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Ribavirin in combination with interferon (IFN)-o is the approved treatment for hepatitis C virus (HCV)
infection. Interference of ribavirin with signaling events is involved in its biological activities. However,
little is known of signaling pathways induced by ribavirin following HCV infection. In human hepatoma
cells, effects of ribavirin on ERK and signal transducers and activators of transcription (STAT) pathways,
HCV replication, and antiviral gene expression were evaluated before and after cell culture-derived HCV
infection. Ribavirin reduced phosphorylation of Raf, MEK, ERK, Tyk2, and STATT1, but selectively increased

Ilgiet))/:r/(i]rrid: STAT3 phosphorylation. IFN-o synergistically regulated ERK and STAT3 phosphorylation with ribavirin,
Hepatitis C virus and up-regulated expression and phosphorylation of STAT1. Ribavirin dose-dependently decreased
ERK HCV RNA replication and HCV protein expression, with slight induction of IFN regulatory factor 9 and
STAT IFN-stimulated gene 15. Ribavirin and IFN-o exerted a synergetic inhibitory effect on HCV. ERK and STAT

pathways were down-regulated by ribavirin following HCV infection. These results suggest that ribavirin

may mediate anti-HCV activity through interference with ERK and STAT pathways.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Ribavirin, a guanosine analogue, possesses antiviral activity
against numerous RNA and DNA viruses (Feld and Hoofnagle,
2005). Hepatitis C virus (HCV), a positive single-strand RNA virus,
is a major pathogen of human liver disorders, including chronic
hepatitis C, cirrhosis, and hepatocellular carcinoma (Moradpour
et al,, 2007). Ribavirin for HCV infection only leads to improve-
ments in patient serum aminotransferase levels but not in HCV
clearance (Hoofnagle et al., 1996), while ribavirin combined with
interferon (IFN)-o exhibits marked improvements in the treatment
response (Fried et al., 2002; McHutchison and Poynard, 1999). The
combination of ribavirin with pegylated IFN-o is approved to be
the standard treatment for HCV infection. Recently, novel treat-
ment options are focused on new HCV specific inhibitors against
NS3/4A and NS5B polymerases (Avolio and Summa, 2010). Multi-
ple mechanisms underlying ribavirin's anti-HCV activity have been
proposed, including direct inhibition of HCV replication, inosine
monophosphate dehydrogenase inhibition, mutagenesis and error
catastrophe, and immunomodulation (Feld and Hoofnagle, 2005).
However, how ribavirin influences cellular signaling events
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following HCV infection and whether ribavirin exerts HCV inhibi-
tion through interference with signaling pathways have remained
elusive.

Ribavirin is shown to interfere with some signaling pathways
and such interference correlates with its immunomodulatory, anti-
tumor, and even antiviral activities. As a novel immunomodulatory
mechanism, down-regulation of interleukin-15 receptors signaling
by ribavirin is responsible for suppression of natural killer cell
function (Ogbomo et al., 2010). Ribavirin impairs eukaryotic trans-
lation initiation factor elF4E dependent Akt signaling and thereby
inhibits apoptotic rescue (Tan et al., 2008). Ribavirin inhibits leuke-
mic cell proliferation through the modulation of key molecular and
metabolic pathways (Kékény et al., 2009), and decreases hepatic
stellate cell proliferation by decreasing p-c-Jun levels (Khan
et al., 2008). Activation of mammalian target of rapamycin and
p53 by ribavirin is a cellular mechanism involving the enhance-
ment of IFN signaling (Su et al., 2009). In mumps virus-infected
cells, suppression of interferon-stimulated genes (ISGs) expression
is restored with ribavirin treatment through the IFN pathway (Fujii
et al,, 1999). In respiratory syncytial virus-infected cells, ribavirin
potentiates IFN-stimulated response element signaling to enhance
the expression of ISGs (Zhang et al., 2003). In patients with chronic
hepatitis C, treatment with pegylated IFN and ribavirin leads to
activation of the signaling molecules involved in immune cell reg-
ulation and IFN signaling (Younossi et al., 2011). Therefore, signal-
ing events induced by ribavirin may play an active role in its
biological activities.
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Fig. 1. Huh7.5.1 was cultured with ribavirin at the indicated doses for the varying time periods. (A) Cells were treated for 24 h with the increasing doses of ribavirin, and total
and phosphorylated (P-) Raf, MEK, and ERK kinases were analyzed by Western blotting. f-actin is shown as a loading control. Results are representative of at least three
experiments. (B) The signals for phosphorylated Raf, MEK, and ERK from the shown experiment above were quantified using GeneTools software. Data are expressed as fold
change of the levels of phosphorylated kinases over the levels of untreated control after being normalized to the levels of B-actin. (C) Cells were treated with (+) and without
(=) 20 pg/mL ribavirin for the varying lengths of time, and Raf, MEK, and ERK were analyzed by Western blotting. Results are representative of three experiments. Levels of
phosphorylated Raf, MEK, and ERK were quantified. Data are expressed as fold change of the levels of phosphorylated kinases after being normalized to the levels of B-actin
(D).

Mitogen-activated protein kinases (MAPKs), composed of ERK1/ activators of transcription (STAT) family has seven members,
2, p38MAPK, SAPK/JNK, and ERK5 subfamilies, have become impor- including STATs 1, 2, 3, 4, 5a, 5b, and 6, and the members have
tant therapeutic targets for control of a wide range of human dis- been focused because of their distinct functions in IFN signaling

eases (Johnson and Lapadat, 2002). Signal transducers and (Schindler and Levy, 2007). Although regulation of the MAPK and

A Ribavirin (pg/mL) 0 1 5 10 20

100 C kibmvirin | 12h 48h 72h 96 h D oy [FEEO
. - 4+ - 4+ - 4 - 4 1 ik mRibavitin (+)
e m o
- P-Tvk2
] ¥ > ! - 0.6
v
; ‘ ~ o
STATI1 ' '| 12h  48h  T2h 96k
—_— e "W‘ 08, PSTATI
P-STAT3 4 l I ]
i 1 - : 0.6 |
96 h
96 h

2

%
Fold change
=

P-STAT3 i
STAT3 ‘! [ !| 04
- — i -

A —————
fracti 0 ' ' v
actin
12h 48 h 72h

i ’
B 15 P-Tyk2 P-STATI P-STAT3 P-STAT3
18 3.5 08

—

15 06

0.4
1.5
‘ s |
0.5 0 T

'
[ 0 0 r Time 12h 48h 72 h
Ribavirin (pg/mL) o 1 5 10 20 100 0 1 5 10 20 100 0 1 5 10 20 100

Fold change
=
(7 -
=
79 i
) =

T

Fig. 2. Huh7.5.1 was cultured with ribavirin at the indicated doses for the varying time periods. (A) Cells were treated for 24 h with the indicated doses of ribavirin, and total
and phosphorylated (P-) Tyk2, STAT1, and STAT3 were analyzed by Western blotting. B-actin is shown as a loading control. Results are representative of at least three
experiments. (B) The signals for phosphorylated Tyk2, STAT1, and STAT3 from the shown experiment above were quantified. Data are expressed as fold change of the levels of
phosphorylated Tyk2, STAT1, and STAT3 over the levels of untreated control after being normalized to the levels of B-actin. (C) Cells were treated with (+) and without (—)
20 pg/mL ribavirin for the varying time lengths, and Tyk2, STAT1, and STAT3 were determined by Western blotting. Results are representative of three experiments. Levels of
phosphorylated Tyk2, STAT1, and STAT3 were quantified. Data are expressed as fold change of the levels of phosphorylated Tyk2, STAT1, and STAT3 after being normalized to
the levels of B-actin (D).
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Fig. 3. Huh7.5.1 was pretreated with kinase inhibitors at a concentration of 1 uM
for 1 h prior to addition of 20 pg/mL ribavirin for 24 h. Total and phosphorylated (P-
) ERK and STAT3 in cells with (+) and without (—) U0126 pretreatment (A) or Jak
Inhibitor I pretreatment (B) were analyzed by Western blotting. f-actin is shown as
a loading control. Results are representative of four experiments.

STAT pathways by IFN is associated with the anti-HCV effect of IFN,
few studies have looked at signaling pathways induced by ribavirin
following HCV infection and interference of IFN-o with ribavirin-
induced pathways, which might be involved in the anti-HCV effect
of ribavirin in combination with IFN-o.. With the development of
cell culture-derived HCV (HCVcc), it became possible to investigate
signaling events induced by ribavirin following HCVcc infection
in vitro.

We wondered how ribavirin influenced cellular signal transduc-
tion and whether such influence correlated with the anti-HCV
activity. In human hepatoma Huh7.5.1 cells, we examined effects
of ribavirin on signal transduction of ERK and STAT pathways,
HCV replication, and antiviral gene expression. Our results showed
that both ERK and STAT pathways were down-regulated by ribavi-
rin following HCV infection. Ribavirin exhibited inhibition of HCV
replication, and synergistic inhibition was observed when in

combination with IFN-o. Additionally, levels of interferon regula-
tory factor 9 (IRF9) and ISG15 mRNA were slightly increased by
ribavirin.

2. Materials and methods
2.1. Reagents and antibodies

Ribavirin and Jak Inhibitor I were from Merck (Calbiochem,
Darmstadt, Germany). Recombinant human IFN-o 2a was obtained
from PBL Interferon Source (Piscataway, NJ, USA). MEK inhibitor
U0126 was purchased from Cell Signaling Technology (Beverly,
MA, USA). Bovine serum albumin (BSA) and dimethylsulfoxide
(DMSO) were obtained from Sigma (St Louis, MO, USA). Trizol re-
agent was from Invitrogen (Carlsbad, CA, USA). CellTiter 96®AQue-
ous One Solution Cell Proliferation Assay and M-MLV reverse
transcriptase were from Promega (Madison, WI, USA). SYBR Green
PCR kit was from Qiagen (Valencia, CA, USA).

Rabbit polyclonal antibodies against Tyk2, STAT1, STAT3, c-Raf,
MEK, ERK, phospho-Tyk2 (Tyr1054/1055), phospho-STAT1
(Tyr701), phospho-STAT3 (Tyr705), phospho-c-Raf (Ser338), phos-
pho-MEK (Ser217/221), phospho-ERK (Thr202/Tyr204), and B-ac-
tin were purchased from Cell Signaling Technology. HCV NS3
mouse monoclonal antibody (mAb) was a product of Abcam (Cam-
bridge, UK). HCV E2 mouse mAb was generously provided by Mi-
chael Houghton (Chiron Corporation, Emeryville, CA, USA).
Horseradish peroxidase-conjugated goat anti-rabbit IgG or goat
anti-mouse IgG was from Invitrogen (Camarillo, CA, USA) and
Bio-Rad (Hercules, CA, USA).

2.2. Cell and virus

Human hepatoma Huh7.5.1 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum, 2 mM t-glutamine, 100 units/mL penicillin, and
100 pg/mL streptomycin at 37 °C with 5% CO,. All products used
for cell culture were from HyClone (Logan, UT, USA). Unless other-
wise indicated, cells were cultured in the above medium. J6/JFH1
HCVcc (HCV genotype 2a) was produced by transfection of FL-J6/
JFH1 (kind gift from Charles M. Rice, The Rockefeller University,
NY, USA) into Huh7.5.1 cells (Lindenbach et al., 2005). HCVcc
stocks, 10° focus-forming units/mL, were generated by collection
of culture medium from Huh7.5.1 cells infected with HCVcc as de-
scribed (Tong et al., 2011; Zhong et al., 2005).

2.3. Ribavirin treatment

Ribavirin was dissolved in phosphate-buffered saline (PBS) at a
concentration of 10 mg/mL. To assess dose-effect of ribavirin treat-
ment, cells seeded in 6-well plates the day before were washed
twice with PBS and maintained in the medium containing increas-
ing amounts of ribavirin (0, 1, 5, 10, 20, and 100 pg/mL) for 24 h at
37°C. To assess time course of ribavirin treatment, cells were
maintained in the media with and without 20 pg/mL ribavirin for
12, 48, 72, and 96 h, respectively. After the above treatment, cells
were harvested and lysed for Western blot analysis.

2.4. IFN-o treatment

IFN-o (5.4 x 107 U/mL) was diluted in 0.1% BSA for appropriate
dilutions. Cells seeded in 6-well plates the day before were washed
twice with PBS and maintained in the medium containing 100 U/
mL IFN-o or in combination with ribavirin (20 and 100 pg/mL)
for 48 and 72 h, respectively. Cell lysates were prepared for Wes-
tern blotting.
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Fig. 4. Huh7.5.1 was treated for 48 or 72 h with 100 U/mL IFN-o in the presence or absence of 20 or 100 pug/mL ribavirin. Total and phosphorylated (P-) ERK, STAT1, and
STAT3 were analyzed by Western blotting on the extracts from cells treated with IFN-o or/and ribavirin for 48 h (A) and for 72 h (B), respectively. p-actin is shown as a loading
control. Levels of phosphorylated ERK, STAT1, and STAT3 were quantified. Data are expressed as fold change of the levels of phosphorylated ERK, STAT1, and STAT3 over the
levels of untreated control after being normalized to the levels of B-actin. Results are representative of three experiments.

2.5. Kinase inhibitor treatment Jak Inhibitor I at a final concentration of 1 pM for 1h at 37 °C.
After washing with PBS, cells were cultured with 20 pig/mL riba-
For 10 mM stock, Jak Inhibitor I and U0126 were resuspended virin for 24 h. Cell lysates were prepared for measurement of
in DMSO. Cells seeded in 6-well plates the day before were ERK and STATS3.
washed twice with PBS and pretreated with DMSO, U0126, and
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Fig. 5. Huh7.5.1 infected with HCVcc was treated with ribavirin at the indicated
doses for 96 h. Levels of ERK, Tyk2, STAT1, and STAT3 were analyzed by Western
blotting on the extracts from HCVcc-infected (+) and uninfected (—) cells. B-actin is
shown as a loading control. Changes in the levels of phosphorylated (P-) ERK, Tyk2,
STAT1, and STAT3 after being normalized to the levels of B-actin are shown below
each blot. Results are representative of at least three experiments.

2.6. HCVcc infection

Cells were seeded in 12-well plates or 60-mm dishes 24 h be-
fore HCVcc infection. Cells were washed twice with PBS and HCVcc
stock was added to 12-well plates (60 pL/well) or 60-mm dishes
(300 pL/dish) for 2 h at 37 °C. After three washes with PBS to re-
move unbound virus, the fresh medium containing ribavirin (0, 1,
5, 10, 20, 40, 80, and 100 pg/mL) or in combination with IFN-o
(5, 10, and 20 U/mL) were added and allowed to culture for 96 h.
Cellular RNA and cell lysates were prepared for reverse transcrip-
tion real-time PCR and Western blot analyses.

2.7. Cell viability assay

Cells seeded in 96-well plates (2 x 10* cells/well) were treated
with increasing amounts of ribavirin (0, 1, 10, 20, 40, 80, and
100 pg/mL) for 96 h. Cell viability was determined using the CellT-
iter 96®AQueous One Solution reagent according to the manufac-
ture’s instructions. The absorbance at 490 nm was read on a
Synergy 2 Multi-Mode Microplate Reader (BioTek, Winooski, VT).
The background absorbance in the wells with medium only was
subtracted.

2.8. Real-time PCR

Total cellular RNA was extracted with Trizol reagent according
to the manufacturer's instructions. Reverse transcription was per-
formed with random hexamers and M-MLV reverse transcriptase.

Levels of HCV, IRF9, ISG15, and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) mRNA were measured by semi-quantitative
reverse transcription real-time PCR with QuantiTect SYBR Green
PCR kit on a Rotor-Gene 3000 real-time thermal cycler (Corbett,
Sydney, Australia). Primers used were as follows: HCV, 5'-
CTTCACGCAGAAAGCGTCTA-3 (forward) and 5-CAAGCACCCTAT-
CAGGCAGT-3(reverse); IRF9, 5-CCACCGAAGTTCCAGGTAACAC-3'
(forward) and 5-AGTCTGCTCCAGCAAGTATCGG-3' (reverse); ISG15,
5-CTCTGAGCATCCTGGTGAGGAA-3 (forward) and 5-AAGGTCAGC-
CAGAACAGGTCGT-3' (reverse); GAPDH 5-TGGGCTACACTGAGCAC-
CAG-3' (forward) and 5-AAGTGGTCGTTGAGGGCAAT-3 (reverse).
Results were normalized to endogenous reference GAPDH and ana-
lyzed using Rotor-Gene 6.1.81 software. The data were expressed
as relative percentage (for HCV) or increase (for antiviral genes)
over the corresponding mRNA levels in untreated control.

2.9. Western blot

Cells were lysed with Blue Loading Buffer Pack (Cell Signaling
Technology) following the manufacturer’s protocol. Proteins in cell
lysates were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, transferred onto polyvinylidence difluoride
membranes using Mini-Protein II system (Bio-Rad), and blocked
for 2 h with 5% nonfat milk. The membranes were incubated over-
night at 4 °C with primary antibodies, followed by incubation with
horseradish peroxidase-conjugated goat anti-rabbit IgG (1:1000)
or goat anti-mouse IgG (1:2000) for 1h at room temperature.
The primary antibodies used were antibodies against total or phos-
phorylated kinases (1:1000) including Tyk2, STAT1, STAT3, c-Raf,
MEK, and ERK, HCV NS3 mAb (1:1000), and HCV E2 mAb (1:500).
The immune complex was detected with chemiluminescence re-
agents (Pierce; Rockford, IL, USA) on a GeneGnome HR image cap-
ture (Cambridge, UK) using GeneTools software.

2.10. Statistical analysis

Statistical analysis was performed using Student’s t test. P-val-
ues lower than 0.05 were considered statistically significant.

3. Results
3.1. Influence of ribavirin on ERK pathway

We previously demonstrated that the up-regulation of MAPK
pathways by HCV envelope protein E2 via the relevant cellular
receptors was implicated in the viral pathogenesis (Chen et al.,
2010; Zhao et al., 2005, 2006, 2007). To investigate influence of
ribavirin on ERK pathway, Huh7.5.1 cells were cultured for various
time periods with ribavirin at doses ranging from 1 to 100 pg/mL.
Cell lysates were prepared for kinase measurement by Western
blot analysis. After treatment for 24 h, ribavirin inhibited phos-
phorylation of Raf, MEK, and ERK kinases when compared with
the untreated control (Fig. 1A). Levels of total Raf, MEK, and ERK
were also determined. The changes in the levels of phosphorylated
kinases were clearly presented in Fig. 1B. The Raf phosphorylation
was inhibited by ribavirin in a dose-dependent manner, and the
MEK phosphorylation was potently inhibited at a dose of 10 pug/
mL. In comparison with Raf and MEK, ERK phosphorylation was
slightly inhibited by ribavirin. To determine duration of Raf-
MEK-ERK signaling, the kinases were further examined at the var-
ious time points after treatment with 20 pg/mL ribavirin. In the
presence of ribavirin, levels of the kinase phosphorylation were re-
duced. As shown in Fig. 1C and D, the phosphorylation of Raf, MEK,
and ERK was suppressed after ribavirin treatment for 48, 72, or
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Fig. 7. Huh7.5.1 infected with HCVcc was treated with the varying doses of
ribavirin for 96 h. Real-time RT-PCR analysis of IRF9 and ISG15 mRNA levels after
ribavirin treatment in cells with (+) and without (—) HCVcc infection. The levels of
IRF9 and ISG15 mRNA were expressed as fold increase over the corresponding
mRNA levels in uninfected and untreated control. For each sample, real-time PCR
analysis was performed three times. Columns represent the mean of triplicate of
one representative experiment; error bars indicate the standard deviation; *P < 0.05
relative to the untreated control.

96 h. These results indicate inhibition of Raf, MEK, and ERK
phosphorylation by ribavirin.
3.2. Influence of ribavirin on STAT pathway

Next, we studied influence of ribavirin on STAT pathway. Both
upstream Tyk2 and downstream STAT1 and STAT3 were analyzed

by Western blotting on the lysates from Huh7.5.1 cells treated with
the increasing doses of ribavirin for the various time periods.
Fig. 2A and B showed that treatment with the ribavirin for 24 h re-
sulted in reduced expression and phosphorylation of Tyk2 at doses
ranging from 5 to 100 pg/mL. STAT1 phosphorylation was dose-
dependently inhibited by ribavirin, while STAT3 phosphorylation
was increased. Time course of the kinase cascades showed that lev-
els of Tyk2 and STAT1 phosphorylation were reduced after 20 pg/
mL ribavirin treatment for 12, 48, 72, or 96 h (Fig. 2C and D). In
contrast, STAT3 phosphorylation was increased after the treatment
for 12, 48, or 96 h, but markedly reduced at the 72 h. Thus, ribavi-
rin inhibits phosphorylation of Tyk2 and STAT1 but selectively en-
hances STAT3 phosphorylation.

3.3. Effects of U0126 and Jak Inhibitor I on ERK and STAT3

MEK inhibitor U0126 is able to inhibit ERK activation. Jak Inhib-
itor I displays potent inhibitory activity against Jak, an upstream
kinase of STAT pathway. To address specificity of the ERK and STAT
pathways induced by ribavirin, Huh7.5.1 cells were pretreated for
1 h with U0126 or Jak Inhibitor I prior to addition of 20 pg/mL riba-
virin for 24 h. Levels of ERK and STAT3 phosphorylation were ana-
lyzed in the presence or absence of the kinase inhibitors. As shown
in Fig. 3A, 1 uM U0126 pretreatment reduced phosphorylation of
ERK and STAT3 as compared with ribavirin alone treatment. How-
ever, 1 uM Jak Inhibitor I pretreatment only abolished STAT3 phos-
phorylation induced by ribavirin without affecting ERK
phosphorylation (Fig. 3B). In addition, levels of phosphorylated
ERK and STAT3 in the cells treated with DMSO were presented to
exclude any inhibitory effects of DMSO on the kinases. The inhibi-
tion of ERK and STAT3 phosphorylation by the inhibitors indicates
specific regulation of the pathways by ribavirin.
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3.4. Interference of IFN-a with ribavirin-induced ERK and STAT
pathways

As the combination of IFN-a and ribavirin is the standard treat-
ment for HCV infection, we thus wondered whether IFN-o inter-
fered with ribavirin-induced signaling pathways. For this
purpose, Huh7.5.1 cells were treated for 48 h with 20 or 100 ng/
mL ribavirin alone or in combination with 100 U/mL IFN-o.
Fig. 4A showed that levels of ERK phosphorylation were reduced
following the treatment of IFN-a combined with ribavirin, com-
pared with the untreated control as well as the treatment of riba-
virin or IFN-o alone. In contrast to the inhibition of STAT1
phosphorylation by ribavirin (Fig. 2), IFN-a enhanced not only
STAT1 phosphorylation but also STAT1 expression. The enhance-
ment of STAT1 was attenuated due to the addition of ribavirin.
Ribavirin enhanced STAT3 phosphorylation, and the combination
of IFN-o and ribavirin reduced the phosphorylation (Fig. 4A). More-
over, levels of the kinases were further examined in cells treated
with the ribavirin or in combination with the IFN-a for 72 h. As
shown in Fig. 4B, the IFN-o0 combined with ribavirin reduced ERK
phosphorylation. The enhancement of expression and phosphory-
lation of STAT1 by IFN-a was attenuated by ribavirin. Consistent
with the data presented in Fig. 2C, STAT3 phosphorylation was re-
duced following the ribavirin treatment for 72 h. IFN-a exhibited
inhibitory effect on STAT3 phosphorylation, and synergetic inhibi-
tory effect on the kinase was observed when combined with riba-
virin (Fig. 4B).

3.5. Down-regulation of ERK and STAT by ribavirin following HCV
infection

We wondered whether different patterns of ERK and STAT path-
ways induced by ribavirin occurred following HCVcc infection.
Huh7.5.1 cells infected with HCVcc were treated with ribavirin
for 96 h. It seemed that HCVcc infection increased phosphorylation
of STAT1 and STAT3 but reduced phosphorylation of ERK and Tyk2.
Fig. 5 showed that ERK phosphorylation was obviously inhibited by
ribavirin. Levels of phosphorylated and total Tyk2 were sharply re-
duced after ribavirin treatment. Also, phosphorylation of STAT1
and STAT3 was inhibited by ribavirin at the doses between 10
and 40 pg/mL. In contrast to the enhancement of STAT3 phosphor-
ylation after the ribavirin treatment for 96 h (Fig. 2C), STAT3 phos-
phorylation was reduced in HCVcc-infected cells treated with
ribavirin. ERK and STAT pathways are down-regulated by ribavirin
following HCVcc infection.

3.6. Inhibition of HCV replication by ribavirin

Ribavirin is the approved drug for HCV infection. Here in vitro
antiviral potency of ribavirin was evaluated in HCVcc-infected
cells. A recent study showed that 100 pug/mL ribavirin displayed
no observable toxicity in Huh7.5.1 cells (Thomas et al., 2011). In
the present study, Huh7.5.1 cells were treated with the increasing
doses of ribavirin for 96 h. Influence of ribavirin on cell viability of
Huh7.5.1 was then evaluated. Fig. 6A showed that ribavirin did not
exert significant cytotoxic effect at doses up to 100 pg/mL. To ex-
plore effect of ribavirin on HCV replication, Huh7.5.1 cells infected
with HCVcc were treated with ribavirin for 96 h. Total RNA was ex-
tracted and reverse transcribed, and ¢cDNA was amplified using
primers specific for HCV by real-time PCR assay using GAPDH for
normalization. As shown in Fig. 6B, ribavirin treatment led to a
dose-dependent decrease in HCV RNA levels, and ribavirin at
1 ng/mL significantly decreased the RNA levels as compared with
the untreated control (P < 0.05). At higher dose up to 80 pg/mL,
ribavirin had minimal additional effect on HCV RNA levels. More-
over, similar results were observed at HCV protein expression

level. HCV nonstructural protein NS3 and structural protein E2
were expressed at a high level in HCVcc-infected cells, and such
expression was inhibited by ribavirin in a dose-dependent manner
(Fig. 6C). Eighty microgram per milliliter ribavirin treatment elim-
inated the NS3 and E2 expression, which was consistent with the
significant decreased HCV RNA levels upon 80 pg/mL ribavirin
treatment (Fig. 6B). Additionally, whether the antiviral potency of
ribavirin could be enhanced by IFN-o at a low dose was further
examined. HCV RNA levels were determined after treatment with
ribavirin in the presence or absence of IFN-a for 96 h. Fig. 6D
showed that ribavirin at 1 and 5 pg/mL significantly decreased
HCV RNA levels (P<0.05), and that treatment with 5, 10, or
20 U/mL IFN-o in combination with the ribavirin resulted in great-
er inhibition of the virus replication than that of ribavirin at the
dose of 1 and 5 pg/mL (P < 0.05), suggesting that ribavirin and
IFN-o exert a synergetic inhibitory effect on HCV replication.

3.7. Induction of antiviral genes by ribavirin

We performed the dose-response experiment to reveal profile
of antiviral gene expression induced by ribavirin. Huh7.5.1 cells
were infected with HCVcc and then treated for 96 h with ribavirin
at the indicated doses. Real-time PCR assay was carried out to
determine mRNA levels of IRF9 and ISG15. Fig. 7 showed that
mRNA levels of IRF9 and ISG15 were slightly increased after riba-
virin treatment at doses ranging from 40 to 100 pg/mL, peaking
at 80 pg/mlL, and declining at 100 pg/mL. Treatment with 80 pg/
mL ribavirin significantly increased ISG15 level when compared
with the untreated control (P < 0.05). The up-regulation of IRF9
and ISG15 expression by 80 png/mL ribavirin was consistent with
the inhibition of HCV RNA level and the elimination of NS3 and
E2 expression by ribavirin at the same dose (Fig. 6B and C).

4. Discussion

The precise mechanism by which ribavirin induces cellular sig-
naling events involved in antiviral activity remain to be elucidated.
In the present study, the kinase cascades of ERK and STAT signaling
induced by ribavirin were analyzed in human hepatoma cells with
and without HCVcc infection. The interference of IFN-o with riba-
virin-induced ERK and STAT pathways was also evaluated. More-
over, effects of ribavirin on HCV replication and antiviral gene
induction were examined.

For its ability to support HCVcc replication, Huh7.5.1 was se-
lected to be a cell model for evaluation of signaling events. First,
we addressed the influence of ribavirin on Raf, MEK, and ERK ki-
nases of ERK pathway in Huh7.5.1 without HCVcc infection. We
found that ribavirin treatment led to the reduced phosphorylation
of Raf, MEK, and ERK (Fig. 1). Supporting our data concerning the
inhibition of ERK phosphorylation by ribavirin, previous studies
showed that 100 pM ribavirin treatment for 2 or 4 days decreased
ERK activation, and 20 pg/mL ribavirin also inhibited ERK phos-
phorylation (Ogbomo et al., 2010; Vallée et al., 2000). We provided
evidence for the first time that the Raf~-MEK-ERK signaling cas-
cades other than ERK alone are inhibited by ribavirin and that
the regulation correlates with the dose and the time length of
treatment, which was confirmed by the dose-response and time-
course experiments with ribavirin. The impairment of signaling
events by ribavirin accounts for its activities (Borden and Culjko-
vic-Kraljacic, 2010; Khan et al., 2008; Li et al., 1999; Ogbomo
et al., 2010; Simone et al., 2010). Our results suggest the down-reg-
ulation of ERK pathway by ribavirin may be responsible for its anti-
viral activity by impairing the viral survival.

Apart from ERK, STAT pathway was subsequently investigated
in response to the ribavirin treatment. Our results showed the
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inhibition of Tyk2 and STAT1 phosphorylation and the enhance-
ment of STAT3 phosphorylation by ribavirin (Fig. 2). The inhibition
of STAT3 phosphorylation by Jak Inhibitor I confirmed the specific
regulation of the pathway by ribavirin (Fig. 3). In interleukin-15-
activated natural killer cells, the phosphorylation of STAT1 and
STAT3 was sharply inhibited by 20 pg/mL ribavirin (Ogbomo
et al., 2010). The effects of ribavirin on signal molecules may be
due to the cell types, the strength, or the duration of signaling.
Moreover, we extended the analysis to examine the interference
of IFN-o with ribavirin-induced ERK and STAT pathways. In con-
trast to ribavirin, IFN-o strongly enhanced not only STAT1 phos-
phorylation but also STAT1 expression (Fig. 4), indicating
different effects of the antiviral agents on signal molecules. IFN-o
and ribavirin synergistically regulated ERK and STAT3, which
may be involved in the mechanisms underlying the clinical efficacy
of IFN-at in combination with ribavirin. Similarly, Stevenson et al.
reported that IFN-o-induced STAT3 phosphorylation was increased
in hepatocytes treated with ribavirin and IFN-o (Stevenson et al.,
2011). Interestingly, we found that the enhancement of STAT3
phosphorylation by ribavirin occurred at the indicated time points
but not 72 h, which need to be further verified.

Although ribavirin in combination with pegylated IFN-o dis-
plays strong clinical efficacy against chronic hepatitis C, the precise
role of ribavirin is still being defined (Reddy et al., 2009). The cell
culture system for HCV is an effective tool for evaluation of antivi-
ral drugs on the complete HCV life cycle. Using genotype 2a HCV
produced in cell culture, we observed that ribavirin itself could in-
hibit HCV replication, as evidenced that levels of HCV RNA and HCV
NS3 and E2 proteins were reduced following the ribavirin treat-
ment (Fig. 6B and C). In addition, ribavirin and IFN-o exerted the
synergetic inhibitory effect on HCV replication (Fig. 6D). In sup-
porting our data, the IFN half-inhibition concentration was signif-
icantly lower for HCV after exposure to 50 uM ribavirin for 1
month than for the virus in the absence of ribavirin by the use of
HCVcc system (Brochot et al., 2007). As for the ribavirin treatment,
the doses used were determined based on the previous studies
(Ogbomo et al., 2010; Stevenson et al, 2011; Thomas et al.,
2011; Vallée et al., 2000). Moreover, the levels of ribavirin in the
serum of patients with hepatitis C are reported to be 1-4 pg/mL
(Maynard et al., 2008; Toyoda et al., 2008). Also, studies showed
that the concentration of ribavirin in erythrocytes reached over
100 times greater than that in plasma (Baiocchi et al., 2010; Hom-
ma et al., 2004). Indeed, we observed the dose-dependent inhibi-
tion of HCV RNA replication and HCV protein expression by
ribavirin. Studies showed that ribavirin induced IRF7, IRF9, and
ISG15 in patients with hepatitis C and in HCV cell culture models
(Taylor et al., 2007; Thomas et al., 2011). While Taylor et al. re-
ported that treatment with ribavirin had very little effect on the
gene expression, whereas treatment with pegylated IFN-o had a
dramatic effect in peripheral blood cells (Taylor et al., 2004). We
found that ribavirin treatment slightly increased IRF9 and ISG15
mRNA levels in HCVcc-infected cells and the obvious up-regulation
of IRF9 and ISG15 expression was consistent with the inhibition of
HCVcc replication by 80 pg/mL of ribavirin (Fig. 7), implying that
ribavirin exerts anti-HCV activity through induction of the antiviral
genes.

Aberrant regulation of ERK signaling cascades occurs during
virus infection and has an important implication for viral pathoge-
nicity. IFN-a -induced activation of STAT pathway is essential for
the induction of an antiviral state. Ribavirin is shown to exert anti-
viral activity by promoting the IFN signaling (Feld et al., 2010; Su
et al., 2009; Zhang et al., 2003). A recent study showed that the
antiviral activity of ribavirin is mediated through the inhibition
of inosine monophosphate dehydrogenase (Mori et al., 2011). Our
data showed that the ERK and STAT pathways were down-regu-
lated by ribavirin following HCVcc infection (Fig. 5). Further

experiments performed with kinase inhibitors or siRNAs targeting
ERK or STAT would be necessary to clarify the association between
ERK and STAT pathways and ribavirin-mediated anti-HCV effect.
Taken together, ribavirin inhibits HCV RNA replication and HCV
protein expression. The down-regulation of ERK and STAT signaling
pathways by ribavirin might be involved in the molecular mecha-
nisms underlying anti-HCV effect of ribavirin.
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