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HCV structural proteins interfere with interferon-alpha
Jak/STAT signalling pathway
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bstract

Hepatitis C virus (HCV) is remarkably efficient at establishing persistent infection. The current treatment with IFN-� given alone or in combination
ith ribavirin is ineffective in eliminating the virus in a large proportion of individuals with chronic hepatitis C. Recent data suggest that HCV
locks IFN-� signalling, an effect that facilitates viral persistence. We have used the HCV genomic and subgenomic replicon system to analyze
he effect of structural and non-structural viral proteins on the activation of the Jak/STAT pathway and induction of antiviral activity by IFN-�. Our
esults show that IFN-�-mediated STAT activation (but not IFN-�-stimulated STAT phosphorylation) is blocked in Huh7 cell line containing the

enomic replicon, while this is not observed in cells with the subgenomic replicon. In agreement with these findings, the transcriptional activity
nd the antiviral effect of IFN-� were significantly lower in cells harboring the genomic replicon than in cells with the subgenomic replicon. These
esults indicate that HCV structural proteins play an important role in the escape of HCV from the interferon system.

2007 Elsevier B.V. All rights reserved.
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HCV infection affects about 130 million people (Shepard et
l., 2005), being one of the most important causes of liver disease
orldwide. IFN-� and combination of IFN-� plus ribavirin are

he only approved therapies for chronic hepatitis C. However,
0–50% of patients fail to respond to the treatment (Manns et
l., 2006). Several mechanisms, including both host and viral
actors, have been proposed to explain the lack of response of
CV infection to IFN-� therapy (Gao et al., 2004; Thimme et

l., 2006). In patients with chronic hepatitis C the resistance
o IFN-� is manifested by a reduced induction of interferon-
timulated genes (ISGs) (He et al., 2006) and by an upregulated
aseline expression of a set of ISGs (Chen et al., 2005).

HCV efficiently disturbs the response to IFN-� at several
evels. First, the NS3/4 viral protease cleaves TRIF and Cardif

Breiman et al., 2005; Li et al., 2005; Meylan et al., 2005)
nd since both proteins are important for IRF-3 activation and
pregulation of IFN-� genes, cells infected with HCV show an
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mpairment in IFN-� production. Also the expression of the full
ength HCV polyprotein or of different individual HCV pro-
eins hampers IFN-� response by interfering with IFN-� signal
ransduction pathway and consequently with the antiviral effects
f interferon. It has been reported that the HCV polyprotein or
ore protein inhibits STAT1 DNA binding probably as result of
hosphatase 2Ac upregulation (Heim et al., 1999; Blindenbacher
t al., 2003; Duong et al., 2004, 2005). Moreover, it has been
eported that the expression of the HCV core protein induces
TAT1 degradation (Lin et al., 2005, 2006), downregulates IFN-
induced ISG transcription (de Lucas et al., 2005) and promotes
OCS-3 expression which blocks IFN-� signal transduction
Bode et al., 2003). The antiviral activity promoted by IFN-�
an also be disturbed by other HCV proteins such as the E2
nd NS5A which interact directly with and inhibit the double-
tranded RNA-dependent protein kinase PKR (Gale et al., 1997;
aylor et al., 1999). Moreover, in a previous report we have
bserved that in the livers of HCV-infected patients STAT2 phos-
horylation is absent and there is a reduction of STAT3 levels

Larrea et al., 2006).

In this study we have analyzed the effect of HCV replication
nd expression of HCV proteins on IFN-� induced Jak/STAT
ctivation. For this purpose we have used the HCV replicon
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Fig. 1. Phosphorylation of STAT proteins upon stimulation with IFN-� or IFN-� in HCV replicon cell lines. (A) Detection of HCV Core and NS3 proteins in Huh7
harboring HCV subgenomic replicon (NS3-3′) and Huh7 containing genomic replicon (Core-3′) cell lines. (B) Huh7, Huh7 NS3-3′ and Huh7 Core-3′ cell lines
were treated for 15 min, 1 h and 2 h with 50 IU/ml of IFN-�2b (Schering-Plough). Immunoblot analysis of total cell lysates was assessed with the anti-Stat1-tyr,
anti-Stat2-tyr and anti-Stat3-tyr antibodies (cell signaling). The membrane was stripped and the presence of the total Stat1, Stat2 and Stat3 proteins was determined
using the respective anti-Stat antibodies. Corresponding samples were examined for actin concentration using anti-actin antibody as the protein loading control. (C)
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uh7 and Huh7 HCV genomic and subgenomic replicon cell lines were stim
hosphorylation was examined as described previously. Results are representati

ystem (Lohmann et al., 1999), consisting in Huh7 cells contain-
ng selectable, self-replicating HCV RNAs. We have analyzed
he effects of the replication of the entire HCV viral genome
genomic replicon) and those of a replicon with the proteins
resent between NS3 and NS5B (subgenomic replicon). The
enomic and subgenomic replicon cell lines were generated as
reviously described (Lohmann et al., 1999; Larrea et al., 2006),
nd they were used as a pool of clones in all the experiments. As
hown in Fig. 1A, HCV core protein can be detected by Western
lotting in cells with the genomic replicon but not in control
ells nor cells with the subgenomic replicon, while NS3 can be
etected in cells with both genomic and subgenomic replicons.

IFN-� induced Jak/STAT activation was analyzed after
dding 50 units/ml of IFN-�2b (Shering-Plough) for 15, 60 and
20 min to Huh7 cells harboring genomic replicon (Huh7 Core-
′), subgenomic replicon (Huh7 NS3-3′) and without replicon.
e observed a clear impairment of IFN-�-induced phosphoryla-

ion of STAT1, STAT2 and STAT3 only when the HCV genomic
eplicon was present and not when the cells contained the subge-
omic replicon (Fig. 1B). This effect was accompanied by a
ecrease of the amount of STAT3 present in the cell line harbor-
ng the full length HCV genome. These findings suggest that the
lockade of STAT activation and the reduction of STAT3 levels
re provoked by HCV structural proteins.
In order to evaluate if the inhibitory effect of HCV on inter-
eron signalling is IFN-� specific we treated the cells with
0 units/ml of IFN-� (R&D) for 15, 60 and 120 min and we
xamined the amount of tyrosine-phosphorylated STAT1. We

2
(
s
s

for 15, 60 and 120 min with 50 IU/ml of IFN-� (R&D) and STAT1 tyrosine
three independent experiments.

ound similar levels of STAT1 activation in the three cell lines
Fig. 1C) indicating that IFN-� signaling is not impaired, at vari-
nce with what was observed with IFN-�. Of interest, we did
ot observe STAT1 degradation in the cells with the genomic
eplicon in contrast with data from previous reports (Lin et al.,
005). The reason for this discrepancy is not obvious, but it could
e due to differences in the level of expression of viral proteins
r the protein expression systems used in the two studies. To
onfirm that IFN-� signalling was not blocked in cells with the
enomic replicon, we analyzed the induction of IFN-�-sensitive
enes such as IRF1 after incubation of the cells with 50 units/ml
f IFN-� for 15, 60 and 120 min. As shown in Fig. 2D, we found
hat the upregulation of this gene was not impaired in Huh-7 cells
arboring the genomic replicon. It seems therefore that replica-
ion of the entire HCV RNA interferes selectively with IFN-�
ignalling leaving intact the IFN-� signal transduction, a find-
ng that argues against degradation of STAT1 by HCV structural
roteins in our system.

Next, we compared the transcriptional response to IFN-�
n cells harboring the genomic replicon, cells with the subge-
omic replicon and cells without replicon. At this end we used
luciferase gene expression system in which the reporter gene

s driven by the interferon-stimulated response element (ISRE)
hat is activated upon binding of IFN-� to its receptor (Platanias,

005). Cells transfected for 24 h with the plasmid pISREluc
Stratagene) were incubated with IFN-� (50 units/ml) and were
ampled at 8 h of culture. As shown in Fig. 2A, luciferase expres-
ion was lower in cells supporting replication of the whole
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Fig. 2. Differential effects of interferon in Huh7, Huh7 cells with HCV subgenomic replicon (Huh7 NS3-3′) and Huh7 with HCV genomic replicon (Huh7 Core-3′)
cell lines. (A) Measurement of luciferase activity in cells transfected with the plasmid pISREluc (Stratagene) for 24 h in basal conditions and after treatment with
IFN-� for 8 h. The plasmid pISREluc was cotransfected with the plasmid ptkRluc that expresses Renilla luciferase under the control of the thymidine kinase promoter
and served to normalize the luciferase activity obtained. Statistical analyses were performed using non-parametric, Kruskal–Wallis and Mann–Whitney U tests. Data
are reported as medians and interquartile range from three independent experiments. ns, not significant. (B) PKR induction in Huh7 and Huh7 HCV genomic and
subgenomic replicon cell lines stimulated with 50 or 250 IU/ml of IFN-� for 18 h. Cell lysates were immunoblotted with PKR antibody (Santa Cruz) as described
in Fig. 1. (C) Differential 2′5′-OAS mRNA induction after incubating Huh7 and Huh7 HCV genomic and subgenomic replicon cell lines with IFN-� (50 IU/ml)
for the indicated periods of time. Total RNA was extracted with Trizol (Invitrogen) and reverse transcribed prior to measure 2′5′-OAS expression by quantitative
real-time PCR using an iQ and the SYBR GRN supermix (BioRad). As an internal control for each sample, PCR amplification of a fragment of actin cDNA was
performed. The amount of each transcript was expressed by the formula 2cpactin-cpgene, where cp is the point at which the fluorescence rises appreciably above the
background fluorescence. (D) IRF1 mRNA induction after treating Huh7 and Huh7 containing HCV subgenomic and genomic replicons with IFN-� (50 IU/ml) for
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, 15 and 24 h. The samples were treated as described before. Results are expre
ndependent experiments performed in triplicate (C and D).

CV genome as compared with those with subgenomic repli-
on or with control cells. To confirm these observations we
easured in the three types of cells PKR expression (Fig. 2B)

nd mRNA expression of 2′,5′ oligoadenylate synthetase (2′5′-
AS) (Fig. 2C), classical IFN-� sensitive genes (Rebouillat and
ovanessian, 1999), in the presence and absence of IFN-�. As

epresented in Fig. 2B and C, after addition of IFN-� the increase
n PKR protein and 2′5′-OAS mRNA is lower in cells with the
enomic replicon, confirming the critical role of HCV structural
roteins in the blockade of IFN-� effects. These findings are in
greement with recent publications showing that HCV core pro-
ein downregulates the expression of genes stimulated by IFN-�
de Lucas et al., 2005).

We then analyzed if the attenuation of IFN-� signalling and
he reduction in IFN-� transcriptional activity observed in cells
ith genomic replicon were accompanied by a reduced antivi-
al effect of IFN-� in these cells. We incubated the cells with
0 units/ml of IFN-� for 72 h and we determined the reduction of
he amount of viral RNA in cells with genomic and subgenomic
eplicon. As shown in Fig. 3A, IFN-� induced a more pro-

R
r
i
v

s the mean ± standard deviations of one representative experiment out of three

ounced decrease in the amount of HCV RNA in these cells with
he subgenomic replicon than in those with the genomic repli-
on. But when the genomic and subgenomic replicon cell lines
ere treated with IFN-� (50 units/ml) for 72 h, HCV RNA was

educed to the same extent in both cell lines (Fig. 3B) indicating
gain the selective impairment of IFN-� signalling. This finding
mphasizes the role of HCV structural proteins in the decrease
f the antiviral effect of IFN-� in HCV-infected cells and is in
greement with previous reports implicating HCV core protein
n the escape of HCV from the interferon system (Blindenbacher
t al., 2003; Bode et al., 2003; de Lucas et al., 2005; Lin et al.,
005).

In conclusion, we have observed that activation of Jak/STAT
athway by IFN-� as well as the transcriptional activity and
ntiviral effect of IFN-� are attenuated in cells with replication
f the entire HCV genome but not in cells with replicating HCV

NA lacking structural proteins. These findings reveal a key

ole of HCV structural proteins in the escape of HCV to the
nterferon system and in the progression to chronicity of this
iral infection.
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Fig. 3. Antiviral effects of IFN-� and IFN-� in HCV replicon cell lines. Quan-
titation of HCV RNA reduction in Huh7 cells with the genomic (Huh7 Core-3′)
or subgenomic (Huh7 NS3-3′) replicon after treatment with IFN-� (50 IU/ml)
(A) or IFN-� (50 IU/ml) (B) for 72 h. The medium was replaced every 24 h and
when treatment was finished, total RNA was extracted using Trizol. 1 �g of
total RNA was used for generating cDNA, and HCV-RNA was measured by
quantitative real-time PCR using primers for the HCV 5′ UTR and an iQ and the
SYBR GRN supermix (BioRad). As an internal control for each sample, PCR
amplification of a fragment of actin cDNA was performed. The amount of each
t
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ranscript was expressed by the formula 2 cpactin-cp5′UTR. Results are expressed
s the means ± standard deviations of one representative experiment out of three
ndependent experiments performed in triplicate.
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