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Hepatitis C virus (HCV) has evolved complex strategies to evade host immune responses and establish
chronic infection. The only treatment available for HCV infections, alpha interferon (IFN-�), is effective in a
limited percentage of patients. The mechanisms by which IFN-� interferes with the HCV life cycle and the
reasons for limited effectiveness of IFN-� therapy have not yet been fully elucidated. Using a cell-based HCV
replication system and specific kinase inhibitors, we examined the role played by various signaling pathways
in the IFN-�-mediated HCV clearance. We reported that conventional protein kinase C (cPKC) activity is
important for the effectiveness of IFN-� treatment. In cells treated with a cPKC-specific inhibitor, IFN-� failed
to induce an efficient HCV RNA degradation. The lack of cPKC activity leads to a broad reduction of
IFN-�-stimulated gene expression due to a significant impairment of STAT1 and STAT3 tyrosine phosphor-
ylation. Thus, modulation of cPKC function by either host or viral factors could influence the positive outcome
of IFN-�-mediated antiviral therapies.

The interferon (IFN) system is the first line of defense
against viral infection in mammals (15). Transcriptional acti-
vation of type I IFN (IFN-� and IFN-�) genes is mainly trig-
gered by viral double-stranded RNA present in infected cells
(39, 40). Most of the viruses have evolved molecular mecha-
nisms to evade the IFN-mediated cellular response (22). One
of the most significant examples is the hepatitis C virus (HCV)
which, in a high percentage of cases (70 to 80% of infected
individuals), escapes the host defenses and establishes a
chronic infection (12, 23). Pathological consequences of HCV
infection differ significantly from individuals, varying from
asymptomatic state to liver fibrosis, cirrhosis, and hepatocellu-
lar carcinoma (12, 23).

Alpha interferon (IFN-�), alone or in combination with
ribavirin, represents the only treatment available for HCV
infections, with a moderate percentage of virus eradication (30
to 40% of the patients) (32). The mechanisms by which IFN-�
interferes with HCV replication have not yet been elucidated,
nor are the reasons for limited effectiveness of IFN-� therapy
known (33). It has been hypothesized that a difference in HCV
genomic sequence may affect the structure and function of the
viral RNA and proteins, which in turn can alter the host’s
response. For example, specific nucleotide sequence mutations
within a region known as the interferon sensitivity-determining

region of the NS5A protein have been associated with clinical
resistance to IFN-� treatment (10, 54).

Type I IFNs induce the transcription of a large number of
genes (IFN-stimulated genes [ISGs]) (14, 42). Specific antiviral
activities have been described for some of these genes, includ-
ing the double-stranded RNA-activated protein kinase (PKR),
which inhibits protein synthesis by phosphorylating the � sub-
unit of the translation initiation factor eIF-2 and disrupting the
critical delivery of methionyl-tRNA to the 40S ribosome (53).
Similarly, ISG56 has been identified as a suppressor of trans-
lation by binding and inhibiting the translation initiation factor
eIF3 (20). Another IFN-�-inducible gene with antiviral activity
is the 2�-5� oligoadenylate synthase (2�-5�OAS). 2�-5�OAS en-
zymatic products allow RNase L activation which, besides
RNA degradation, can lead to translational suppression by the
cleavage of the 28S rRNA (41). Finally, the GTPase protein
MxA has a well-described antiviral activity, probably due to a
direct interference on either viral nucleocapsid transport or
viral RNA synthesis (19).

IFN-� and IFN-� bind to a common receptor expressed on
the surface of target cells (14, 42). Receptor engagement leads
to the activation of Jak1 and Tyk2 protein kinases, which in
turn catalyze phosphorylation events leading to the het-
erodimerization and nuclear translocation of the signal trans-
ducer and activator of transcription (STAT) proteins STAT1
and STAT2 (42). In the nucleus, STAT1/2 heterocomplex as-
sociates with p48/IRF-9 to form the ISG factor 3 (ISGF3)
which binds to the IFN-�-stimulated response element present
in the ISG promoter (14). Sequence motifs within the IFN-�-
stimulated response element also serve as target sites for in-
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terferon regulatory factors, whose actions contribute to define
the overall spectrum and duration of ISG expression (43).
STAT3 has also been shown to respond to type I IFN receptor
signaling and has been proposed to link IFNs with cell growth
regulation and the phosphatidylinositol 3-kinase (PI3K) path-
way (34, 55).

Although the Jak-STAT pathway is essential for triggering
the IFN-� response, a variety of other signaling cascades are
stimulated following IFN-�/� receptor activation (6, 36), such
as IRS/PI3K (34, 48), c-Cbl/Crk/Rap1 (1, 45), Rac1/p38 mito-
gen-activated protein kinase (MAPK) (13, 46), p42/p44 MAPK
(7), protein kinase C (PKC) (35, 47), and mTOR (25). While
various evidences of the contribution of these pathways to the
IFN-� response have been reported, more effort is required to
better understand their functions in IFN-�-mediated antiviral
activity. In particular, uncovering the role played by different
pathways in the IFN-� response could be relevant to elucidate
cellular functions whose activities influence the outcome of the
anti-HCV therapy.

An important improvement for HCV studies has been the
recent establishment of a cell culture system able to sustain
viral replication (2, 26). In this system, a subgenomic HCV
RNA (replicon) in which structural proteins have been re-
placed by a selection marker has allowed the isolation of
adapted HCV genomes able to replicate in HuH7 hepatoma
cells (3, 26). Importantly, IFN-� treatment leads to the clear-
ance of the HCV replicon, making this system suitable for
dissecting the IFN-�-regulated antiviral response (3, 12, 18).

The aim of this work was to elucidate the role of different
signaling pathways during the IFN-�-mediated HCV clear-
ance. We report that conventional PKC (cPKC) activity is
involved in the HCV RNA clearance. Furthermore, our results
suggest that inhibition of cPKC activity impairs STAT activa-
tion and IFN-�-induced gene expression.

MATERIALS AND METHODS

Cells and reagents. HuH7, Hep3B, and HepG2 cells were purchased from the
American Type Culture Collection and grown in Dulbecco’s modified Eagle’s
medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum (Sigma-
Aldrich), 100 U of penicillin/ml, 100 �g of streptomycin/ml, and 2 mM L-
glutamine in the presence of 0.5 mg of G418 (Invitrogen)/ml. Rep60 is a HuH7
cell line harboring an HCV replicon obtained by the transfection of HuH7 cells
with the HCV replicon RNA synthesized from pHCVneo17.wt (28, 29), a tem-
plate for T7 transcription of RNA identical in sequence to the replicon I377neo/
NS3-3�/wt (26). In vitro transcription, transfection, and selection were carried out
as previously described (28, 29). HCV replicon present in Rep60 cells carries the
previously described adaptative mutation A2199T (29), as determined by se-
quencing. Recombinant human IFN-� was purchased from PeproTech. All ki-
nase inhibitors added to the culture medium 60 min before IFN-� stimulation
and the concentrations used are as follows: the pan-PKC inhibitor GF109203X
at 5 �M, the PKC�-specific inhibitor rottlerin at 1 �M, the cPKC inhibitor
Gö6976 at 200 nM, the p38 MAPK inhibitor SB202190 at 10 �M, the PI3K
inhibitor LY294002 at 10 �M, the MEK1/2 inhibitor U0126 at 10 �M, and the
TOR kinase inhibitor rapamycin at 100 nM. Stock solutions were prepared in
dimethyl sulfoxide at a 1,000� concentration with respect to the working con-
centrations indicated above; dimethyl sulfoxide alone was added to control cells.
All inhibitors were purchased from Calbiochem.

RNA isolation, RT-PCR, and Northern blot analysis. Total RNA was isolated
from cells by using TRIzol reagent (Invitrogen) according to the manufacturer’s
instructions. cDNA was synthesized by using a reverse transcription (RT) system
(Promega) with random primers (random hexamers), and PCR amplification was
performed with Taq DNA polymerase (Promega) using the following primers:
HCV NS4A (sense), 5�-GCA CCT GGG TGC TGG TAG GCG GAG TCC-3�;
HCV NS4A (antisense), 5�-CAC TCT TCC ATC TCA TCG AAC TCC CG-3�;

�-actin (sense), 5�-ATG GAT GAC GAT ATC GCT GCG-3�; �-actin (anti-
sense), 5�-ATC TTC ATG AGG TAG TCT GTC AGG-3�. The PCR conditions
used were as follows: 28 cycles of 94°C for 30s, 65°C for 30s, and 72°C for 1 min
for HCV primers and for 20 cycles of 94°C for 30s, 65°C for 30s, and 72°C for 1
min for �-actin.

For Northern blot analysis, 10 �g of total RNA was separated by electrophore-
sis in a 0.8% denaturing agarose gel, transferred to nitrocellulose membranes
(PROTRAN; Schleicher & Schuell), and fixed by UV cross-linking (Stratagene).
Hybridization was carried out with [32P]dCTP-labeled cDNA probes in a solu-
tion containing 50% formamide, 5� SSC (1� SSC is 0.15 M NaCl plus 0.015 M
sodium citrate), 5 mM phosphate buffer (pH 6.8), 5� Denhardt solution (0.1%
Ficoll 400, 0.1% polyvinylpyrrolidone, 0.1% bovine serum albumin), 0.5% so-
dium dodecyl sulfate (SDS), and salmon sperm DNA (100 �g/ml) for 18 h at
42°C. Autoradiography and quantification were performed with a Typhoon 9200
PhosphorImager (Amersham Bioscience). The cDNA probes were generated by
RT-PCR using the following primers: HCV NS4B (sense), 5�-CTC ACA CCT
CCC TTA CAT CGA ACA G-3�; HCV NS4B (antisense), 5�-CAT GGC GTG
GAG CAG TCC TCG TTG-3�; �-actin (sense), 5�-ATG GAT GAC GAT ATC
GCT GCG-3�; �-actin (antisense), 5�-ATC TTC ATG AGG TAG TCT GTC
AGG-3�; 2�-5�OAS (sense), 5�-AAA GTG CCG GTA AAA GTC AT-3�; 2�-
5�OAS (antisense), 5�-CTG TAG TGC AAG GGT TCT CA-3�; MxA (sense),
5�-CTG TGG CCA TAC TGC CAG GA-3�; MxA (antisense), 5�-ACT CCT
GAC AGT GCC TCC AA-3�; ISG54 (sense), 5�-AGA AAT CAA GGG AGA
AAG AA-3�; ISG54 (antisense), 5�-AAG GTG ACT AAG CAA ATG GT-3�;
ISG60 (sense), 5�-GAT CTC GCT GAG TTC CTG GAG AC-3�; ISG60 (anti-
sense), 5�-AGC TCT CTG GGA CTG GAG CTG AC-3�; PKR (sense), 5�-GGT
ACA GGT TCT ACT AAA CAG G-3�; PKR (antisense), 5�-GAA AAC TTG
GCC AAA TCC ACC-3�; ISG56 (sense), 5�-TAG CCA ACA TGT CCT CAC
AGA C-3�; ISG56 (antisense), 5�-TCT TCT ACC ACT GGT TTC ATG C-3�;
ISG15 (sense), 5�-CTC TCG AGC CAT GGG CTG GGA CCT GAC GG-3�;
ISG15 (antisense), 5�-GCT CTA GAT TAG CTC CGC CCG CCA GGC TCT
G-3�; ADAR1 (sense), 5�-TGA CTT CCG AGA TGC ACG-3�; ADAR1 (anti-
sense), 5�-AAT GCC TCG CGG GCG CAA TGA ATC-3�. 32P-labeled DNA
probes were prepared by using a random primer DNA-labeling system (Invitro-
gen).

Nuclear extracts and electrophoretic mobility shift assays (EMSA). Cells were
scraped into 1.5 ml of cold phosphate-buffered saline (PBS), pelleted, and re-
suspended in 400 �l of cold buffer A (10 mM HEPES-KOH [pH 7.9 at 4°C], 1.5
mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl
fluoride). Cells were allowed to swell on ice for 10 min and were then vortexed
for 10 s. Samples were centrifuged for 10 s, the supernatant fraction was dis-
carded, and the pellet was resuspended in 100 �l of cold buffer C (20 mM
HEPES-KOH [pH 7.9], 25% glycerol, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM
EDTA, 0.5 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride) and incu-
bated on ice for 20 min for high-salt extraction. Cellular debris was removed by
centrifugation for 2 min at 4°C, and the supernatant fraction was stored at
�70°C. Protein concentration was determined by the Bradford assay.

EMSAs were carried out by incubating 5 �g of each extract in a final volume
of 20 �l of 20 mM HEPES (pH 7.9) and 50 mM NaCl containing 3 �g of
poly(dI)-poly(dC) for 10 min on ice. 32P-labeled double-stranded oligonucleo-
tides (4 � 104 cpm) were added and incubated for 15 min at room temperature.
DNA-protein complexes were separated by electrophoresis on a 4.5% polyacryl-
amide gel in 0.25� TBE buffer (25 mM Tris, 25 mM boric acid, 0.6 mM EDTA)
and visualized by autoradiography. Double-stranded oligonucleotides were la-
beled by fill-in with Klenow polymerase. The sequence of the upper strands of
haSIE (corresponding to a sis-inducible element on the c-fos promoter) is 5�-G
ATCCATTTCCCGTAAATC-3�.

Antibodies. A monoclonal antibody against HCV NS3 (C-33) was obtained
from Biogenesis. Polyclonal antibodies against neomycin phosphotransferase II
(NPTII) and phosphorylated STAT1 (phospho-STAT1) (Ser727) were obtained
from Upstate Biotechnology Inc. Monoclonal antibodies against Jak1 and Tyk2
were obtained from BD Transduction Laboratories. Polyclonal antibodies
against phospho-STAT1(Tyr701), STAT1, phospho-STAT3(Ser727), phospho-
STAT3(Tyr705), STAT3, phospho-Jak1(Tyr1022/Tyr1023), phospho-Tyk2(Tyr1054/
Tyr1055), phospho-SHP2(Tyr580), and SHP2 were obtained from Cell Signaling
Technology. Anti-TcPTP monoclonal antibody was obtained from Oncogene Re-
search Products. Anti-SOCS-1, anti-SOCS-3, and anti-PIAS1/3 were obtained from
Santa Cruz Biotechnology. Anti-�-actin polyclonal antibody was obtained from
Sigma.

Immunoblot analysis. Cells were grown on 35-mm plates, washed once with
PBS, and lysed directly in hot Laemmli sample buffer (50 mM Tris HCl [pH 6.8],
2% SDS, 0.1% bromophenol blue, 10% glycerol, 100 mM �-mercaptoethanol).
Equal amounts of cell lysates were resolved by SDS-polyacrylamide gel electro-
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phoresis and blotted onto nitrocellulose membranes (PROTRAN; Schleicher &
Schuell) by using a semidry blotter (Bio-Rad). Membranes were blocked by using
5% nonfat milk in PBS plus 0.05% Tween 20 for 1 h at room temperature,
followed by incubation with primary antibodies overnight at 4°C. Specific binding
of antibodies was detected with horseradish peroxidase-conjugated secondary
antibodies (anti-mouse and anti-rabbit diluted 1:5,000; Jackson Laboratory) and
visualized by an enhanced chemiluminescence reaction (Amersham Bioscience).

Immunofluorescence. Cells were grown on 35-mm plates, fixed with 4% para-
formaldehyde in PBS, and permeabilized with 0.2% Triton in PBS. After block-
ing for 1 h in 5% bovine serum albumin in PBS, the plates were incubated with
the primary antibodies for 1 h at 4°C (rabbit anti-STAT1, 1:100; rabbit anti-
STAT3, 1:300; mouse anti-TcPTP, 1:300). The plates were then washed with PBS
and incubated with a secondary antibody (Cy3-conjugated anti-mouse serum and
a Cy3-conjugated anti-rabbit serum at 1:300; Jackson Laboratory). Immuno-
stained samples were counterstained with 4�,6�-diamidino-2-phenylindole dihy-
drochloride (DAPI; Boehringer). Image collection was done by using a Nikon
Eclipse TE 200 microscope with a DXM 1200F digital camera.

RESULTS

Inhibition of cPKC activity impairs IFN-�-mediated sub-
genomic HCV RNA clearance. The biological activities of IFNs
are known to be mediated by distinct signaling pathways (6). In
order to determine which signaling pathways are required for
IFN-�-mediated HCV clearance, HCV replicon-carrying cells
(Rep60) were incubated for 96 h with IFN-� in the presence of
different specific kinase inhibitors: U0126, an inhibitor of
MEK1/2 (11); SB202190, an inhibitor of p38 (24); rapamycin,
an inhibitor of mTOR (5); GF109203X, an inhibitor of PKC
(44); and LY294002, an inhibitor of PI3K (51). RNA was
extracted from treated and control cells, and the levels of HCV
RNA were determined by RT-PCR analysis. Notably, the gen-
eral PKC inhibitor GF109203X impaired the IFN-�-mediated
HCV clearance as shown by the persistence of a large amount
of viral RNA (Fig. 1A). A low but detectable amount of HCV
RNA was also present in cells pretreated with a PI3K inhibitor.
On the other hand, no effects on IFN-�-mediated HCV RNA
clearance were observed in cells pretreated with p38, MEK, or
mTOR inhibitors. HCV replication was not directly modulated
by the treatment with any kinase inhibitor tested (data not
shown), indicating that inhibition of PKC does not influence
HCV replication per se but specifically affects the IFN-�-me-
diated HCV clearance.

PKC enzymes represent a large family of proteins that can
be divided into three groups based on their requirements for
enzymatic activation: cPKC (cPKC�, -�, and -	), which re-
quires Ca2� and diacylglycerol (DAG); novel PKC (nPKC�, -ε,
-
, -�, and -�), which is dependent on DAG only; and atypical
PKC (aPKC� and -/�), which is insensitive to Ca2� and DAG
(30, 31). We investigated which PKC isoform is required for
IFN-�-mediated HCV RNA clearance by using two PKC in-
hibitors, Gö6976 and rottlerin, specific for cPKC isoforms (27)
and PKC� (16), respectively. As shown in Fig. 1B, the cPKC
inhibitor led to an impairment of IFN-�-mediated HCV clear-
ance similarly to that induced by the general PKC inhibitor
GF109203X, while the PKC� inhibitor had no significant ef-
fects.

Northern blot analysis was carried out to quantify the rela-
tive extent of HCV replicon clearance; while IFN-� leads to a
25-fold reduction of HCV RNA within 72 h, the impairment of
cPKC activity limited the reduction to 5-fold (Fig. 1C). Similar
results were obtained with IFN-� concentrations spanning
from 10 to 100 U/ml (Fig. 1D). Taken together, these results

FIG. 1. Effect of different kinase inhibitors on IFN-�-mediated
subgenomic HCV RNA clearance. (A) Analysis of IFN-�-mediated
HCV replicon clearance in the presence of different kinase inhibitors.
Rep60 cells were treated with IFN-� together with the indicated com-
pounds for 96 h. RNA was extracted, and IFN-�-induced HCV clear-
ance was analyzed by measuring viral RNA levels by RT-PCR using
specific oligonucleotides (see Materials and Methods). As an RNA
loading control, levels of �-actin mRNA were analyzed. (B) Analysis of
IFN-�-mediated HCV replicon clearance in the presence of specific
PKC inhibitors (see Materials and Methods). Rep60 cells were treated
with IFN-� together with the indicated compounds for 96 h, and RNA
was analyzed as described in A. (C) Northern blot of time course
analysis for IFN-�-mediated HCV replicon clearance in the presence
or absence of Gö6976 cPKC inhibitor (Gö). Rep60 cells were treated
with 1,000 U of IFN-�/ml for the indicated times and analyzed by
Northern blot, and HCV RNA levels were measured by phosphoimage
analysis. Numbers indicate the ratio of untreated-to-treated values
after �-actin normalization. (D) Northern blot analysis for dose-de-
pendent IFN-�-mediated HCV replicon clearance. Rep60 cells were
treated with the indicated doses of IFN-� and analyzed at 72 h as
described in panel C. C, control (untreated cells).
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indicate that cPKCs play a role in the IFN-�-induced HCV
RNA degradation.

The IFN-�-mediated inhibition of HCV RNA translation is
independent of PKC activity. Viral clearance by IFN-� is a
complex multistep process, achieved by interfering with the
viral life cycle at the level of transcription, replication, or trans-
lation (17). It has been previously described, using the HCV
replicon system, that IFN-� could have a direct influence on
HCV internal ribosome entry site (IRES)-dependent transla-
tion (37, 52). We asked, therefore, whether PKC activity is also
required for this phenomenon. Rep60 cells were treated for
96 h with IFN-� in the presence or absence of the PKC inhib-
itor GF109203X, and protein extracts were prepared every
24 h. Unexpectedly, Western blot analysis with an anti-NS3
antibody showed that IFN-� caused HCV protein level reduc-
tion even in cells in which PKC activity is inhibited and HCV
RNA degradation is impaired (Fig. 2A). We also analyzed

NPTII protein levels, since in the HCV replicon, viral protein
translation is driven by a heterologous IRES (encephalomyo-
carditis virus IRES), and HCV IRES controls the synthesis of
the selection marker NPTII. Similar to that observed for NS3,
NPTII protein amount decreased in IFN-�-stimulated cells
irrespective of the presence of GF109203X (Fig. 2A); the ob-
served different kinetics probably reflect the diverse stability of
the two proteins. These data indicate that IFN-� inhibits HCV
translation independently of PKC activity. Notably, the with-
drawal of IFN-� restores viral protein synthesis in PKC inhib-
itor-treated cells, indicating that in the absence of viral RNA
degradation, IFN-� does not cause an irreversible block of
viral translation (Fig. 2B).

Inhibition of cPKC activity impairs IFN-�-inducible gene
expression. Since IFN-� is known to modulate the expression
of a variety of cellular genes (42), some of which are directly
involved in its antiviral activity (14), we tested whether IFN-
�-inducible transcription requires cPKC activity. Northern blot
analysis of the well-known IFN-� target genes ISG15, ISG54,
ISG56, ISG60, 2�-5�OAS, MxA, ADAR1, and PKR showed
that cPKC inhibition significantly impairs their induction (Fig.
3). Similar results were obtained in both replicon-carrying
Rep60 and parental HuH7 cells, indicating that cPKC activity
is necessary for full IFN-�-stimulated gene expression in an
HCV-independent manner. Furthermore, no significant alter-
ations in IFN-�-inducible gene expression profiles were ob-
served in the presence of PI3K or p38 kinase inhibitors, in
agreement with the lack of effects on IFN-�-mediated HCV
clearance (data not shown).

Inhibition of cPKC activity affects IFN-�-induced STAT1 and
STAT3 tyrosine phosphorylation. The broad reduction of IFN-�-
inducible gene expression by a cPKC inhibitor prompted us to
check for changes in early events of IFN-� signaling, such as Jak
and STAT phosphorylation. Rep60 cells were stimulated with
IFN-� for 15 or 30 min in either the presence or absence of the

FIG. 2. Effect of the PKC inhibitor GF109203X on IFN-�-medi-
ated inhibition of HCV protein synthesis. (A) Western blot for HCV
replicon protein levels in IFN-�-stimulated cells in relation to PKC
activity. Rep60 cells were treated with IFN-� in the presence or ab-
sence of the PKC inhibitor GF109203X. Samples were collected at the
indicated times and analyzed for HCV NS3 or NPTII protein levels.
Protein loading was controlled by �-actin levels. (B) Analysis of HCV
RNA and protein levels after IFN-� withdrawal in relation to PKC
activity. Rep60 cells were treated with IFN-� in the presence or ab-
sence of the PKC inhibitor GF109203X (GF) for 72 h and further
incubated untreated for another 72 h. Samples were collected at the
indicated times and analyzed for HCV NS3 protein levels by Western
blot and for HCV RNA levels by RT-PCR. Protein and RNA loading
were controlled by Coomassie staining and �-actin RT-PCR, respec-
tively. C, control (untreated cells).

FIG. 3. Effect of the cPKC inhibitor Gö6976 on IFN-�-inducible
gene expression. Northern blot analysis for IFN-� target genes in
HuH7 and Rep60 cells stimulated with IFN-� in the presence and
absence of Gö6976 (Gö). Samples were collected 6 h after IFN-�
stimulation, and RNA was extracted and analyzed for the expression of
ISG15, ISG54, ISG56, ISG60, PKR, 2�-5�OAS, MxA, and ADAR.
RNA loading was controlled by �-actin expression. C, control (un-
treated cells).
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cPKC inhibitor Gö6976, and protein extracts were prepared for
Western blot analysis. Notably, tyrosine phosphorylation of both
STAT1 and STAT3 was significantly decreased by the inhibition
of cPKC activity, while serine phosphorylation was not influenced
(Fig. 4A). As expected, the reduction of STAT1 and STAT3
tyrosine phosphorylation results in the impairment of both DNA
binding activity (Fig. 4B) and nuclear translocation (Fig. 4C).

In light of STAT tyrosine phosphorylation reduction, we
analyzed the activation state of the upstream kinases. Surpris-
ingly, Tyk2 and Jak1 tyrosine phosphorylation was not im-
paired by the cPKC inhibitor but rather moderately increased
(Fig. 5A). Furthermore, Gö6976 does not induce evident al-
terations of other Jak/STAT pathway regulatory factors. In
fact, the steady-state protein levels of PIAS1/3, TcPTP, SHP2,
SOCS-1, and SOCS-3 (Fig. 5A); the phosphorylation of SHP2
(Fig. 5A); and the cellular localization of TcPTP were unaf-
fected (Fig. 5B).

Notably, the impairment of cPKC activity also results in the
reduction of STAT1 and STAT3 tyrosine phosphorylation in
the parental HuH7 cells, which do not carry the HCV replicon,
and in other hepatoma cell lines (HepG2 and Hep3B) (Fig. 6),
indicating that cPKC influences IFN-� signaling independently
of HCV.

DISCUSSION

The cellular responses to IFNs imply the modulation of
expression of a vast repertoire of target genes (42). While a
pivotal role is played by the activation of the Jak/STAT path-
way, many other signaling pathways have been previously de-
scribed as being involved in the IFN-regulated cellular re-
sponse (6). The major contribution of this work is the finding
that inhibition of cPKC activity impairs IFN-�-mediated STAT
activation. By the use of specific inhibitor compounds, we have
explored the role of different signaling pathways in IFN-�-
mediated HCV replicon clearance. We have found that an
inhibitor of PKCs impairs the ability of IFN-� to induce HCV
RNA degradation. In contrast, inhibition of p42/p44 MAPK,
p38, PI3K, and mTOR kinases did not significantly influence
HCV clearance. All compounds were used at doses that have

FIG. 4. Effect of the cPKC inhibitor Gö6976 on IFN-�-inducible
STAT activity. (A) Western blot analysis for STAT1 and STAT3 phos-
phorylation with specific anti-phospho-STAT antibodies [phospho-
STAT1(Tyr701) (STAT1 pTyr701), phospho-STAT1(Ser727) (STAT1
pSer727), phospho-STAT3(Tyr705) (STAT3 pTyr705), and phospho-
STAT3(Ser727) (STAT3 pSer727)]. Rep60 cells were stimulated for 15
or 30 min with IFN-� in the presence or absence of cPKC inhibitor
Gö6976 (Gö). As a protein loading control, blots were stripped and
reprobed with the respective anti-total protein antibodies. (B) EMSA
analysis of STAT1 and STAT3 DNA binding activity with an oligonu-
cleotide carrying binding sites for STAT1 and STAT3 (corresponding
to a sis-inducible element on the c-fos promoter) as a probe. Rep60
cells were stimulated for 30 or 60 min with IFN-� in the presence or
absence of cPKC inhibitor Gö6976 (Gö), followed by preparation of
nuclear extracts and EMSA analysis as described in Materials and
Methods. C, control (untreated cells). (C) Analysis of STAT1 and
STAT3 cellular localization by immunofluorescence staining with anti-
STAT1 (upper panels) and anti-STAT3 (lower panels) antibodies.
Rep60 cells were stimulated for 30 min with IFN-� in the presence or
absence of cPKC inhibitor Gö6976 (Gö).
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been described in the literature to be fully effective (5, 11, 24,
44, 51). The only compound that was used at a suboptimal
concentration was the PI3K inhibitor (10 �M instead of 50 to
100 �M). In fact, higher concentrations of this inhibitor re-
sulted in extensive cell death after 1 day of incubation (data not
shown). Therefore, we could not rule out a role of the PI3K-
regulated pathway in IFN-�-mediated HCV clearance in our
system.

An important role of PKCs in both IFN-�- and IFN-	-
regulated pathways has long been established (35). Recently,
specific functions for different PKC isoforms in the regulation
of IFN activity have been reported. For example, PKC�, acti-
vated by either IFN-� or IFN-	, has been proposed to phos-
phorylate STAT1 in Ser727 modulating its transcriptional ac-
tivity (8, 47). Moreover, PKCε has been shown to be an
important regulator of integrin-IFN-	 signaling cross talk (21).
Using specific PKC isoform inhibitors, we have shown that
conventional PKCs play a role in IFN-�-mediated HCV RNA
clearance. On the contrary, PKC� does not seem to be involved
in this process. The lack of specific inhibitors for other PKCs
prevents us from exploring their possible role in IFN-� signal-
ing.

We have shown that the block of cPKCs leads to a broad
inhibition of IFN-�-stimulated gene expression. MxA, 2�-
5�OAS, ISG56, ISG15, ISG54, PKR, ADAR1, and ISG60 in-
duction was significantly reduced when cPKC activity was in-
hibited. Moreover, we have highlighted a substantial decrease
of STAT activity that could explain ISG transcriptional impair-
ment. In fact, inhibition of cPKC activity impairs tyrosine phos-
phorylation, nuclear import, and DNA binding of both STAT1
and STAT3. On the contrary, STAT serine 727 phosphoryla-
tion was not significantly affected by cPKC inhibition. Notably,
we found that IFN-�-mediated Jak activation is not impaired
by the presence of cPKC inhibitor, pinpointing a crossroad of
the two pathways. We conclude, therefore, that cPKC activity
is a specific requisite to achieve the efficient Jak-dependent
STAT phosphorylation. The extension of this observation to
other cell lines demonstrates that the effect of PKC inhibition
on IFN-� signaling is independent of HCV replicon and im-
plies that cPKC activity is generally important for IFN-� re-
sponse in liver cells.

Regulation of STAT phosphorylation by PKCs does not
appear to be restricted to IFN-� signaling. In fact, it has been
recently reported that mouse embryonic fibroblasts lacking
PKCε show a significant reduction in STAT1 tyrosine phos-
phorylation following IFN-	 stimulation (21). The require-
ment of different PKC isoforms for STAT tyrosine phosphor-
ylation could either depend on the different Jak members
activated by specific IFNs or imply that PKC enzymes cooper-
ate in regulating STAT activities; e.g., a PKC isoform activates
others.

The molecular mechanism responsible for the regulation of
STAT phosphorylation by cPKC remains elusive. A prelimi-
nary analysis suggests that the Jak-STAT inhibitor proteins
characterized so far, such as PIAS1/3, TcPTP, SHP2, SOCS-1,
and SOCS-3, are not involved in the impairment of STAT
tyrosine phosphorylation. Moreover, pretreatment of Rep60
cells with a broad tyrosine phosphatase inhibitor (sodium or-
thovanadate) does not rescue the block of STAT phosphory-
lation caused by cPKC inhibition (data not shown), suggesting

that a dysregulation of tyrosine phosphatase activity is not
involved in this phenomenon. In addition, we were not able to
show any direct interaction among Jak/STAT and PKCs (our
unpublished results). Recently, Usacheva and coworkers
showed that the impairment of the interaction between
IFNAR2 and RACK1 results in STAT1 phosphorylation inhi-
bition (49). Interestingly, RACK1 is a WD-containing protein
originally identified as an activated PKC� interactor (38).
Moreover, RACK1 associates with Jak1, Tyk2, and unphos-

FIG. 5. Effect of the cPKC inhibitor Gö6976 on the IFN-�-induc-
ible Jak/STAT signaling pathway. (A) Western blot analysis for phos-
pho-Tyk2(Tyr1054/Tyr1055) (Tyk2 pTyr 1054/1055), Tyk2, phospho-
Jak1(Tyr1022/Tyr1023) (Jak1 pTyr1022/1023), Jak1, phospho-
SHP2(Tyr580) (SHP2 pTyr580), SHP2, PIAS1/3, TcPTP, SOCS-1, and
SOCS-3 expression in Rep60 cells stimulated for 15 or 30 min with
IFN-� in the presence or absence of cPKC inhibitor Gö6976 (Gö). C,
control (untreated cells). (B) Analysis of TcPTP cellular localization by
immunofluorescence. Rep60 cells were stimulated for 30 min with
IFN-� in the presence or absence of cPKC inhibitor Gö6976.
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phorylated STAT1, suggesting that RACK could function as a
scaffold protein recruiting STAT1 to the receptor prior to
cytokine stimulation (50). Further experiments are required to
elucidate whether RACK1 represents the molecular link be-
tween IFN-� and cPKC pathways.

Finally, we have shown that inhibition of PKC activity does
not prevent IFN-� from shutting off HCV IRES-dependent
translation. This observation, which emphasizes the complexity
of the IFN-� activity, may suggest that IFN-� hampers viral
translation in a STAT-independent manner. Importantly, in
the absence of PKC activity, IFN-� withdrawal results in new
viral protein synthesis, implying that PKC is important for an
effective HCV clearance.

In conclusion, our data suggest that modulation of cPKC
activity, which is influenced by many physiological stimuli (9,
30), could contribute to the great variability of IFN-� antiviral
therapy outcome. Moreover, the observation that the overex-
pression of HCV-encoded protease NS3 is able to inhibit the
PKC-mediated signal transduction (4) may unveil a further
viral mechanism to escape the antiviral action of IFN-�.
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