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Abstract

Objectives: Bile acids promoted the replication of hepatitis
C virus (HCV) and compromised the anti-HCV effects of in-
terferon-a (IFN-a) in replicon-harboring cells. To explore a
potential mechanism for the observation, we studied the ef-
fects of bile acids on the epidermal growth factor receptor
(EGFR) and the extracellular signal-regulated kinase (ERK)
pathway in association with HCV replication in genotype 1a
or 1b replicon-harboring cells. Methods: Replicon-harbor-
ing cells were treated with various bile acids, IFN-a and small
molecule inhibitors either individually or combined togeth-
er. The effects of these treatments were measured using cell
cycle analysis, qRT-PCR, and Western blot analysis. Results:
Bile acids induced the activation of EGFR/ERK pathway and
extended S-phase of cells, which was correlated with the in-
creased levels of viral replication. The inhibitors of EGFR
(AG1478) or ERK (U0126) significantly mitigated the bile acid-
mediated promotion of HCV replication. When AG1478 or
U0126 were added to the treatment of bile acids and IFN-q,
they were able to restore the anti-HCV effects of IFN-a. Con-
clusion: Our data suggest that the addition of an EGFR or ERK

inhibitor to the current IFN-a-based regimen may improve
overall treatment efficacy by blocking the bile acid-mediat-
ed promotion of HCV replication.

Copyright © 2011 S. Karger AG, Basel

Introduction

Hepatitis C virus (HCV) is a single-stranded, positive
sense RNA virus with a genome length of approximate-
ly 10 kb [1-4]. HCV can persist as a chronic infection in
hepatocytes, and the spontaneous clearance of an HCV
infection is rare [4, 5]. Furthermore, chronic HCV infec-
tions frequently lead to liver cirrhosis and cancer [6, 7].
The current standard treatment for chronic HCV infec-
tion is a combination therapy consisting of pegylated
interferon-a (IFN-a) and ribavirin [8, 9]. Both IFN-«
and ribavirin have been shown to be cost-effective and
demonstrate significant antiviral effects againstan HCV
[10-12]. The combination therapy is very effective
against HCV genotype 2 and 3 viruses resulting in sus-
tained virological response rate of around 80%. How-
ever, the effectiveness of the combination treatment is
low (40-50%) in patients infected with HCV genotype 1
[5]. The lack of an effective treatment for HCV genotype
1 serves as a motivation to gain further knowledge of the
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HCV replication process and its relationship with the
host cells.

While several HCV strains have recently been isolated
that have been successfully tissue culture adapted, the
majority of HCV remains fastidious in cell culture sys-
tems [4, 13-16]. As a solution to the lack of tissue culture
adapted viruses in a cell-based virus replication system,
replicon-harboring cells were established and have pro-
vided an excellent tool for the study of virus replication
and the development of antivirals [17-19]. These repli-
con-harboring cells contain an RNA replicon composed
of the HCV 5 untranslated region, the neomycin phos-
photransferase gene, the encephalomyocarditis virus
(EMCYV) internal ribosomal entry site, and the subge-
nomic portion of the HCV genome, thus constantly ex-
press both the subgenomic RNA and all of the associated
non-structural HCV proteins [17-19]. In our previous
study, we demonstrated that bile acids promoted HCV
replication and compromised the anti-HCV action of
IFN-o using replicon-haboring cells containing HCV
genotype 1b (GS4.1 cells) [20]. Our study suggested that
bile acids may be a reason for low efficacy of IFN-based
treatment in a large percentage of patients with chronic
HCV infections [20]. Various bile acids including cheno-
deoxycholic acid (CDCA), glycolchenodeoxycholic acid
(GCDCA), deoxycholic acid (DCA), and ursodeoxycholic
acid (UDCA) all promoted HCV replication and inter-
fered with IFN-a action in the replicon-harboring cells
[20]. Scholtes et al. [21] also demonstrated that bile acids
enhanced the replication of genotype 1, but not genotype
2 HCV in a live viral system, but not in a replicon-har-
boring system.

Bile acids have been shown to promote the proliferation
of various cells including hepatocytes via several pathways
including the epidermal growth factor receptor (EGFR)
[22-27]. Many reports suggest that the highest levels of
HCV RNA and proteins are observed while the replicon-
harboring cells were undergoing active division [28, 29].
This suggests that HCV replication may be associated with
the cell cycle progress which can be altered by the extracel-
lular signal-regulated kinase (ERK) pathway. Therefore,
we hypothesized that bile acids promote HCV replication
in replicon-harboring cells by modulating the EGFR/ERK
pathway, and that blocking this modulation will restore
the anti-HCV effects of IFN. In this report, we found that
bile acids led to the activation of the promoter activities of
activator protein 1 (AP-1) and serum responding element
(SRE) in replicon-harboring cells. We also demonstrated
that bile acids modulated the cell cycle progression by ex-
tending S stage, which was associated with the phosphor-
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ylation of EGFR and enhanced levels of both HCV RNA
and protein in the cells. In addition, the inhibitors of either
EGFR (AG1478) or the mitogen-activated protein kinase
kinase (MEK)1/2 (U0126) blocked bile acid-mediated pro-
motion of HCV replication in the cells.

Finally, we found that the interference of IFN-o action
by bile acids was mitigated in the presence of the EGFR
or ERK inhibitor. Our data suggest that the addition of an
EGEFR or ERK inhibitor to the current IFN-a-based regi-
men may improve overall treatment efficacy by blocking
the bile acid-mediated promotion of HCV replication.

Materials and Method

Cell Lines and Reagents

Huh-7, GS4.1 (replicon-harboring cells with the HCV 1b ge-
notype, provided by Dr. C. Seeger at the Fox Chase Cancer Cen-
ter, Philadelphia, Pa., USA), and 1A7 (replicon-harboring cells
with the HCV 1a genotype, provided by Dr. S. Lemon at the Uni-
versity of Texas Medical Branch at Galveston, Galveston, Tex.,
USA) were maintained in Dulbecco’s Minimum Essential Medi-
um containing 10% fetal bovine serum. Both GS4.1 and 1A7 cells
were maintained in the presence of G418 (Cellgro, Manassas, Va.,
USA) at 0.5 wg/ml. Antibodies against HCV NS5b, B-actin, phos-
phor-EFGR or EGFR were obtained from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, Calif., USA). Bile acids, CDCA, GCDCA,
DCA, and UDCA were obtained from Sigma-Aldrich (St. Louis,
Mo., USA). GCDCA was resuspended in deionized-distilled wa-
ter, while all unconjugated bile acids (CDCA, UDCA, and DCA)
were resuspended in dimethyl sulfoxide. IFN-a (recombinant
IFN-aA/D human), AG1478 and U0126 were also obtained from
Sigma-Aldrich.

AP-1 and SRE Promoter Assay

Replicon-harboring cells (GS4.1 or 1A7) or the parental Huh-
7 cells were transfected with 2 pug of either pAP1-TA-Luc or pSRE-
TA-Luc (Clonetech, Palo Alto, Calif., USA) and 2 pg of pRL-CMV
(Promega, Madison, Wisc., USA) using lipofectamine 2000 (In-
vitrogen, Carlsbad, Calif., USA). After 4 h of transfection, cells
were incubated in the fresh media containing CDCA (100 M),
GCDCA (200 uMm), DCA (100 M), UDCA (200 M), or a combi-
nation of CDCA (100 wM) and U0126 (20 wM). Cells were further
incubated for 24 h before being lysed and subjected to luciferase
assay using a Dual Glo luciferase assay kit (Promega). The level of
firefly luciferase expression was normalized against the expres-
sion level of the renilla luciferase encoded for by pRL-CMV.

Cell Cycle Analysis

Semiconfluent 1A7 cells were synchronized using aphidicolin
(Sigma-Aldrich) at a concentration of 5 uM for 24 h before being
stimulated with CDCA (100 pM) or GCDCA (200 wM) for 0, 6, 12,
and 24 h. For cell cycle analysis, cell monolayers were lysed with
Vindelov’s propidium iodide solution [30] and cell nuclei were
strained through a cell strainer cap on 5-ml round-bottom tubes
(BD Biosciences, San Jose, Calif., USA). Nuclei were analyzed on
a Beckman Dickinson flow cytometer and the cell division stages
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were analyzed using ModFit LT (VSH Software, Topsham, Me.,
USA). The specific percentage of cells at a particular stage in the
cell cycle was determined using ModFit LT.

Treatment of Replicon-Harboring Cells with Bile Acids,

Inhibitors of EGFR (AG1478) or MEK1/2 (U0126), and IFN-«

First, we examined the cytotoxic effects of each bile acid and/
or the inhibitor on GS4.1 or 1A7 cells using a CytoTox 96® non-
radioactive cytotoxicity assay kit (Promega), to obtain the concen-
tration of each agent with minimum cell toxicity. To examine the
role of EGFR and the ERK pathway in bile acid-mediated promo-
tion of HCV replication and/or interference with the anti-HCV
action of IFN-a, AG1478 and U0126 were added in conjunction
with various bile acid concentrations. Both GS4.1 and 1A7 cells
were used in this study. First, the treatments were focused on the
ability of EGFR or ERK inhibitors in blocking bile acid-mediated
enhancement of the HCV replication. The treatments included
AG1478 (15 or 30 M), U0126 (10 or 20 M), CDCA (100 uM), and
CDCA in combination with AG1478 or U0126, using the concen-
trations listed above. Cells were incubated with the various treat-
ments for 24 h before HCV RNA and protein levels were measured
using real-time quantitative reverse transcription-PCR (qRT-
PCR) and Western blot analysis. Second, the treatments were de-
signed to examine the ability of the EGFR or ERK inhibitor in
restoring the anti-HCV effects of IFN-« in the presence of bile
acids. The treatments included AG1478 (15 or 30 M), U0126 (10
or 20 wM), IFN-« (5 U/ml), CDCA (100 pMm), CDCA + AG1478 or
U0126, IFN-a + U0126 or AG1478, IFN-a + CDCA, and CDCA +
IFN-o + AG1478 or U0126. The cells were incubated with the var-
ious treatments for 24 h before HCV RNA and protein levels were
measured using QRT-PCR and Western blot analysis, respectively.

Detection of HCV RNA and NS5b Protein

The HCV RNA and NS5b protein levels were measured 24 h
after semiconfluent GS4.1 or 1A7 cells were treated with various
bile acids, IFN-a and/or AG1478, and/or U0126 by qRT-PCR or
Western blot analysis, respectively. Total RNA was isolated from
GS4.1 or 1A7 cells in 6-well plates following treatment using the
RNeasy Mini Kit (Qiagen, Valencia, Calif., USA) and qRT-PCR
was performed using a One-Step Superscript IIT qRT-PCR kit (In-
vitrogen) with primers and probes previously described [20].
Western blot analysis was performed on cells lysed with lithium
dodecyl sulfate sample buffer containing 2% (-mercaptoethanol.
NS5b protein was detected using a mouse monoclonal anti-NS5B
antibody at a 1:1,000 dilution in 2% non-fat dry milk followed by
a secondary HRP-conjugated goat-anti-mouse (Pierce Bioscienc-
es, Rockford, IIl., USA) at 1:1,000. Protein was visualized using a
chemiluminescent substrate (Pierce Biosciences). B-Actin levels
were measured by qRT-PCR and Western blot analysis for the nor-
malization of RNA and protein levels of each sample, respectively.
The expression of NS5B in cells with or without bile acid treatment
was also examined by flow cytometry analysis as described above.

Detection of Phosphor-EGFR and EGFR

The activation of EGFR was detected using Western blot
analysis with phosphor-EFGR and EGFR antibodies. Briefly,
semiconfluent GS4.1 cells were incubated with CDCA (100 wMm),
GCDCA (200 M), or UDCA (200 M) for 30 min before lysis
with lithium dodecyl sulfate sample buffer containing 2% f3-
mercaptoethanol. Western blot analysis was performed using an
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anti-phosphor-EGFR or EGFR antibody at 1:1,000 dilution in 2%
non-fat dry milk and a secondary anti-mouse HRP-conjugated
detection antibody at 1:500. Proteins were visualized using a che-
miluminescent substrate as described above.

Statistical Analysis

Each experiment was repeated a minimum of three times. Sta-
tistical analysis was performed using GraphPad Prism 5.0 data
analysis software.

Results

Bile Acids Increased HCV Replication in 1A7 Cells

In a previous study, we demonstrated that bile acids
promoted the replication of HCV RNA and proteins in
GS4.1 cells containing a genotype 1b replicon [20]. In this
report, we found that various bile acids also increased the
levels of HCV RNA and protein in 1A7 cells containing a
genotype la replicon. 1A7 cells were treated with mock
medium, CDCA, GCDCA, or UDCA, and HCV RNA or
NS5b was measured by real-time qRT-PCR, or Western
blot analysis or flow cytometry analysis, respectively. Af-
ter incubation with 100 or 20 M of CDCA for 24 h, HCV
RNA levels in 1A7 cells were significantly increased (p <
0.05) to 226 * 14% or 163 * 19% compared to mock
treatment (100%). The levels of HCV RNA were further
increased to 312 * 12% and 237 * 13% compared to
mock treatment after a 48-hour incubation. The incuba-
tion of cells with 200 uM GCDCA or 100 uM UDCA also
showed an increase in HCV RNA levels to 140 * 9% or
185 * 12% (24 h) and 166 * 31% or 206 = 17% (48 h)
(p < 0.05), respectively (fig. 1a). The protein levels of
HCV NS5b correlated with HCV RNA levels after the in-
cubation with CDCA 100 uM (fig. 1b, lane 2), with a sig-
nificant enhancement in protein level compared to mock-
treated cells (fig. 1b, lane 1). Enhanced NS5b protein lev-
els were observed in all other treatments including CDCA
20 wM (lane 3), GCDCA 200 uM (lane 4), and GCDCA
100 uM (lane 5). The flow cytometry analysis also con-
firmed the enhanced expression of NS5b by the treatment
with bile acids: after treatment with 100 wM of CDCA for
24 h, cells expressing NS5b had increased compared to
mock-treated cells (47 vs. 33%) (fig. 1c).

Enhancement of Luciferase Activity under AP-1 or

SRE Promoter after Bile Acid Treatment in GS4.1

Cells

Luciferase activity under the control of the AP-1 or
SRE promoter was significantly increased (>1.8-fold,
p < 0.05) by the treatment with CDCA (100 wM), DCA

Intervirology 2011;54:339-348 341



Fig. 1. Enhancement of HCV replication
after bile acid treatment in 1A7 cells. Semi-
confluent cells were treated with mock
medium, CDCA, GCDCA, or UDCA for
24 or 48 h. HCV RNA (a) or NS5b (b) was
measured by real-time qRT-PCR or West-
ern blot analysis, respectively. a qRT-PCR
levels after treatment with mock medium,
CDCA 100 uM (CDCA100), CDCA 20 pM a
(CDCA20), GCDCA 200 pMm (GCDCA
200), GCDCA 100 pM (GCDCA100) and
UDCA 200 M (UDCA200) for 24 or 48 h.
Asterisk (*) indicates that the RNA levels
by the treatment were significantly in-
creased compared to those by control
(mock medium) treatment (p < 0.05).
b Western blot analysis detecting NS5b
after the treatment for 24 h. Upper pan-
el, lane 1: mock medium; lane 2: CDCA
(100 wM); lane 3: CDCA (20 wM); lane 4:
GCDCA (200 pM); lane 5: GCDCA (100
wM). Lower panel, as a loading control,
Western blot analysis of B-actin was per-
formed with the same samples. ¢ Flow cy-
tometry analysis of NS5b levels in 1A7
cells with the treatment of mock medium
or CDCA (100 pM) for 24 h. Staining con-
trol was prepared using the same proce- c
dure without the incubation with the NS5b
antibody.

HCV RNA level (% control)
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400

300

200 -

100H
0 | S
4
o
(o]
=
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Staining control Mock CDCA100
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33+5% 47 £ 6%

103

103 104 100 10! 102 103 104 100 10! 102
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Table 1. Cell cycle analysis of 1A7 cells incubated with mock medium, CDCA (100 um) or GCDCA (200 puM) for 6, 12, 0or 24 h

Treatment

Percentage of cells!

0 hour

6 hours

12 hours

24 hours

Gl S G2 Gl S G2 Gl S G2 Gl S G2

Mock
CDCA - - -
GCDCA - - -

25*16
41+28
24*16

75x15
59%27
75*16

1x1
1x1
1x1

10x1
9f2
8*1

6710
86+ 6°
81%1%

2310
64
11+0

672
264
61*+4

13£3
40 + 42
14+4

20x2
38£3
25%1

! The percentages of cells in each stage were calculated based on the analysis of 50,000 cell nuclei using ModFit 5.0. These results
are the average of three independent experiments.
2 Numbers of cells in S stage were significantly higher compared to those by the mock treatment (p < 0.05).
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Fig. 2. Enhancement of luciferase activity
under AP-1 or SRE promoter control af-
ter bile acid treatment in GS4.1 cells. The

Relative luciferase activity

luciferase-based plasmid under AP-1 or

SRE promoter control was transfected 8 8 § § 8 3 § §
into semiconfluent GS4.1 cells. The cells § g g g g § g g)
were treated with CDCA 100 p.M (CDCA- o o = ) 9 =
100), DCA 100 pM (DCA100), GCDCA
200 pM (GCDCA200), UDCA 200 pM 2 AP SRE
(UDCA200), or CDCA100 + U0126 20 pM
(U20) 4 h after transfection and incubated A
for an additional 24 h. Asterisk (¥) indi- g I
cates that the luciferase activities by the B3]
treatment were significantly increased o
compared to those by the control treat- S ool > -
ment (p<0.05). a Treatment of various bile § T
acids in the luciferase activity under the @ . * 777777777
control of signaling pathways, AP-1 or i hd
SRE. b The effects of U0126 on CDCA-me- &
diated induction of luciferase expression 0 ~ o T o o o
under AP-1 or SRE. Asterisk (¥) indicates g :3( =] E E S E
that the luciferase activities by co-treat- > =9 > 2y
ment with CDCA and U0126 were signifi- v v v v
b AP-1 SRE

cantly reduced compared to those by the

treatment with CDCA alone (p < 0.05).

(100 wMm), GCDCA (200 M), or UDCA (200 wMm) for
24 h compared to mock-medium (negative) treatment
(tig. 2a). CDCA was the most efficient bile acid tested in
increasing luciferase activity under AP-1 or SRE, which
was consistent with the promotion HCV replication in
cells (fig. 1a) [20]. The treatment of the cells with U0126
blocked the bile acid-mediated enhancement of luciferase
activity (fig. 2b), which further suggests that bile acids in-
duce the activation of the signaling pathways of AP-1 or
SRE in the cells. The expression of luciferase after the
transfection of the plasmids with the AP-1 and SRE pro-
moters and incubation with or without bile acids was sim-
ilar in both the parental Huh-7 cells and 1A7 to GS4.1
cells.

Bile Acids Induce a Prolonged S-Phase Period in

Replicon-Harboring Cells

Since AP-1 and SRE are known to play a role in modu-
lation of the cell cycle, we analyzed cell cycle progression
of 1A7 cells after treatment with mock medium, CDCA,
and GCDCA for up to 24 h (table 1). For 1A7 cells, cell

Bile Acids Promote HCV Replication
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P-EGFR .-

EGFR s s - owse gum

Fig. 3. The activation of EFGR by the treatment with bile acids in
GS4.1 cells. Confluent GS4.1 cells were treated with mock medi-
um, CDCA, GCDCA, or UDCA for 30 min, and then cell lysates
were prepared and Western blot analysis detecting phosphor-
EGFR or EGFR. Lane 1: parental Huh-7 cells with mock treat-
ment; lane 2: mock treatment; lane 3: CDCA 100 wM; lane 4:
GCDCA 200 pM; lane 5: UDCA 200 M.

cycle progression with G1, S, or G2 stages showed no sig-
nificant difference between mock, CDCA, or GCDCA at
6 h post-treatment (table 1). However, 1A7 cells in S phase
were significantly increased (p < 0.05) at 12 h post-treat-
ment with CDCA or GCDCA when compared to mock-
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Fig. 4. Inhibitors of EGFR or ERK in bile
acid-mediated promotion of HCV replica-
tion. Semiconfluent GS4.1 or 1A7 cells
were incubated with mock medium,
CDCA, AG1478 or CDCA + AGI1478 for
24 h, and HCV replication was measured
by detecting HCV RNA (a, b) or protein
(). a Real-time qRT-PCR analysis of HCV
RNA levels after the treatment with CDCA
100 wMm (CDCA100), AG1478 30 uM
(AG30), CDCA100 + AG30, or CDCA100
+ AG1478 15 uM (AGI5). b Real-time qRT-
PCR analysis of HCV RNA levels after the

300 rorereereneeeees
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100 -

HCV RNA level (% control)
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CDCA100 |
AG15 +
CDCA100
CDCA100
AG30 |
AG30 + |
CDCA100 |
AG15 + |
CDCA100 |

GS4.1 1A7

treatment with CDCA100, U0126 20 pM
(U20), CDCA100 + U20, or CDCA100 +
U0126 10 wM (U10). Asterisk (*) indicates
that the RNA levels by double treatment
with CDCA and AG1478 or U0126 were
significantly reduced compared to those
by the treatment with CDCA alone (p <
0.05). ¢ Western blot analysis of HCV pro-
tein NS5B in GS4.1 cells after treatment
with CDCA, AG1478 or CDCA + AG1478.
Lane 1: Mock; lane 2: CDCA 100 pwM; lane
3: AG1478 30 wM + CDCA 100 pM; lane 4:
AG1478 5 pM + CDCA 100 M, and lane
5: AG1478 30 wM. As a loading control,
Western blot analysis of B-actin was per-

Mock ‘

NS5b

B-Actin

CDCA100
U20 + |
CDCA100 |
U10 + |
CDCA100 |
CDCA100
U20 + |
CDCA100 |
U10 + |
CDCA100 |

GS4.1

—_
N

formed with the same samples.

treated cells: 86% (CDCA) and 81% (GCDCA) versus 67%
(Mock) (table 1). At 24 h, 1A7 cells in S phase were also
significantly increased (p < 0.05) by treatment with

CDCA compared to mock treatment (40 versus 14%) (ta-
ble 1).

Bile Acid-Mediated Promotion of HCV Replication Is

Correlated with EGFR Pathway

We determined bile acids induced the activation of
EGFR in replicon-harboring cells. When GS4.1 cells were

344 Intervirology 2011;54:339-348

incubated with medium containing mock medium,
CDCA, UDCA, or GCDCA for 30 min, the phosphoryla-
tion of EGFR was evident in cells with CDCA or UDCA
(fig. 3). To examine the role of an EGFR inhibitor in the
bile acid-mediated enhancement of HCV replication,
semiconfluent GS4.1 or 1A7 cells were incubated with
mock medium, CDCA, AG1478 or CDCA + AG1478 for
24 h, and HCV replication was measured. The treatment
with AG1478 alone did not change HCV RNA levels in
the cells, but when AG1478 was co-treated with CDCA
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Fig. 5. Inhibitors of EGFR or ERK in anti- S 80
HCV action of IFN in the presence of =

CDCA. HCV RNA levels were measured s 607
after 24 h treatments with IFN 5 U/ml % 40 4
(IFN5), CDCA 100 uM (CDCA100) + <

IENS5, or CDCA100 + IFN5 + (AG1478 30 g 207

M [AG30] or U0126 20 wM [U20]). Aster- 0

120 —poevsseeenenes

isk (¥) indicates that the RNA levels by IFN
5 U/ml treatment were significantly re-
duced compared to those by mock treat-
ment (p < 0.05). Double asterisk (**) indi-
cates that the RNA levels by triple treat-
ment were significantly reduced compared
to those by double treatments of IFN5 +
CDCA100 (p < 0.05).

Mock

IFN5 |
U20 + |

AG30 + |
CDCA100 + IFN5 |

U20 + |
CDCA100 + IFN5 |

IFN5 + CDCA100
AG30 + |
CDCA100 + IFN5 |
CDCA100 + IFN5 |
IFN5 + CDCA100

GS4.1 1A7

(100 M), it significantly reduced (p < 0.05) CDCA-me-
diated enhancement of HCV RNA levels at the concen-
trations above 15 wM. The treatment with CDCA in-
creased HCV RNA levels to over 200% compared with
the mock treatment in both GS4.1 and 1A7 cells. How-
ever, the HCV RNA levels were significantly (p < 0.05)
decreased to 151 = 4% or 135 = 5% in GS4.1 and 1A7
cells, respectively, in the presence of 30 uM of AG1478
(+CDCA) (fig. 4a). Like AG1478, U0126 mitigated bile ac-
id-mediated promotion of HCV replication in GS4.1 or
1A7 cells, while U1026 (10 or 20 wM) alone did not sig-
nificantly alter the HCV RNA level (fig. 4b). While the
treatment with CDCA increased HCV RNA levels to over
200%, in the presence of U0126 (+ CDCA), the HCV RNA
levels were significantly (p < 0.05) decreased to 126 *+
11% or 158 * 7% (GS4.1) and 109 * 14% or 175 * 5%
(1A7) at 20 or 10 wM, respectively (fig. 4b). The levels of
HCV NS5b were well correlated with HCV RNA levels
after treatment with AG1478 and/or bile acids in repli-
con-harboring cells (fig. 4c).

Inhibitor of EGFR or ERK Restores the Anti-HCV

Action of IFN-a in the Presence of Bile Acids

Because bile acids compromise the anti-HCV action of
IFN-a, we examined if AG1478 or U0126 could restore
IFN-« action in the presence of bile acids. GS4.1 or 1A7
cells were treated with IFN-« alone (5 U/ml), double
treatment of IFN-a and CDCA (100 M) or triple treat-
ment of IFN-«a, CDCA and AG1478 (30 M) or U0126 (20
M). The levels of HCV RNA were measured after 24 h
of treatments. In GS4.1 cells, the treatment with IFN-«

Bile Acids Promote HCV Replication
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reduced the HCV RNA levels to 39 * 3% of those with
mock treatment, but in the presence of CDCA it was re-
duced to only 97 * 8% (p < 0.05 compared to IFN-a
treatment). With the triple treatment with A1478 or
U0126, the HCV RNA levels were 64 + 8% or 50 * 10%
(p < 0.05 compared to double treatment of IFN-a and
CDCA) of those treated with mock treatment (fig. 5). We
found similar results with 1A7 cells. While the treatment
with IFN-a (5 U/ml) reduced the HCV RNA levels to 51
* 4% of those with mock treatment, with the double
treatment of IFN-a and CDCA, HCV RNA levels were
102 £ 7%. The triple treatment of IFN-a, CDCA and
A1478 or U0126 resulted in the HCV RNA levels to 53 *
16% or 60 * 5% of those receiving mock treatment
(fig. 5). These results suggest the inhibitor of EGFR or
ERK restores the anti-HCV action of IFN-« in the pres-
ence of bile acids.

Discussion

While several putative receptors of HCV, including
CD81 [31-34] and human scavenger receptor class Bl
[35-38], are distributed throughout the body, HCV main-
ly replicates within hepatocytes in the liver. This suggests
there are hepatocyte-specific co-factors that determine
the liver tropism of HCV. Previously we demonstrated
that bile acids, both conjugated and unconjugated, can
play an important role in the upregulation of HCV repli-
cation in replicon-harboring cells [20]. There are the pri-
mary bile acids (cholic acid and CDCA which are two
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major bile acids) and secondary bile acids (lithocholic
acid and DCA) in the body. While the primary bile acids
are synthesized from cholesterol, secondary bile acids are
derived from the primary bile acids within the small in-
testine [39]. In the body, most bile acids present as conju-
gated forms with taurine or glycine. Although the exact
composition of bile acids varies among individuals de-
pendent on the genetic and cultural (food) background,
taurocholic acid and glycocholic acid represent approxi-
mately 80% of all bile salts in adults [39]. Bile acids are
collected and stored in the gallbladder at concentrations
reaching as high as 320 mM before being released into the
upper small intestine (duodenum) [39]. Most bile acids
are returned to the liver through the enterohepatic circu-
lation via the portal vein where the concentration of bile
acids can reach up to 80 wM as it passes into the liver [40].
Within the systemic circulation the concentration of bile
acids is typically below 10 M [39, 40]. The enterohepatic
circulation requires for the expression of bile acid trans-
porters small intestines and liver cells for efficient up-
takes of conjugated bile acids. Because the Huh-7 cell line
and Huh-7-based replicon-harboring cells do not express
the bile acid transporter, we used primarily non-conju-
gated bile acids such as CDCA for this study. However, we
found that most of conjugated or non-conjugated bile ac-
ids showed similar results in HCV replication as CDCA
with varying efficiency [20]. The conjugated bile acids re-
quired higher concentrations for the same effects as the
non-conjugated bile acids [20]. Furthermore, we found
that the minimum concentration of CDCA for the bile
acid-mediated promotion was approximately 50 wM,
which may be relevant for the physiologic concentrations
for the returning bile acids to liver cells via the portal
vein. We used 100 uM of CDCA throughout for the cur-
rent study because there was greater consistency with this
concentration in the study.

In this report, we demonstrated that the activation of
the EGFR/ERK pathway may play an important role in
the bile acid-mediated enhancement of HCV replication.
In 2004, Carloni et al. [41] demonstrated that binding to
CD8l, a putative receptor for HCV, has the ability to ac-
tivate the ERK pathway. In addition, Brazzoli et al. [42]
demonstrated that activation of the ERK pathway by
CD81 was necessary for specific cellular events required
for the replication HCV. When the authors blocked the
ERK signaling cascade using the MEK1/2 inhibitor
(U0126) at a post-entry step, viral replication was signifi-
cantly reduced. Previous studies have shown that bile ac-
ids are important in the normal regeneration of the liver
[22, 23], and they activate the ERK pathway in primary
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rat hepatocytes with the EGFR receptor [27]. The ERK
pathway stimulates both AP-1 and the SRE through a se-
ries of intermediate proteins, including the ternary com-
plex factor subfamily of proteins [43]. In accordance with
the literature, we demonstrated that bile acids activate the
ERK pathway and found that bile acids led to the en-
hanced expression of luciferase under both the AP-1 and
SRE promoters in replicon-harboring cells with genotype
1b (GS4.1 cells) (fig. 2a). In addition, the total luciferase
activity was significantly reduced when the replicon-har-
boring cells (GS4.1 cells) were treated with 100 um CDCA
in combination with 20 M U0126 (fig. 2b). This suggests
that signaling through the ERK pathway is induced by
bile acids and leads to the activation of both AP-1 and
SRE. The AP-1 complex is comprised of components
from the jun oncogene (JUN), v-fos FB] murine osteosar-
coma viral oncogene homolog (FOS), activating tran-
scription factor (ATF), and v-maf musculoaponeurotic
tibrosarcoma oncogene homolog (MAF) protein families
[44]. FOS and JUN are the main proteins in mammalian
systems which form AP-1 complexes and regulate gene
expression. AP-1 has the ability to be both oncogenic and
anti-oncogenic through the regulation of different sets of
genes, including those involved in cell proliferation [44,
45].

Because both AP-1 and SRE lead to cell proliferation,
we examined the cell cycle progression of replicon-har-
boring cells in the presence of bile acids using flow cy-
tometry analysis. It has been previously reported that cell
cycle progression was important in HCV replication,
with the highestlevels of HCV RNA being observed while
cells are actively undergoing division in replicon-harbor-
ing cells [13]. We observed that upon stimulation with
various bile acids, 1A7 and GS4.1 cells entered into the
extended S phase (table 1), which correlated with the en-
hanced expression levels of HCV RNA and proteins
(fig. 1a—c). The cell cycle progression of GCDCA-treated
cells had a shorter S phase hold than its CDCA counter-
part. This shorter S phase hold correlates with the lower
overall levels of HCV RNA and protein seen after stimu-
lation with bile acids. The extended S phase that is in-
duced by bile acids may be caused by the continuous
stimulation of the AP-1 and SRE promoters mediated by
the constitutive activation of the ERK pathway in the
presence of bile acids. The activation of the ERK pathway
upon binding of HCV to CD81 and the continuous stim-
ulation by bile acids suggest that the ERK pathway may
play an important role in the overall life cycle of HCV.
Furthermore, both the HCV core and NS5b proteins have
been demonstrated to induce a high percentage of cells to
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hold in S phase when overexpressed in a non-neoplastic
human hepatocyte cell line [46, 47], suggesting that active
replication of HCV may enhance cells in S phase, and
consequently a further increase in virus replication.
However, it is not clear what exact mechanism(s) is (are)
involved in enhanced virus replication in S-staged cells.
Itis possible that proteins expressed in cells in S stage may
act as co-factors for virus replicase, and we will examine
this possibility in the future. The studies by Nelson and
Tang [48] demonstrated that HCV expression was sig-
nificantly reduced by the cell confluence, but cell growth
arrest by serum starvation or the treatment with aphidi-
colin was not the mechanism of inhibition in the repli-
con-harboring cells. They also suggested that the reduced
HCYV expression at the cell confluence may be due to the
lack of nucleoside availability with limited de novo path-
ways [48]. Thus, it is possible that the extended S stage
with active de novo pathways of nucleosides may be a rea-
son for the enhanced HCV replication.

When GS4.1 cells were treated with either CDCA, or
UDCA, the phosphorylation of EGFR was seen in the
presence of each bile acid after 30 min (fig. 3), suggesting
an important role of EGFR in AP-1 and SRE activation
and the cell cycle progress in the presence of bile acids. A
30-min time point was chosen because previously pub-
lished data shows high levels of EGFR phosphorylation
after bile acid stimulation in rat hepatocytes [27]. To
study the effect of the activation of the EGFR/ERK path-
way on bile acid-mediated enhancement of HCV replica-
tion and the interference with the anti-HCV effects of
IFN-o, we used AG1478 and U0126. While AG1478 alone
had little effect on HCV replication, it significantly re-
duced CDCA-mediated promotion of HCV replication at
concentrations above 15 wM in both GS4.1 and 1A7 cells
(fig. 4a). Similar to AG1478, U0126 had little effect on the
HCV replication alone, but when combined with CDCA
it significantly mitigated the bile acid-mediated enhance-
ment of HCV (fig. 4b). This is contrary to the data pub-
lished by Brazzoli et al. [42] in which the virus replication
was significantly reduced by the treatment with U0126,
and this could be due to the differences between the com-
plete replication system and replicon systems. As Braz-
zoli et al. [42] demonstrated, the viral binding to CD81
initiated the ERK pathway, which may promote virus rep-
lication. In the replicon-harboring cells, without the ini-
tial virus-CD8I interaction, the addition of bile acids
may lead to the same effects on ERK pathway and virus
replication. Currently, we are studying the effects of bile
acids on HCV replication using the complete virus repli-
cation system.

Bile Acids Promote HCV Replication
through the EGFR/ERK Pathway

These data suggest that the ERK pathway plays an im-
portant role in the bile acid-mediated enhancement of
HCV RNA in replicon-harboring cells. Since we previ-
ously demonstrated that bile acids compromise the anti-
HCV action of IFN-a, we hypothesized that AG1478 and/
or U0126 can restore the IFN-a action in replicon-har-
boring cells in the presence of bile acids by reducing the
overall bile acid-mediated enhancement of the HCV rep-
licon. The anti-HCV effects of IFN-a were significantly
improved when GS4.1 and 1A7 cells were treated with the
combination of CDCA and IFN-a with either U0126 or
AGI1478 (fig. 5). These data suggest that the addition of an
EGFR or ERK inhibitor, such as AG1478 or U0126, to the
current IFN-a-based treatment may improve overall ef-
ficacy by blocking the bile acid-mediated increase in
HCV replication. In summary, we demonstrated that bile
acids induce an EGFR/ERK pathway in genotype la and
1b replicon-harboring cells, which was associated with
increased levels of HCV replication. Disruption of this
signaling by either AG1478 or U0126 can significantly re-
duce the bile acid-mediated promotion of HCV and re-
store the anti-HCV effects of IFN-a in the cells in both
genotypes.
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