
JOURNAL OF VIROLOGY, July 2005, p. 8742–8749 Vol. 79, No. 14
0022-538X/05/$08.00�0 doi:10.1128/JVI.79.14.8742–8749.2005
Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Activation of the N-Ras–PI3K–Akt–mTOR Pathway by Hepatitis C
Virus: Control of Cell Survival and Viral Replication
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The hepatitis C virus (HCV) replication complex is localized within detergent-resistant membranes or lipid
rafts. We analyzed the protein contents of detergent-resistant fractions isolated from Huh7 cells expressing a
self-replicating full-length HCV-1b genome. Using two-dimensional gel electrophoresis followed by mass
spectrometry, we identified N-Ras as one of the proteins in which expression was increased in the detergent-
resistant fractions from HCV genomic replicon clones compared to control cells. N-Ras is an activator of the
phosphatidylinositol-3-kinase (PI3K)-Akt pathway. We found that the activities of PI3K and Akt, as well as the
activity of their downstream target, mTOR, in the HCV-replicating cells were increased. Both PI3K-Akt- and
mTOR-dependent pathways have been shown to promote cell survival. In agreement with this, HCV replicon
cells were resistant to serum starvation-induced apoptosis. We also characterized the role of this pathway in
HCV replication. Reduction of N-Ras expression by transfection of N-Ras small interfering RNA (siRNA)
resulted in increased replication of HCV. We observed a similar increase in HCV replication in cells treated
with the PI3K inhibitor LY294002 and in cells transfected with mTOR siRNA. Taken together, these data
suggest that increased N-Ras levels in subcellular sites of HCV replication and stimulation of the prosurvival
PI3K-Akt pathway and mTOR by HCV not only protect cells against apoptosis but also contribute to the
maintenance of steady-state levels of HCV replication. These effects may contribute to the establishment of
persistent infection by HCV.

Hepatitis C virus (HCV) is a small, enveloped plus-strand
RNA virus in the genus Hepacivirus and the family Flaviviridae.
In the majority of infected individuals, HCV establishes a per-
sistent infection with high subsequent risks of liver cirrhosis
and hepatocellular carcinoma. A major drawback in studying
the HCV life cycle is the lack of an in vitro system allowing
production of infectious particles. However, the generation of
subgenomic and genomic HCV replicons harboring cell cul-
ture-adaptive mutations enabled replication of HCV RNA in
the Huh7 hepatoma cell line (5, 24, 28).

Replication of HCV is accompanied by the formation of
intracellular membranes called a membranous web (18). The
precise character of these membranes remains to be deter-
mined, but there is a growing body of evidence that active
replication complexes of HCV reside in lipid raft domains of
these membranes. The nonstructural HCV proteins and the
plus and minus RNA strands of HCV were found to be asso-
ciated with caveolin-2, a lipid raft marker, in the detergent-
resistant subcellular fraction (35). HCV replication complexes
may be protected within lipid rafts, as HCV RNA and non-
structural proteins are resistant to RNase and protease diges-
tion (1). In addition, depletion of cellular cholesterol selec-
tively reduced HCV RNA replication (1). Raft domains are
involved in intracellular trafficking and construction of signal-
ing complexes (22, 36). Therefore, lipid rafts represent a po-
tential compartment, the targeting of which may allow viruses
to perturb cell signaling pathways (3, 25). These specialized
subcellular membrane domains have also been shown to play

important roles in the replication cycles of other viruses, from
cell entry to assembly and budding (6–8, 11, 34, 38, 39).

In this study, we used a proteomic approach to characterize
the protein content of the HCV replication complex-contain-
ing lipid raft fraction in order to identify signaling pathways
targeted by HCV.

MATERIALS AND METHODS

Cell culture. Human hepatoma Huh7 cells were grown in Dulbecco’s modifi-
cation of Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) (cellgro/Mediatech) and 1% penicillin-streptomycin (Invitrogen). The
Huh7 clone T1, stably expressing the neomycin resistance gene, was described
previously (17). Stable Huh7 clones expressing the selectable full-length (sfl)
HCV-1b genome were generated by transfection of the sfl construct (28), kindly
provided by Ralf Bartenschlager. In vitro transcription of sfl plasmid was per-
formed as described previously (24). Huh7 cells (8 � 106) were electroporated
with 2 �g of in vitro transcripts in OPTI-MEM (Invitrogen) and 1.25% dimethyl
sulfoxide. Twenty-four hours posttransfection, 800 �g/ml of G418 (Invitrogen)
was added to the culture medium. Three weeks later, growing colonies were
isolated and subcloned in complete DMEM with 400 �g/ml of G418. The gen-
erated stable cell clones, SFL-2 and SFL-3, as well as the control T1 clone, were
grown in complete DMEM with G418 (400 �g/ml). For transient transfection,
Huh7 cells cultured in six-well plates were incubated with 1 ml OPTI-MEM
(Invitrogen), 8 �l DMRIE-C (Invitrogen), and 5 �g of in vitro-transcribed sfl
construct for 4 h. Transfected cells were cultured in DMEM for 48 h before lysis.

Flotation assay. To isolate detergent-insoluble membrane domains, approxi-
mately 2 � 108 of Huh7, T1, SFL-2, and SFL-3 cells were washed with cold
phosphate-buffered saline (PBS), lysed in 1.5 ml of hypotonic buffer (10 mM
Tris-HCl, pH 7.5, 10 mM KCl, 5 mM MgCl2), and broken by being passed
through a 25-gauge needle 20 times. Nuclei were removed by centrifugation at
1,000 � g for 5 min at 4°C. Postnuclear supernatants were treated with 1% NP-40
for 20 min on ice and mixed with 15 ml of 72% sucrose in low-salt buffer (LSB)
(50 mM Tris-HCl, pH 7.5, 25 mM KCl, 5 mM MgCl2). Each 5.5 ml of the mix was
overlaid with 5 ml of 55% sucrose–LSB and 1.5 ml of 10% sucrose–LSB. Sucrose
gradients were centrifuged at 35,000 rpm in a Beckman SW41 Ti rotor for 18 h
at 4°C. Fractions were collected from the top of the gradient (1 ml for fraction
1 and 1.5 ml for subsequent fractions). Fractions were concentrated by centrif-
ugation through 10 kDa PES Vivaspin columns (Vivascience).
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Two-dimensional (2-D) gel electrophoresis and mass spectrometry analysis.
To remove lipids, samples were precipitated with acetone–10% trichloroacetic
acid–0.07% beta-mercaptoethanol for 2 h at �20°C. Precipitates were briefly
centrifuged, washed with acetone–0.07% beta-mercaptoethanol, air dried, and
solubilized in 6 M urea, 2 M thiourea, 2% NP-40, and 2% beta-mercaptoethanol
supplemented with 1% ASB-14. Each protein sample (120 �g) was supple-
mented with 2% ampholytes (pH 4 to 8; Gallard/Schlessinger) and applied on the
isofocusing first-dimension gel. Isoelectric focusing was carried out at 700 V for
16 h followed by 1,000 V for 2 h. Gels were equilibrated in 125 mM Tris, pH 6.8,
10% glycerol, 2% sodium dodecyl sulfate (SDS), 1% dithiothreitol, and bromo-
phenol blue and loaded onto the gradient (11 to 14%) polyacrylamide second-
dimension gel. After separation, proteins were visualized by a photochemical
silver-based staining. The gels were digitized with a Kodak CCD camera, and
spots were quantified using BioImage 2-D Analyzer software. The spot of inter-
est was excised and destained in 15 mM potassium ferricyanide and 50 mM
sodium thiosulfate for 10 min, followed by three washes with water and dehy-
dration in 100% acetonitrile for 5 min. The proteins were digested in gel with
trypsin (Promega) in 200 mM sodium bicarbonate at 37°C overnight. Peptides
were extracted twice with 10% acetonitrile–10% formic acid, centrifuged, and
resuspended in 5% acetonitrile–0.1% formic acid. Peptides were analyzed by
nanoflow capillary liquid chromatography coupled with electrospray quadrupole
time-of-flight tandem mass spectrometry (LC-ESI/Q-TOF MS-MS) in the Q-
TOF micro (Waters, Manchester, United Kingdom). ESI/Q-TOF MS-MS tan-
dem spectra were recorded in the automated MS to MS-MS switching mode with
an m/z-dependent set of collision offset values. The acquired spectra were pro-
cessed and searched against a nonredundant SwissProt protein sequence data-
base.

SDS-PAGE and Western blotting. Cells were lysed in 50 mM Tris-HCl, pH 8,
150 mM NaCl, 0.1% SDS, 1% NP-40, and 1.6 �g/ml of aprotinin or directly in
Laemmli sample buffer. When indicated, cells were treated with 10 or 50 �M
phosphatidylinositol-3-kinase (PI3K) inhibitor LY294002 (Cell Signaling Tech-
nology) before lysis. Proteins were resolved on 5%, 10%, 12%, or 15% SDS-
polyacrylamide gel electrophoresis (PAGE) and electrotransferred onto a nitro-
cellulose membrane (Amersham Biosciences). Membranes were blocked with
5% nonfat milk in 10 mM Tris-HCl, pH 7.5, 2.5 mM EDTA, pH 8, 50 mM NaCl,
and incubated with primary antibodies overnight. The following antibodies were
used: anti-NS5A monoclonal antibody (ViroStat), monoclonal anti-NS5B anti-
body 3B1 (kindly provided by Darius Moradpour), anti-caveolin-2 goat poly-
clonal antibody (Santa Cruz Biotechnology), anti-N-Ras monoclonal antibody
(Santa Cruz Biotechnology), monoclonal anti-actin antibody (MP Biomedicals),
anti-BiP polyclonal antibody (Santa Cruz Biotechnology), anti-Akt polyclonal
antibody (Cell Signaling Technology), anti-phospho-Akt (Ser473) polyclonal an-
tibody (Cell Signaling Technology), anti-mTOR polyclonal antibody (Cell Sig-
naling Technology), anti-4E-BP1 polyclonal antibody (Cell Signaling Technol-
ogy), anti-phospho-4E-BP1 (Thr70) polyclonal antibody (Cell Signaling
Technology), anti-phospho-p70 S6 kinase (Thr389) monoclonal antibody (Cell
Signaling Technology), anti-p70 S6 kinase polyclonal antibody (Cell Signaling
Technology), and anti-caspase-3 polyclonal antibody (Cell Signaling Technol-
ogy). Horseradish peroxidase-conjugated immunoglobulins (DAKO) were used
as secondary antibodies and proteins were visualized with ECL chemilumines-
cent reagent (Amersham Biosciences). Quantification of immunodetected pro-
tein bands was performed using ImageJ software (Research Services Branch/
National Institute of Mental Health/National Institutes of Health).

siRNA. SFL-2 and SFL-3 cells were transfected with 50 nM siRNA specific to
N-Ras (Santa Cruz Biotechnology), 100 nM siRNA specific to mTOR (Cell
Signaling Technology), 100 nM nontargeting siRNA (Dharmacon) or were mock
transfected according to the manufacturer’s protocol (Santa Cruz Biotechnol-
ogy). Thirty hours posttransfection, cells were lysed and proteins were analyzed
by Western blotting. In parallel experiments, total RNA was purified with Trizol
(Invitrogen) as recommended by the manufacturer’s protocol and used for real-
time PCR analysis.

Real-time PCR. One microgram of DNAse1-treated total RNA was reverse
transcribed by using Moloney murine leukemia virus reverse transcriptase (In-
vitrogen) and antisense primer for 50 min at 42°C following heat inactivation of
reverse transcriptase. cDNA mixtures (1/100) were treated with RNase H at 37°C
for 30 min and mixed with an equal volume of 2 � iQ SYBR green supermix
(Bio-Rad Laboratories) and the following primers specific for the conservative 5�
noncoding region in the HCV genome: 5�-CTCGCAAGCCACCCTATCAGG
CAGTA-3� (antisense) and 5�-CGGGAGAGCCATAGTGGTCTGCG-3� (sense).
Reactions were performed with the iCycler MyiQ real-time PCR detection sys-
tem and analyzed by MyiQ software (Bio-Rad Laboratories). Actin quantifica-
tions (by use of random-primed cDNAs and primers 5�-TGGACTTCGAGCAAG

AGATGG-3� and 5�-GGAAGGAAGGCTGGAAGAGTG-3�) were performed
for internal controls.

Apoptosis assays. Cells plated on glass coverslips were incubated in DMEM
without FBS for 72 h. For Hoechst dye staining, cells were fixed with 4%
paraformaldehyde in PBS at 4°C for 1 h, washed with PBS, and stained with
Hoechst 33258 dye (8 �g/ml) at 37°C for 30 min. Cells with bright, condensed
nuclei were scored as apoptotic by using a fluorescence microscope (Nikon
E800). A total of 1,000 cells for each cell line were counted in randomly selected
fields. For the terminal deoxynucleotidyltransferase-mediated dUTP nick end
labeling (TUNEL) assay, cells were fixed with 4% paraformaldehyde in PBS at
room temperature for 1 h, permeabilized with 0.1% Triton X-100 in 0.1%
sodium citrate at 4°C for 2 min, and rinsed with PBS. TUNEL was performed
with In Situ Cell Death Detection Kit, Fluorescein (Roche Applied Science),
according to the manufacturer’s protocol. TUNEL-positive cells were counted as
described above by use of a fluorescence microscope (Nikon E800).

RESULTS
N-Ras is enriched in HCV replication complex-containing

lipid rafts. We generated two stable Huh7 cell lines (SFL-2
and SFL-3) expressing a selectable full-length genome of
HCV-1b. By flotation assay, we isolated nine fractions from
both HCV replicon cell lines SFL-2 and SFL-3, from the T1
Huh7 clone expressing the neomycin resistance gene, and from
Huh7 cells. The HCV proteins NS5A and NS5B and also
caveolin-2, a marker of lipid rafts, were predominantly de-
tected in the detergent-insoluble fractions (fraction 2). BiP, a
non-raft membrane-associated protein residing in the endo-
plasmic reticulum, was recovered in heavier fractions (Fig. 1).

To characterize the protein contents of these detergent-
insoluble fractions and to identify protein changes occurring as
a result of HCV replication, we used two-dimensional poly-
acrylamide gel electrophoresis (2-D PAGE) followed by Q-
TOF mass spectrometry. In order to optimize the resolution of

FIG. 1. Isolation and separation of detergent-resistant membrane
fractions by flotation assay. (A) HCV proteins NS5A and NS5B were
detected predominantly in fraction 2, which contained caveolin-2 (cav-
2), a cellular marker of detergent-insoluble membrane domains. The
endoplasmic reticulum protein BiP was detected in heavier fractions.
(B) Expression of the HCV protein NS5A and NS5B in detergent-
resistant membrane fractions isolated from full-length HCV replicon
cell lines (SFL-2 and SFL-3) and control cell lines Huh7 and T1.
NS5A, NS5B, and caveolin-2 (cav-2) were detected by Western blot-
ting.
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proteins from the lipid-enriched samples by 2-D PAGE, pro-
teins in the detergent-insoluble fractions were precipitated
with acetone-trichloroacetic acid and solubilized in thiourea
buffer containing 1% ASB-14. Two independent experiments
were performed to compare the protein content of lipid rafts
isolated from replicon cell lines SFL-2 and SFL-3 and the
protein content of lipid rafts isolated from control cell lines
Huh7 and T1. Figure 2A shows typical 2-D patterns of proteins
isolated from detergent-resistant fractions prepared from
HCV replicon and control cell lines. Levels of 39 protein spots
were modified in fraction 2 isolated from replicon cells com-
pared to control cells, with 30 increased or new protein spots
and 9 decreased spots (data not shown). In particular, the
intensity of one protein spot with an apparent molecular mass
of 21 kDa and pI of 5.3 was increased (mean � standard
deviation) by 5.75-fold � 1-fold in the two replicon cell lines
SFL-2 and SFL-3 in comparison to the spots from the two
control cell lines, Huh7 and T1, in both experiments (Fig. 2B).

By Q-TOF mass spectrometry analysis, this protein spot was
identified as N-Ras (Fig. 3A). The calculated molecular mass
and pI of N-Ras are 21 kDa and 5.0, respectively, in agreement
with the apparent molecular mass and pI of the increased spot.
The increase of N-Ras in lipid rafts from HCV replicon cells
was further confirmed by Western blot analysis (Fig. 3B). N-
Ras levels in total protein lysates of HCV replicon clones and

control cells were comparable (Fig. 3C), suggesting a redistri-
bution of N-Ras into lipid rafts in HCV-replicating cells.

Activation of PI3K-Akt pathway in full-length HCV replicon
cell lines. Cellular proto-oncogene N-Ras is a well-known ac-
tivator of several signaling pathways. One of the N-Ras-depen-
dent signaling pathways is the cell survival PI3K-Akt pathway
(33). We investigated the possibility that the PI3K-Akt path-
way may be activated in full-length HCV replicon cells. Acti-
vated PI3K generates PI(3,4,5)P3 phospholipids, which are
necessary for the recruitment of Akt and PDK1 into mem-
branes, and Akt is consequently phosphorylated by PDK1.
Thus, activation of PI3K can be assessed by detection of the
phosphorylated form of Akt (P-Akt). HCV-replicating SFL-2
and SFL-3 cells and control Huh7 and T1 cells were incubated
in the presence or absence of serum, and levels of P-Akt were
detected by Western blotting (Fig. 4A). When serum was
present, P-Akt levels were enhanced (mean � standard devi-
ation) by 3.75-fold � 0.35-fold in both HCV replicon cell
clones in comparison to the levels of both controls in two
experiments. Following serum deprivation, P-Akt in control
cells was barely detectable, but significantly greater amounts of
P-Akt were detected in HCV replicon cells. The overall levels
of Akt in all cell lines were comparable.

To exclude potential clonal effects, transient transfection
assays with HCV RNA in Huh7 cells were performed. P-Akt

FIG. 2. (A) Representative silver-stained 2-D gels of detergent-resistant membrane fraction isolated from HCV replicon cell lines (left panel)
and control cell lines (right panel). Proteins of the fraction were precipitated and solubilized in thiourea buffer containing 1% ASB-14 and
separated by 2-D PAGE. An enhanced protein spot is marked with an arrow. Mw, molecular weight. (B) Close-up sections comparing the
intensities of the selected spots in HCV replicon cell lines SFL-2 and SFL-3 and in Huh7 and T1 cells.
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protein expression was determined 48 h posttransfection by
Western blotting. We observed a 2.5-fold increase of P-Akt in
Huh7-transfected cells in comparison to the amount in mock-
transfected cells (Fig. 4B).

In addition, treatment of control Huh7 cells with 10 �M of
the PI3K inhibitor LY294002 totally inhibited the phosphory-
lation of Akt, as expected. However, the same concentration of
inhibitor only partially blocked the PI3K activity in HCV rep-
licon cells, as indicated by the detection of P-Akt (Fig. 4C). A
higher concentration of LY294002 (50 �M) resulted in a total
inhibition of PI3K in both replicon and control cells. Akt levels
were not affected by LY294002 treatment in replicon and con-
trol cells.

These results demonstrate that the activity of the PI3K-Akt
pathway in HCV-replicating cells is induced.

Activation of mTOR in full-length HCV replicon cell lines.
Mammalian target of rapamycin, mTOR, is regulated by the
PI3K-Akt pathway (20). We previously reported that mTOR
phosphorylates and consequently inactivates the translational
repressor 4E-BP1 (4). To assess the activity of mTOR in HCV
replicon cell lines, we wished to determine the extent of 4E-
BP1 phosphorylation by Western blotting in three independent
experiments. It has been previously reported that three iso-
forms of 4E-BP1 can be detected following immunoblotting,
reflecting different phosphorylation states of this protein (4).
In Huh7 control cells as well as in HCV-harboring Huh7 cells,
only the phosphorylated isoforms of 4E-BP1 can be detected,

suggesting a high level of activity of mTOR in these cells (Fig.
5A). In order to increase the sensitivity of detection of the
phosphorylated 4E-BP1 isoforms by Western blotting, we used
an antibody directed against phospho-4E-BP1. We detected
increased amounts of phospho-4E-BP1 in HCV replicon
SFL-2 and SFL-3 cells compared to that in control cells (in-
creases in fold, 1.4 � 0.1 and 1.5 � 0.2, respectively) (Fig. 5A).
Following serum deprivation, 4E-BP1 in Huh7 and T1 cells
was entirely dephosphorylated as anticipated, whereas 4E-BP1
in HCV replicon cells was still phosphorylated (Fig. 5A). Fol-
lowing treatment with 10 �M of the PI3K inhibitor LY294002,
phosphorylated 4E-BP1 isoforms were also detected in HCV
replicon cells but not in control cells (data not shown).

To further confirm the increased activity of mTOR in HCV
replicon cell lines, we assessed in two experiments the phos-
phorylation status of p70 S6 kinase (p70 S6K), another well-
characterized substrate of mTOR (20). Phosphorylation of p70
S6K in replicon cells was increased (mean � standard devia-
tion) by 2.1-fold � 0.4-fold and 2.7-fold � 0.4-fold in compar-
ison to Huh7 and T1 cells, respectively (Fig. 5B). Following
serum deprivation, p70 S6K in Huh7 and T1 cells was dephos-
phorylated, whereas p70 S6K in HCV replicon cells remained

FIG. 3. Identification of N-Ras. (A) Peptides identified by Q-TOF
mass spectrometry and their corresponding positions within the N-Ras
sequence. (B) N-Ras protein levels in the detergent-resistant mem-
brane fraction from the HCV replicon cell line SFL-2 and in Huh7
cells. N-Ras and actin were detected by Western blotting. (C) Western
blot detection of N-Ras and actin in total cell lysates of replicon cell
lines SFL-2 and SFL-3 and control cell lines Huh7 and T1.

FIG. 4. Activation of PI3K and Akt in HCV replicon cell lines.
(A) HCV replicon cell lines SFL-2 and SFL-3 and control cell lines
Huh7 and T1 were incubated in the presence or absence of serum for
48 h. P-Akt and Akt were detected in cell lysates by Western blotting.
(B) Huh7 cells were transiently transfected with an in vitro-transcribed
sfl construct harboring full-length HCV genome (�) or mock trans-
fected (�). P-Akt and Akt were detected in cell lysates by Western
blotting. (C) The HCV replicon cell line SFL-2 and Huh7 cells were
treated with 10 or 50 �M PI3K inhibitor LY294002 for 4 h. P-Akt and
Akt were detected in cell lysates by immunodetection.
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partially phosphorylated (Fig. 5B). Taken together, these re-
sults indicate that mTOR activity is stimulated in HCV-repli-
cating cells.

Replicon cells are resistant to apoptosis. The role of PI3K-
Akt in promoting cell survival has been largely documented
(reviewed in references 10 and 15). More recently, regulation

FIG. 5. Activation of mTOR in HCV replicon cell lines. Cells were
incubated in the presence (�FBS) or absence (�FBS) of serum for
96 h. 4E-BP1, phosphorylated (P)-4E-BP1, p70 S6K, P-p70 S6K, and
actin were detected by Western blotting. For 4E-BP1, the lower band
and upper bands represent unphosphorylated and phosphorylated 4E-
BP1 isoforms, respectively.

FIG. 6. HCV replicon cells are protected against apoptosis. (A) SFL-2, SFL-3, Huh7, and T1 cells were serum starved for 72 h before fixation
and staining with Hoechst 33285 dye. Cells with bright, condensed, or fragmented nuclei were counted as apoptotic by use of fluorescence
microscopy. The values represent means � standard deviations from three independent experiments. (B) SFL-3, Huh7, and T1 cells were serum
starved for 96 h, and caspase-3 was detected in cell lysates by Western blotting. A decrease of the amount of full-length caspase-3 indicates its
cleavage and activation in Huh7 and T1 cells. (C) SFL-2, SFL-3, Huh7, and TI were serum starved for 72 h before fixation and TUNEL staining.
The values represent the means � standard deviations for positive cells from three independent experiments.

FIG. 7. Reduction of N-Ras protein expression by siRNA specific
to N-Ras increases HCV replication. Replicon cells were transfected
with siRNA (�) or with nontargeting siRNA (�). (A) After 30 h, cells
were lysed and N-Ras, NS5A, and actin were visualized by Western
blotting. (B) Total RNA was isolated and cDNA was synthesized by
using HCV minus RNA strand-specific primer. Real-time PCR anal-
ysis of HCV RNA replication was performed using HCV 5� non-
translated region-specific primers. The values represent the averages
of three independent experiments � standard deviations.
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of apoptosis by mTOR has also been suggested (40). To de-
termine whether HCV replicon cells were protected against
apoptosis as a consequence of PI3K-Akt-mTOR activation,
SFL-2 and SFL-3 HCV replicon clones and Huh7 and T1
control cells were serum starved for 72 h and cell apoptosis was
evaluated by three independent methods. The majority of
Huh7 and T1 cells (86% � 15.5% and 77.8% � 11%, respec-
tively) were scored as apoptotic by Hoechst dye staining in
three independent experiments. In contrast, only 26.5% �
2.2% and 24.5% � 4.9% of SFL-2 and SFL-3 cells, respec-
tively, were apoptotic (Fig. 6A). The observed differences be-
tween the two groups are statistically significant (P � 0.004).

Activation of caspase-3 was also assessed. Using Western
blotting, we detected decreased amounts of full-length
caspase-3 in Huh7 (by sixfold) and T1 (by fourfold) cells com-
pared to the amounts in HCV replicon cells after prolonged
serum starvation (Fig. 6B). The decrease of caspase-3 is indic-
ative of its cleavage and consequent activation.

Finally, apoptosis was measured by TUNEL assay in three
independent experiments. After the 72-h serum starvation, we
detected 49% � 1.4% and 46.5% � 12% of TUNEL-positive
Huh7 and T1 cells, respectively. In contrast, 7.3% � 7% and
5.7% � 3.1% of SFL-2 and SFL-3, respectively, were TUNEL
positive (P � 0.002) (Fig. 6C). In conclusion, HCV replicon
cells were largely resistant to induction of apoptosis by serum
deprivation.

Effects of N-Ras, PI3K, and mTOR on HCV replication. We
used specific siRNAs and inhibitors to assess the role of the
N-Ras–PI3K–mTOR signaling pathway in HCV replication.

Replicon cell lines were first transfected with siRNA specific to
N-Ras or with nontargeting siRNA. Thirty hours posttransfec-
tion, N-Ras protein expression was reduced by approximately
60% in all three experiments performed (Fig. 7A). In replicon
cells transfected with N-Ras siRNA, the amounts of HCV
RNA were increased (mean � standard deviation) by 2.1-fold
� 0.4-fold in comparison to the amounts in replicon cells
transfected with nontargeting siRNA or mock transfected cells,
as assessed by real-time PCR analysis of HCV RNA with the
use of minus-strand-specific primer for cDNA synthesis (Fig.
7B). The amounts of NS5A detected in HCV replicon cells
transfected with N-Ras siRNA were also greater (3-
fold � 0.07-fold) than the amounts in cells transfected with
nontargeting siRNA or mock-transfected cells (Fig. 7A).
Therefore, as determined at both the protein level and the
genome level, replication of HCV in replicon cell lines was
enhanced following the reduction of N-Ras protein levels.

To assess the effect of PI3K on HCV replication, replicon
cells were treated with 50 �M of the PI3K inhibitor LY294002
for 4, 8, 16, and 24 h and replication of HCV was measured as
described above. Inhibition of PI3K activity resulted in in-
creased HCV RNA levels with significant effects after 16 and
24 h of treatment (means � standard deviations were 3-fold �
1-fold and 2.9-fold � 1.1-fold, respectively) (Fig. 8A). NS5A
protein levels were also significantly increased at 16 and 24 h of
treatment (3.5-fold and 2.5-fold, respectively) (Fig. 8B).

Finally, we investigated the effect of mTOR on HCV repli-
cation. Replicon cells were transfected with siRNA mTOR,
leading to a 75% reduction of mTOR protein levels 30 h
posttransfection in all three experiments performed (Fig. 9A).
HCV RNA and NS5A amounts were increased (mean � stan-

FIG. 8. Inhibition of PI3K activity increases HCV replication. Rep-
licon cells were treated with 50 �M PI3K inhibitor LY294002 or
vehicle for 4, 8, 16, and 24 h before lysis or total RNA isolation.
(A) cDNA was synthesized by use of HCV minus RNA strand-specific
primer and used for real-time PCR analysis with HCV 5� non-trans-
lated region-specific primers. Average values from three experiments
� standard deviations are shown. (B) NS5A and actin were detected
by Western blotting.

FIG. 9. Reduction of mTOR protein expression by siRNA specific
to mTOR increases HCV replication. Replicon cells were transfected
with mTOR siRNA (�) or nontargeting siRNA (�). (A) After 30 h,
cells were lysed and mTOR, NS5A, and actin were detected by West-
ern blotting. (B) Total RNA was isolated and cDNA was synthesized
by use of HCV minus RNA strand-specific primer. Real-time PCR
analysis was performed with HCV 5� non-translated region-specific
primers. Average values from three independent experiments � stan-
dard deviations are shown.
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dard deviation) by 2.4-fold � 0.4-fold (Fig. 9B) and 2.5-fold
(Fig. 9A), respectively, in replicon cells transfected with mTOR
siRNA in comparison to nontargeting siRNA or mock-trans-
fected cells.

Taken together, these data suggest that N-Ras signaling
through the PI3K-Akt pathway and mTOR contribute to the
maintenance of steady-state levels of HCV replication.

DISCUSSION

HCV replication complexes are associated with detergent-
resistant membranes or lipid raft domains. Proteins associated
with these rafts are key mediators of many biological events,
such as trafficking and signaling. Proteins can be included in or
excluded from rafts selectively, and the raft affinity of a given
protein can be modulated by intracellular or extracellular stim-
uli. Lipid rafts also play important roles in the replication
cycles of other viruses.

We therefore investigated the modification of the protein
contents of lipid rafts in the presence of HCV. It is not possible
to isolate lipid rafts in their native state; however, detergent-
resistant membranes, containing clusters of many rafts, can be
isolated by extraction with Triton X-100 or other detergents on
ice and separated by centrifugation.

Using two-dimensional gel electrophoresis and mass spec-
trometry, we determined that N-Ras is enriched in HCV rep-
lication complex-containing, detergent-insoluble fractions. We
also determined that the activities of the N-Ras downstream
effectors PI3K, Akt, and mTOR in full-length HCV-1b ge-
nome-expressing stable cell lines were increased.

The regulatory subunit of PI3K, p85, is recruited into lipid
rafts, and intact lipid rafts are important for the activation of
PI3K-dependent signaling (27, 41). Activation of the PI3K-Akt
pathway promotes cell survival in many cell types and mediates
the survival function of N-Ras (reviewed in references 10 and
15). Modulation of this pathway is one of the strategies by
which viruses inhibit apoptosis and prevent elimination of in-
fected cells.

Viral proteins inducing PI3K-Akt-mediated inhibition of ap-
optosis include LMP1 of Epstein-Barr virus (13), human im-
munodeficiency virus type 1 Tat (14), middle T antigen of
polyomavirus (12), and HBx of hepatitis B virus (23). Activa-
tion of the PI3K-Akt pathway as a consequence of constitutive
activation of Ras by LMP2A of Epstein-Barr virus was also
recently reported (30). For HCV, direct interaction between
the nonstructural protein NS5A and the p85 subunit of PI3K,
leading to its activation, has been described (21, 37). Our data
suggest that activation of PI3K in stable cell lines expressing
the full-length HCV genome may result from the enrichment
of N-Ras in lipid rafts. In addition, activation of the N-Ras–
PI3K–Akt pathway provided protection against apoptosis, in
agreement with previous reports (37).

We also observed an increased level of activity of mTOR, a
downstream target of PI3K-Akt, in HCV replicon cell lines.
mTOR modulates translation by phosphorylation of the ribo-
somal p70 S6 kinase and of the translation initiation repressor
4E-BP1 (4, 20). Modulation of translation by mTOR differen-
tially affects mRNAs, as demonstrated by differential recruit-
ment of mRNAs to polysomes (19). Differential recruitment of
mRNAs to polysomes was also observed following disruption

of the Ras-Akt pathway (32). There is growing evidence that
mTOR-dependent translational control may play a critical role
in cell survival and transformation (2, 31, 40).

HCV establishes chronic infection in 80% of infected indi-
viduals. One of the hallmarks of chronic infection is stable,
low-level virus replication. In stable HCV replicon cell lines
cultured for prolonged periods, the level of HCV replication is
constant (29; personal observation). This suggests that HCV
develops a mechanism to maintain low steady-state levels of
replication. Modulation of cell signaling might contribute to
this process. Using specific siRNAs and inhibitors, we showed
that HCV replication is increased by blockage of the N-Ras–
PI3K–Akt–mTOR pathway at any level. This effect could be
due to the modified translation efficiency of selective mRNAs.
This effect could also be due to modification of the phosphor-
ylation state of HCV viral proteins involved in virus replica-
tion. NS5A phosphorylation and HCV RNA replication have
been recently described as being inversely correlated (16, 26).
Although the kinases responsible for NS5A phosphorylation in
vivo remain to be identified, Akt and the mTOR target, p70 S6
kinase, phosphorylate NS5A in vitro, and the inhibition of
mTOR activity by rapamycin reduces NS5A phosphorylation
(9). Therefore, activation of the PI3K-Akt-mTOR pathway
may induce NS5A phosphorylation, leading to reduced HCV
replication.

In conclusion, activation of the N-Ras–PI3K–Akt–mTOR
signaling pathway may contribute not only to cell survival of
HCV-infected cells but also to low steady-state levels of HCV
replication, both of which may contribute to the establishment
of persistent infection.
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