833)
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were purchased from Abcam (Cambridge, UK). The rabbit
polyclonal anti-f-actin antibody (Cell Signaling Technology,
Inc.; cat. no. 4967) was used as a control. Anti-rabbit horse-
radish peroxidase (HRP) conjugated IgG (cat. no. 7074;
Cell Signaling Technology, Inc.) was used as the secondary
antibody. The integrin-linked kinase (ILK) inhibitor Cpd 22
was purchased from EMD Millipore, and the focal adhesion
kinase (FAK) inhibitor PF 573228 was from Sigma-Aldrich
(Merck KGaA).

Plasmids and luciferase assays. The ISRE-inducible lucif-
erase reporter plasmid (p-ISRE-Luc) was from Invitrogen
(Thermo Fisher Scientific, Inc.). The ISRE-dependent tran-
scriptions were detected by a luciferase assay performed
with the Dual-Luciferase Reporter Assay System (Promega
Corporation, Madison, WI, USA) according to the manufactur-
er's protocol. Values were normalized to the luciferase activity
of the co-transfected pGL4.75 Renilla luciferase-expressing
plasmid (Promega Corp.). HCV-RNA replication in ORG6 cells
was also detected with the Renilla luciferase assay system
(Promega Corp.).

HuH-7 cells or ORG6 cells were seeded onto 48-well plates
with hydroxyl and carboxyl groups on the surface to facili-
tate cell adhesion and 48-well type I collagen-coated plates
(cat. no. 354505; Cosmo Bio) at 1x10* cells per well. After
culture for 48 h, HuH-7 cells were transfected with p-ISRE-Luc,
a luciferase reporter plasmid driven by the promoter region of
ISRE (Clontech Laboratories, Inc., Mountainview, CA, USA)
and co-transfected with pGL4.75, a plasmid that encodes the
Renilla luciferase reporter gene (Promega Corporation), using
Lipofectamine™ LTX and PLUS ligand (Thermo Fisher
Scientific, Inc.) in accordance with the manufacturer's proto-
cols. Following incubation for 6 h, the medium was changed to
serum- and antibiotic-free medium. The cells were then treated
with IFN-a at the indicated concentrations for 12 h. ORG6 cells
were cultured for 48 h and subsequently treated with IFN-a at
the indicated concentrations for 12 h. Following the IFN-a treat-
ment, HuH-7 and ORG6 cells were washed twice with PBS and
lysed. The cell extracts were immediately assayed for luciferase
activity using a Multi-label plate reader (Wallac 1420 ARVOsx;
PerkinElmer, Inc., Waltham, MA, USA).

Semi-quantitative reverse transcription polymerase chain
reaction (RT-PCR). The total RNA was extracted from the
cultured hepatocellular carcinoma cells using ISOGEN
(Nippon Gene, Tokyo, Japan) in accordance with the manufac-
turer's protocol. The concentration of RNA was determined
with a spectrophotometer, and the integrity of the samples was
confirmed by visualizing 28S and 18S ribosomal RNA bands
under ultraviolet light after gel electrophoresis. RT-PCR was
performed as described previously (24). The primers used in
the experiments were as follows: ISG15 sense, 5'-GCAGCG
AACTCATCTTTG-3' and antisense, 5'-GCCCTTGTTATT
CCTCACC-3'; PKR sense, 5'-GTCCTCTGGTTCTTTTGC
TAC-3' and antisense, 5-“-TCCCAACAGCCATTGTAG-3";
GAPDH sense, 5-ACGCATTTGGTCGTATTGGG-3' and
antisense 5S-TGATTTTGGAGGGATCTCGC-3".

Western blot analysis. HuH-7 or OR6 cells were seeded
on 35-mm plastic dishes or 35-mm type I collagen-coated
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dishes at 2x10° cells per dish and cultured under various
conditions for 48 h. They were collected and lysed with
extraction buffer containing 50 mM Tris (pH 7.5), 0.1% SDS
and 1 mM phenylmethylsulfonylfluoride. The lysate was
sonicated for 5 min (sonication for 10 sec, pause for 20 sec,
repeated 10 times) at 4°C and clarified by centrifugation at
12,000 x g for 10 min, and the supernatant was then collected.
After measuring the protein concentration using a protein
assay kit (cat. no. 5000113-5000115; Bio-Rad Laboratories,
Hercules, CA, USA), 30 ug of protein was mixed with SDS
sample buffer, separated by SDS-PAGE (6% acrylamide for
Bl-integrin, 10% for PKR, HCV-NS5A, HCV core protein
and p-actin, 15% for ISG15), transferred to a polyvinylidene
difluoride membrane (Bio-Rad Laboratories) and blocked
with 0.1% Tween-20 and 5% skimmed milk overnight at 4°C.
The membranes were incubated with the primary antibodies
described above in Tris-buffered saline with 1% skimmed
milk at a dilution of 1:1,000 overnight at 4°C. The specific
bands were visualized by further incubation with anti-rabbit
HRP-conjugated secondary antibodies at 1:1,000 dilution in
Tris-buffered saline with 1% skimmed milk for 1 h at room
temperature, followed by a chemiluminescence reaction using
Amersham ECL Prime (GE Healthcare, Little Chalfont, UK)
in accordance with the manufacturer's protocol.

Treatment of cells with anti-f1-integrin antibody. To investi-
gate whether the ECM affects IFN signaling via (1-integrin,
cells were treated with 1-integrin function-blocking antibody.
HuH-7 cells were cultured as described above and treated with
Bl-integrin function-blocking antibody at 1 g/l in DMEM for
6 h at 37°C prior to IFN-a treatment.

Treatment of cells with inhibitors. To investigate whether the
effect of ECM on IFN signaling proceeds via ILK or FAK,
cells were treated with ILK inhibitor or FAK inhibitor. HuH-7
cells were cultured as described above and treated with FAK
or ILK inhibitor at 0.1 and 1 M, respectively, prior to IFN-a
treatment.

Statistical analyses. Differences between two groups were
analyzed using Student's t-test, and P<0.05 was considered to
indicate a statistically significant difference. All experiments
were performed at least three times. Values are expressed as
the mean + standard deviation. Analysis of variance followed
by a post-hoc multiple comparisons test was performed to
compare multiple groups. Tukey's test was used when all
pairwise comparisons were performed and Dunnett's test was
used when one control was compared to all other experiment
groups. We used JIMP® version 12 (SAS Institute, Inc., Cary,
NC, USA) software for statistical analysis.

Results

Impairment of IFN-a signaling in HuH-7 on ECM-coated
dishes. With the progression of liver fibrosis, the levels of
ECM components are increased in the liver. To evaluate the
effects of ECM on IFN signaling, HuH-7 cells were cultured
on ECM (type I collagen, fibronectin, type IV collagen and
laminin)-coated dishes and compared to cells cultured on
non-coated plastic dishes. The cells were transfected with
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ISRE-luciferase plasmids, and the luciferase activities were
measured after IFN-a treatment. As presented in Fig. 1A,
the ISRE luciferase activities of HuH-7 cells induced by
IFN-o were significantly reduced when they were cultured
on plates coated with ECM components, except for laminin,
compared with those cultured on normal plastic plates.
The IFN-a-induced mRNA or protein expression of ISGs,
including ISG15 and PKR, in HuH-7 cells cultured on type I
collagen-coated dishes was compared with those in cells
cultured on non-coated plastic dishes. As displayed in Fig. 1B
and C, the expression of ISG15 and PKR was decreased at the
mRNA and protein level, indicating that IFN-a signaling was
attenuated in cells grown on the type I collagen-coated dishes.

Type I collagen inhibits the IFN-a-associated suppression of
HCV-RNA replication in OR6 cells. The suppressive effect
of IFN-a on HCV replication was assessed using OR6 cells
cultured on type I collagen-coated dishes to determine the
effects of ECM on HCV replication. Inthe type I collagen-coated
plates, the luciferase activity of OR6 cells was higher than that
in the cells cultured on normal plates (Fig. 2A). The amounts of
HCV core and NS5A protein expression in ORG6 cells grown on
type I collagen-coated dishes were measured by western blot
analysis, revealing that their expression in the cells cultured on
the coated dishes was higher than that in the cells cultured on
the normal plastic dishes (Fig. 2B). The HCV-RNA expression
in ORG cells grown on type I collagen-coated dishes measured
by RT-PCR was higher than that in cells cultured on normal
dishes (Fig. 2C). These results indicated that the inhibitory
effect of IFN-a on HCV replication was impaired in OR6 cells
cultured on type I collagen-coated dishes compared with the
effect in those cultured on normal plastic dishes.

Inhibition of Bl-integrin function restores IFN-a-induced
signaling. The mechanisms of the ECM-mediated inhibition
of IFN-a signaling were then examined. Since pl-integrin is
a major subunit of ECM receptors and is known to influence
diverse signaling pathways in adherent cells, the expression
and role of Bl-integrin in HuH-7 cells was examined. As
presented in Fig. 3A, the Pl-integrin expression of cells on
type I collagen-coated dishes was increased compared with
that in cells cultured on plastic dishes. It was then investigated
whether Pl-integrin, which was highly expressed in HuH-7
cells cultured on type I collagen-coated dishes, affected
IFN-a signaling. The cells were optionally pre-treated with
P1-integrin function-blocking antibody, and after optional
IFN-a treatment for 12 h, the ISRE luciferase activity was
measured. The ISRE luciferase activity of HuH-7 activated
by IFN-a was clearly higher in the plastic dishes compared
with the collagen-coated dishes. When [1-integrin function
blocking antibody was administered, there was a significant
elevation of ISRE luciferase activity observed in the collagen
coated dish, but not in the plastic dish (Fig. 3B). In HuH-7
cells treated with Bl-integrin function-blocking antibody, the
IFN-oa-induced ISG protein expression was also increased
compared with that in cells without blocking treatment
(Fig. 3C). The effects of fl-integrin-blocking antibody on
HCV-RNA replication in OR6 cells were then evaluated.
As presented in Fig. 3D, when ORG6 cells were treated with
Pl-integrin blocking antibody prior to IFN-a treatment, the
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Figure 1. Extracellular matrix attenuates IFN-a-induced ISRE activity of HuH-7. (A) Inhibition of IFN-a-induced ISRE luciferase activity in cells grown on
ECM-coated dishes. HuH-7 cells were cultured on plastic dishes or type I collagen-coated dishes for 2 days and subsequently treated with 100 U/ml IFN-a for
12 h. (B) Attenuation of IFN-a-induced ISG (ISG15 and PKR) expression in HuH-7 cells grown on type I collagen-coated dishes. HuH-7 cells were cultured
on plastic dishes or type I collagen-coated dishes for 3 days. The ISG15 and PKR expression was measured by western blot analysis after IFN-o treatment
for 12 h. B-actin was used as the control. Values are expressed as the mean + standard deviation (n=3). "P<0.05. (C) Reverse transcription polymerase chain
reaction analysis of ISG15 and PKR mRNA expression in HuH-7 cells cultured in the same manner as in B. GAPDH was used as a control. IFN, interferon;
ISRE, IFN-stimulated response element; ISG, IFN-stimulated gene; PKR, protein kinase R.
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Figure 2. Extracellular matrix attenuates the suppressive effect of IFN-a on HCV replication in ORG6 cells. (A) The luciferase activity of OR6 cells cultured on
type I collagen-coated dishes was higher than that in OR6 cells cultured on normal plastic dishes. Cells (1x10* per well) were cultured on 48-well plates coated with
type I collagen or on non-coated plates for 2 days. They were treated with 50 or 100 U/ml IFN-a for 12 h, and the Renilla luciferase activity was then measured.
(B) Inhibition of the suppressive effect of IFN-a on the HCV protein expression in OR6 cells grown on type I collagen-coated dishes. The OR6 cells were cultured
on plastic dishes or type I collagen-coated dishes for 3 days. The HCV core protein and HCV NS5a protein expression was measured by western blot analysis after
IFN-a treatment for 12 h. -actin was used as a control. Values are expressed as the mean + standard deviation (n=3). "P<0.05. (C) Reverse transcription polymerase
chain reaction analysis of the expression of the HCV NS3/4 coding region in OR6 cells cultured as in B. GAPDH was used as a control. IFN, interferon; OR6 cells,
HuH-7 cells stably transfected with full-length HCV-RNA fused with Renilla luciferase HCV, hepatitis C virus; NS, nonstructural protein.
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Figure 3. Attenuation of IFN-a signaling by type I collagen is fl-integrin-dependent. (A) Pl-integrin was overexpressed in Huh7 cells grown on type I
collagen-coated dishes. (B) Improvement in the ISRE luciferase activity after treatment with 1-integrin function-blocking antibody in HuH-7 cells cultured
on type I collagen-coated dishes. Cells were treated with 1-integrin function-blocking antibody (1 pg/ml) for 6 h. The ISRE-luciferase activity was measured
after IFN-o treatment for 12 h. The results are presented as the mean fold induction of the controls. (C) Improvement in the ISG protein expression by treatment
with Bl-integrin function-blocking antibody in HuH-7 cells grown on type I collagen-coated dishes. The cells were cultured on type I collagen-coated dishes
for 3 days and then treated with 1-integrin function-blocking antibody for 6 h, followed by treatment with IFN-a for 12 h. The ISG15 and PKR expression was
measured by western blot analysis with -actin used as a control. (D) Improvement in the suppressive effect of IFN-a on HCV replication in ORG6 cells cultured
on type I collagen-coated dishes. After 6-h treatment with fl-integrin function-blocking antibody (1 yg/ml), the cells were treated with IFN-a for 12 h, and
the Renilla luciferase activity was then measured. (E) Improvement in the suppressive effect of IFN-a on HCV protein expression. HCV-NS5a expression was
suppressed by co-treatment with fl-integrin function-blocking antibody in OR6 cells grown on type I collagen-coated dishes. The OR6 cells were cultured
on type I collagen-coated dishes for 3 days and then treated with fl-integrin function-blocking antibody for 6 h, followed by treatment with IFN-a for 12 h.
The HCV-NS5a expression was measured by western blot analysis with (3-actin used as a control. Values are expressed as the mean =+ standard deviation
(n=3). "P<0.05. IFN, interferon; OR6 cells, HuH-7 cells stably transfected with full-length HCV-RNA fused with Renilla luciferase HCV, hepatitis C virus;
NS, nonstructural protein; ISRE, IFN-stimulated response element; ISG, IFN-stimulated gene; PKR, protein kinase R.
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Renilla luciferase activity was reduced compared with that
in cells without Bl-integrin blocking. As displayed in Fig. 3E,
when cells were cultured on type I collagen-coated dishes,
Bl-integrin function-blocking antibody reduced the expres-
sion of HCV-NSS5a, although no clear differences were seen
between the groups treated with or without f1-blocking
antibody when cells were cultured on plastic. It appeared
that fl-integrin blocking affects endogenous IFN-a signaling
and improves the effect of IFN treatment on HCV-RNA
replication. These results suggest that type I collagen may
support HCV replication via attenuation of IFN signaling in a
Bl-integrin-dependent manner, and that the ECM-stimulated
integrin signal may promote HCV replication in an
IFN-dependent and -independent manner.

Attenuation of IFN-a signaling via B1-integrin involves
ILK and FAK. Various proteins associated with integrin
o/p heterodimers, including FAK and ILK, are known be
involved in the activation of diverse cellular signaling path-
ways (19-21). In the present study, cells were treated with ILK
or FAK inhibitor to determine the roles of ILK and FAK in
the Bl-integrin-mediated attenuation of IFN-a signaling. After
treatment with ILK or FAK inhibitor, the IFN-a-induced
ISRE-luciferase activity in Huh-7 cells cultured on type I
collagen-coated dishes was higher than that in dimethyl-
sulfoxide-treated control cells (Fig. 4A and B). In the plastic
dishes in the ILK 0.1 M with IFN-a 100 IU/ml group, the
ISRE-luciferase activity was significantly increased compared
with the DMSO control, while in the ILK 1 M with IFN-a
100 TU/ml group an increase in ISRE-luciferase activity was
not observed. In the collagen-coated dishes in the ILK 1 yM
with IFN-a 100 IU/ml group the ISRE-luciferase activity
was significantly increased compared with the DMSO group,
whereas it was not significantly increased in the ILK 0.1 xM
with IFN-a 100 IU/ml group. Although these results suggested
that ISRE-Iuciferase activity was increased when ILK was
inhibited, the effect of the ILK inhibitor was matrix-dependent
and an excessive inhibition of ILK in a plastic dish may cancel
the effects and reverse the increase in ISRE-luciferase activity.
The ISG15 and PKR expression in HuH-7 cells treated with
ILK or FAK inhibitor was then examined. As presented in
Fig. 4C, the cells cultured on type I collagen-coated dishes had
a lower expression of PKR and ISG15 after IFN-a treatment
compared with the plastic dishes, and subsequent treatment
with ILK inhibitor restored their expression. Similarly,
treatment with FAK inhibitor restored the reduced PKR and
ISGI5 expression induced by IFN-a in cells cultured on type
I collagen-coated dishes (Fig. 4D). These results suggested
that the IFN-o-induced attenuation of ISRE luciferase activity
and ISG expression in cells cultured on type I collagen-coated
dishes were mediated by ILK and FAK downstream of
Bl-integrin.

Discussion

Although the presence of advanced liver fibrosis or cirrhosis
in patients with chronic HCV is a major predictive factor
for the failure of IFN-based antiviral therapy (6-10), the
molecular mechanisms of the resistance to IFN action by
fibrosis remain elusive. The recent development of IFN-free
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oral DAA regimens has markedly increased the rate of SVR
in HCV-infected patients (13-15). However, even in patients
treated with DAA without IFN, an altered IFN response in
the liver tissue was observed to be associated with the failure
of DAA treatment, suggesting the importance of an adequate
host IFN response for the eradication of HCV (16). The
present study investigated whether ECM components that are
increased in the fibrotic liver directly affect IFN signaling
in vitro. The results indicated that ECM components, e.g.
type I collagen, attenuate the IFN-a-induced ISRE-mediated
transcriptional activity and the expression of a subset of ISGs
in a Bl-integrin-dependent manner, and that the presence of
ECM components decreased the inhibitory effects of IFN-a
on HCV replication in HCV replicon cells.

Hepatic stellate cells (HSCs) are a major ECM-producing
cell type that are activated after exposure to liver-injurious
stimuli, including HCV, and have central roles in the develop-
ment of liver fibrosis (17,18). Several studies have investigated
the roles of HSCs on HCV replication in hepatocytes and
revealed that the activation of HSCs via the innate immune
system produced antiviral cytokines, including IFN-f and
IFN-A, and inhibited the replication of HCV in hepatocytes.
Therefore, activated HSCs appear to have an anti-viral pheno-
type against HCV infection, while conversely producing
various ECM components to thereby contribute to the
development of liver fibrosis (25-27).

The present results indicated that culture of cells on type I
collagen-coated plates resulted in an increased expression
of Bl-integrin and the attenuation of IFN-stimulated ISRE
activity. Integrins, a heterodimer complex consisting of an o and
[ subunit, serve as major receptors for ECM (19-21). Integrins
have been reported to interact with a wide variety of cytokine
receptor-mediated signals, including the MAPK (28-30),
PI3K/mammalian target of rapamycin (mTOR) (29,31,32)
and TGF-p/Smad pathways (30,33,34). However, the interac-
tion between integrins and IFN receptor-mediated signals
has remained to be fully elucidated. TGF-f/Smad signaling
was reported to be involved in IFN resistance in HCV
patients with advanced liver fibrosis (35). TGF-f is a potent
stimulator of the production of various ECM components,
including collagen (17,18), and is also known to increase the
expression of integrins (36). Shirasaki et al (35) demonstrated
that TGF-B1 inhibited the IFN-induced expression of ISG
and the IFN-mediated suppression of HCV replication in
HCV-transfected HuH-7 cells. They also reported that TGF-f1
impaired the mTOR activation required for IFN-induced ISG
expression (37,38) by downregulating the expression of Ras
homolog enriched in brain and increasing that of suppresser
of cytokine signaling 3 under conditions of reduced amino
acid levels. Furthermore, replacement of branched-chain
amino acids, which are reduced in patients with liver
cirrhosis and known to activate mTOR signaling, restored
the effects of DA As. Since integrins activate the PI3K/mTOR
pathway (29,31,32,39), the ECM-induced inhibition of IFN
signaling does not appear to be due to the inhibition of the
mTOR pathway that was observed under conditions of reduced
amino acid concentrations.

Among various proteins associated with integrin-a/f
heterodimers, kinases including FAK and ILK are involved in
the activation of diverse cellular signaling pathways, including
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Figure 4. Attenuation of IFN-a-signaling in HuH-7 cells by type I collagen involves ILK and FAK. (A and B) Improvement in the ISRE-luciferase activity after
treatment with (A) ILK inhibitor or (B) FAK inhibitor in HuH-7 cells cultured on normal plastic dishes or type I collagen-coated dishes. Cells were treated with
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the MAPK (extracellular signal-regulated kinase, p38 and  protein S6 kinase -1 pathway, TGF-p/Smad pathway and
c-Jun N-terminal kinase), PI3K/Akt/mTOR/ribosomal PKCs (19-21,40,41). The present study demonstrated that the
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IFN-stimulated ISRE activity was attenuated via B1-integrin,
indicating the presence of an interaction between integrins and
IFN signaling. The results also suggested a possible involve-
ment of ILK and FAK in the ECM-mediated attenuation of
IFN signaling and ISG expression, since the inhibition of ILK
or FAK partially restored the ISRE-luciferase activity and ISG
expression. Since integrin-associated proteins, including ILK
and FAK, have significant roles in the modulation of growth
factor/cytokine receptor-mediated signaling, further investiga-
tion is required to identify the key molecules involved in the
integrin-mediated inhibition of IFN signaling.

Another possible role of IFN resistance in liver fibrosis
may be linked to hepatocarcinogenesis. Liver cancer develops
more often from the fibrotic liver than the normal liver, even
after the achievement of SVR in patients with HCV treated
with IFN-based therapy (17,18,42,43). Accumulated ECM in
the fibrotic liver has been suggested to contribute to hepato-
carcinogenesis via a wide variety of signaling pathways that
promote hepatocyte proliferation and survival, including
integrin-mediated signaling (34,44). While IFNs have
been reported to exert diverse antiviral effects, type I IFNs,
including IFN-a, have been used for the treatment of numerous
human cancer types, and the type I IFN status is associated
with the outcome of anti-cancer therapy (45). Indeed, IFN is
known to suppress liver cancer growth via the induction of
apoptosis in vitro and in vivo (46,47). Therefore, the attenua-
tion of IFN-signaling by ECM may contribute to the frequent
development of liver cancer from the fibrotic liver.

In conclusion, the present study indicated that ECM
inhibited IFN signaling in a fl-integrin-dependent manner,
possibly involving FAK and ILK, and impairment of antiviral
activity by IFN-a in HCV-replicon cells. These results may
provide a mechanism for the role of fibrosis in IFN resistance,
which may be harnessed for the treatment of cirrhotic patients
with HCV infection.
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