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Background: The PI3K-AKT pathway is an important signaling pathway that may be affected by viral infections.
Results: HCV transiently activates AKT during the early stage of viral infection. The suppression of the PI3K-AKT pathway
inhibits HCV entry.
Conclusion: HCV transiently activates PI3K-AKT to enhance its entry into the host cell.
Significance: The studies provide important information for understanding HCV-host interactions.
The PI3K-AKT signaling pathway plays an important role in
cell growth and metabolism. Here we report that hepatitis C
virus (HCV) transiently activates the PI3K-AKT pathway. This
activation was observed as early as 15 min postinfection, peaked
by 30 min, and became undetectable at 24 h postinfection. The
activation of AKT could also be mediated by UV-inactivated
HCV, HCV pseudoparticle, and the ectodomain of the HCV E2
envelope protein. Because antibodies directed against CD81 and
claudin-1, but not antibodies directed against scavenger receptor class B type I or occludin, could also activate AKT, the interaction between HCV E2 and its two co-receptors CD81 and claudin-1 probably triggered the activation of AKT. This activation
of AKT by HCV was important for HCV infectivity, because the
silencing of AKT by siRNA or the treatment of cells with its
inhibitors or with the inhibitor of its upstream regulator PI3K
significantly inhibited HCV infection, whereas the expression of
constitutively active AKT enhanced HCV infection. The PI3KAKT pathway is probably involved in HCV entry, because the
inhibition of this pathway could inhibit the entry of HCV pseudoparticle but not the VSV pseudoparticle into cells. Furthermore, the treatment of cells with the AKT inhibitor AKT-V
prior to HCV infection inhibited HCV infection, whereas the
treatment after HCV infection had no obvious effect. Taken
together, our studies indicated that HCV transiently activates
the PI3K-AKT pathway to facilitate its entry. These results provide important information for understanding HCV replication
and pathogenesis and raised the possibility of targeting this cellular pathway to treat HCV patients.

Hepatitis C virus (HCV)2 is an important blood-borne pathogen that can cause severe liver diseases, including cirrhosis and
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hepatocellular carcinoma (1). This virus is an enveloped positive-stranded RNA virus belonging to the Flaviviridae family.
Its 9.6-kb genome encodes a polyprotein, which is slightly more
than 3000 amino acids in length, as well as a small protein
named F protein that uses an alternative reading frame. The
HCV polyprotein is cleaved by cellular and viral proteases into
10 different proteins named core, E1, E2, p7, NS2, NS3, NS4A,
NS4B, NS5A, and NS5B (2–5). The HCV virion is composed of
the viral RNA genome, the core protein, a lipid envelope, and
the two major viral envelope proteins, E1 and E2. The virion is
also associated with the very low density lipoprotein, which
plays an important role in viral attachment to the cell surface
(6 – 8).
HCV entry into its host cell is a tightly regulated process that
involves a number of cell surface molecules in sequential steps
(8 –14). It has been shown that the initial attachment of HCV to
the cell is mediated by its associated apolipoprotein E (apoE),
which binds to heparan sulfate on the cell surface (8). It has
been also shown that the scavenger receptor class B type I (SRBI) is a critical co-receptor for HCV entry (10). SR-BI is a receptor for lipoproteins and can bind to the HCV E2 protein. It
mediates HCV entry in a manifold manner, including its interaction with the lipoproteins associated with HCV and its modification of the lipid composition of the plasma membrane (15–
22). The tetraspanin protein CD81 is another co-receptor for
HCV, which interacts with the HCV glycoprotein E2 at a postattachment step. A recent study determined that the maximal
half-time for CD81-mediated HCV entry was 17 min, suggesting a role of CD81 in HCV entry in the immediate early step
after binding (23). The tight junction protein claudin-1 is
mainly expressed in the liver, and its first extracellular loop is
responsible for the interaction with CD81. Based on the observation that the maximal half-time for the anti-claudin-1 antibody to inhibit HCV entry was 73 min, it was suggested that
claudin-1, which could form a complex with CD81 (24), played
a role in a later step of HCV entry after the CD81 and E2 interdoparticles of HCV; VSVpp, pseudoparticles of VSV; MOI, multiplicity of
infection; myr-AKT, myristoylated AKT.
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action. Occludin is another tight junction protein that is
required for HCV entry at a postattachment step. Both CD81
and occludin restrict the host range of HCV, because they cannot be replaced by their murine homologues to mediate viral
entry (25, 26).
The class I phosphatidylinositol 3-kinase (PI3K) is activated
by G protein-coupled receptors and tyrosine kinase receptors.
Upon its activation, it converts phosphatidylinositol 4,5-biphosphate to phosphatidylinositol 3,4,5-triphosphate (27),
which binds to and recruits AKT to the membrane for its phosphorylation by PDK1 at threonine 308 and mTORC2 (mTOR
complex 2) at serine 473 (28). This phosphorylation by PDK1
and mTORC2 activates AKT, which then regulates the activities of its many downstream effectors to affect cell survival,
proliferation, migration, differentiation, and apoptosis (29).
There are three different isoforms of AKT, which share a high
degree of sequence homology. Whereas AKT1 and AKT2 are
ubiquitous, AKT3 is only detected in the brain. AKT1 is antiapoptotic and involved in cell survival, and AKT2 is a key effector of the insulin signaling pathway and regulates cellular
metabolism (30).
Many viruses regulate the PI3K-AKT pathway for their replication (31). Picornaviruses and paramyxoviruses have been
shown to activate the PI3K-AKT pathway to promote viral replication. The influenza A virus also activates the PI3K-AKT
pathway to enhance viral replication at a postentry step, and its
NS1 protein can bind to and activate PI3K to suppress apoptosis (32). The avian leukosis virus (33) and Ebola virus (34) utilize
the PI3K-AKT pathway to facilitate their entry. The replication
complex of Sindbis virus stimulates PI3K-AKT to promote viral
protein translation (35). Arenavirus activates PI3K-AKT to
enhance viral RNA synthesis (36). Human cytomegalovirus
(37), coxsackievirus B3 (38), and varicella-zoster virus (39)
require PI3K-AKT for efficient infection as well. Although
PI3K-AKT pathway promotes viral infection in most cases, it
suppresses hepatitis B virus replication (40).
The possible relationship between HCV and the PI3K-AKT
pathway has also been studied. It has been shown that the HCV
NS5A protein binds to PI3K and activates the PI3K-AKT signaling pathway (41, 42). In addition, the HCV core protein as
well as HCV infection can induce the phosphorylation of serine
473 of AKT with no apparent effect on the phosphorylation of
threonine 308 and hence impair the insulin signaling pathway
(43, 44). However, little is known regarding how the effect of
HCV on the PI3K-AKT signaling pathway might affect HCV
replication. In this report, we describe our studies on the relationship between HCV and the PI3K-AKT pathway. Surprisingly, we found that HCV rapidly and transiently activated AKT
in the early stage of infection to enhance its entry. We further
found that this activation was mediated by the interaction
between the HCV E2 envelope protein and its co-receptors,
CD81 and claudin-1.

EXPERIMENTAL PROCEDURES
Cell Lines, Virus Stock, Antibodies, and Reagents—Huh7.5
and 293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% non-essential amino acids (Invitrogen). The HCV
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genotype 2a JFH1 adaptive mutant, which produces a high level
of infectious virus particles, has been recently described (45).
AKT, pAKT-473, and pAKT-308 antibodies were purchased
from Cell Signaling. The rabbit anti-core antibody was produced in rabbits using the HCV core protein expressed in Escherichia coli (46). Soluble E2 (sE2), the neutralizing CBH-5
human mAb against HCV E2, and the isotype-matched control
human mAb R04 have been described previously (47). The rabbit anti-actin antibody, the mouse anti-SR-BI antibody, and a
control mouse IgG were purchased from Abcam. The mouse
anti-CD81 antibody was purchased from BD Biosciences; the
mouse anti-claudin-1 antibody was from Invitrogen; and the
mouse anti-occludin antibody was obtained from Calbiochem.
The monoclonal anti-HA antibody was prepared at the Caltech
Hybridoma Core. Horseradish peroxidase (HRP)-conjugated
goat anti-rabbit and goat anti-mouse secondary antibodies
were purchased from Abcam. The Alexa 488-conjugated goat
anti-rabbit antibody was obtained from Thermo Scientific. The
mounting medium FluoroShield with DAPI was purchased
from Sigma. The PI3K inhibitor wortmannin was purchased
from Sigma. AKT inhibitor II and V were obtained from EMD
Millipore and Calbiochem, respectively.
Analysis of the Effects of sE2 and Antibodies on AKT
Activation—To determine the effect of sE2 on AKT, Huh7.5
cells were incubated with different amounts of sE2 for 2 h and
then lysed for the immunoblot analysis of AKT. For the anti-E2
antibody neutralization assay, the HCV virus stock or sE2 was
incubated with the CBH-5 anti-E2 antibody or the isotype control R04 on ice for 1 h prior to the incubation with Huh7.5 cells.
Cells were lysed 2 h postincubation for the immunoblot analysis of AKT. For the analysis of the effects of anti-co-receptor
antibodies on AKT, Huh7.5 cells were incubated with the control mouse IgG or the antibody directed against CD81, SR-BI,
claudin-1, or occludin (5 g/ml) for 2 h. Cell lysates were then
collected for the AKT immunoblot analysis.
AKT Kinase Assay—The AKT kinase assay was conducted
using the assay kit from Cell Signaling. Briefly, 200 g of Huh7.5
cell lysates with or without HCV infection for 2 h were incubated with Sepharose beads conjugated with the anti-pAKT473 antibody overnight at 4 °C. After washing, beads were
resuspended and incubated with 1 l of 10 mM ATP and 1 g of
the recombinant GSK-3 substrate at 30 °C for 30 min. The AKT
kinase activity was analyzed by immunoblot analysis of the level
of phosphorylated GSK-3.
UV Inactivation of HCV—HCV was irradiated with the UV
light for 5 min and then used to infect Huh7.5 cells. Cells were
lysed at 2 and 24 h postinfection for immunoblot analysis.
Pseudotyped Virus Particle Infection Assay—Pseudoparticles
of HCV (HCVpp) and vesicular stomatitis virus (VSVpp) that
carried the firefly luciferase reporter gene were generated in
293T cells (14). Huh7.5 cells seeded in 6-well plates and pretreated with DMSO, AKT-V, or wortmannin for 3 h were inoculated with the same amount of HCVpp, VSVpp, or EnV⫺
pseudoparticles. After washing with phosphate-buffered saline
(PBS) to remove the pseudoparticles, cells were lysed 72 h
postinfection for the luciferase assay using the luciferase assay
kit (Promega). The pseudoviral infectivity was determined after
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the subtraction of the mean EnV⫺ signal from the mean
HCVpp or VSVpp signal.
siRNA Silencing of AKT—Pooled siRNAs against AKT1,
AKT2, and AKT3 (Sigma) were transfected with Lipofectamine
2000 (Invitrogen) into Huh7.5 cells following the manufacturer’s instructions. Briefly, 4 ⫻ 104 cells seeded in a 35-mm dish
were transfected with 10 l of AKT siRNAs (20 M each) for 5 h
and then transfected 24 h later with AKT siRNAs one more
time for another 5 h. After the second transfection, cells were
inoculated with HCV (MOI ⫽ 1) for 24 h and then lysed for
immunoblotting or fixed for immunofluorescence staining.
Expression of myristoylated AKTs (myr-AKTs)— 4 ⫻ 104
Huh7.5 cells were seeded in a 35-mm dish and then transfected
the next day with 2 g of myr-AKT1, myr-AKT2 (generous gifts
from Dr. Deborah Johnson), or the control pCDNA3.1 expression vector using Lipofectamine 2000. Five hours later, the
transfection medium was replaced with the fresh DMEM containing 10% FBS. Twenty-four hours later, cells were inoculated
with HCV (MOI ⫽ 1) for 24 h and lysed for immunoblotting or
fixed for immunofluorescence staining.
Immunoblotting—Cells were rinsed with PBS and lysed with
the radioimmune precipitation assay buffer (50 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1%
Triton X-100, 1 mM PMSF). After the sonication, cell lysates
were subjected to centrifugation to remove cell debris. An aliquot of the supernatant containing 50 g of proteins was used
for gel electrophoresis. After the semi-wet transfer, the membrane was blocked with 5% milk for 30 min and incubated with
the primary antibody for 4 h. After three washes with PBS containing 1% Tween 20 (PBST), the membrane was incubated
with the HRP-conjugated secondary antibody for 2 h. After further washes with PBST, chemiluminescent substrates (Pierce)
were applied on the membrane, and the image was captured
using the LAS-4000 imaging system (FujiFilm).
Immunofluorescence Staining and Confocal Microscopy—
Huh7.5 cells were seeded on a coverslip in a 6-well plate (5 ⫻
105 cells/well). The next day, cells were rinsed with PBS and
fixed with 4% paraformaldehyde in PBS for 15 min. After washing with PBS, cells were incubated in the blocking solution
(PBS, 5% bovine serum albumin (BSA)) for 30 min and incubated with the control mouse IgG or the antibody directed
against CD81, SR-BI, claudin-1, or occludin (1:200 dilution) for
2 h. Cells were washed with PBS three times and then incubated
with the goat anti-mouse Alexa-488 secondary antibody (1:200
dilution) for 2 h. After washing with PBS, the coverslip was
mounted onto a glass slide with the mounting medium FluroShield for confocal microscopy.
Quantification of HCV Infectivity—2 ⫻ 104 Huh7.5 cells were
seeded per chamber in the 8-well chamber slide and inoculated
with serially diluted HCV the next day. Forty-eight hours after
infection, cells were rinsed with PBS and fixed with 4% paraformaldehyde for 15 min. After the PBS wash, cells were incubated
with the blocking solution (PBS, 5% BSA, 0.3% Triton X-100)
for 30 min followed by incubation with the rabbit anti-core
antibody for 2 h. Cells were washed with PBT (PBS, 0.3% Triton
X-100) three times and incubated with the goat anti-rabbit
Alexa-488 for 2 h. After three washes with PBT, cells on the
slide were mounted with FluroShield with DAPI. The HCV
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FIGURE 1. Transient activation of AKT by HCV. A, Huh7.5 cells were infected
with HCV at an MOI of 1 for 0, 2, 4, 6, 8, 24, and 48 h, as indicated, followed by
the analysis of AKT phosphorylation at threonine 308 (P-AKT-308) and serine
473 (P-AKT-473) by immunoblot. The total AKT level and HCV core protein
were also analyzed. B, Huh7.5 cells were infected with HCV as in A with the
exception that the cells were lysed at the time points indicated. The actin was
also analyzed to serve as the loading control in both A and B. C, Huh7.5 cells
with or without HCV infection (MOI ⫽ 1) for 2 h were lysed and immunoprecipitated with the pAKT-473 antibody. The immunoprecipitated AKT was
then analyzed for its kinase ability using its substrate, GSK-3. The phosphorylated GSK-3 was analyzed by immunoblot using the anti-phospho-GSK-3 antibody. The total GSK-3 was also analyzed to serve as the control.

core-positive cells were counted under the microscope for
titration.
Cell Viability Assay—Huh7.5 cells were treated with DMSO
or the inhibitors to PI3K and AKT for 24 h. Cells were then
trypsinized and mixed 1:9 with 0.4% trypan blue for the trypan
blue exclusion assay. The cell viability was quantified using a
hemocytometer.

RESULTS
Transient Activation of AKT by HCV—To determine
whether HCV could affect the PI3K-AKT pathway, we infected
Huh7.5 cells with a cell culture-adapted HCV JFH1 variant,
which produced a significantly higher level of infectious virions
than its parental JFH1 virus (45), and analyzed AKT at different
time points after infection over a 2-day period. As shown in Fig.
1A, HCV did not affect the overall protein level of AKT in
infected cells. However, it induced the phosphorylation of AKT
at threonine 308 and serine 473 between 2 and 8 h postinfection. By 24 h postinfection, when the HCV core protein became
detectable in infected cells, the induction of AKT phosphorylation was no longer visible, and instead, a suppression of AKT
phosphorylation at threonine 308 and serine 473 was observed.
This suppression of ATK phosphorylation by HCV was even
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FIGURE 2. Effect of UV irradiation and HCVpp on AKT activation by HCV. A, HCV particles with and without UV irradiation for 5 min were used to infect
Huh7.5 cells. Cells were lysed at 0, 2, and 24 h postinfection for the analysis of phospho-AKT and the HCV core protein. B, Huh7.5 cells were inoculated with the
control EnV⫺ particle, HCVpp, or VSVpp for 3 h, and cell lysates were collected for immunoblot analysis. The actin was also analyzed to serve as the loading
control in A and B.

more pronounced at 48 h postinfection. Because the induction
of AKT phosphorylation peaked within 2 h of infection, we
decided to further analyze the AKT status at earlier time points
after HCV infection. As shown in Fig. 1B, the induction of AKT
phosphorylation at threonine 308 and serine 473 was visible as
early as 15 min postinfection, peaked at 30 min, and was slightly
reduced at 2 h postinfection. To ensure that this induction of
AKT phosphorylation by HCV indeed increased the AKT
kinase activity, we immunoprecipitated the phosphorylated
AKT from Huh7.5 cells with and without HCV infection using
the anti-pAKT-473 antibody and analyzed the kinase activity of
AKT in vitro using its substrate protein, GSK-3. As shown in
Fig. 1C, HCV-infected cells indeed exhibited a higher AKT
kinase activity, confirming the activation of AKT by HCV.
Induction of AKT Activation by HCV E2 and Its Co-receptors
CD81 and Claudin-1—The observation that the AKT activation was detected as early as 15 min and peaked by 30 min after
HCV infection indicated the involvement of an early HCV
infection event, possibly the interaction between HCV and its
co-receptors, in the activation of AKT. To test this possibility,
we infected Huh7.5 cells with UV-irradiated HCV. The UV
irradiation does not affect the interaction between HCV and its
co-receptors, but it damages the viral genomic RNA and disrupts the HCV life cycle after the step of viral entry. As shown in
Fig. 2A, the UV treatment caused a drastic reduction of the
HCV core protein level in cells 24 h postinfection, which was
expected. However, this UV treatment did not abolish the
phosphorylation of AKT at threonine 308 and serine 473. Interestingly, although the AKT phosphorylation was reduced to
slightly below the basal level in cells infected by the non-UVtreated virus at 24 h postinfection, the AKT phosphorylation
remained at a high level in cells infected by the UV-irradiated
virus at that time point. These results indicated that an early
event during HCV entry triggered the activation of AKT, and a
subsequent step after HCV entry was required to inactivate
AKT. To further confirm that the AKT activation requires only
the initial interaction between HCV and the host cell, we produced lentiviral pseudoparticles HCVpp and VSVpp and determined their effects on AKT activation. HCVpp and VSVpp
were identical with the exception that the envelope of HCVpp
contained the HCV E1 and E2 proteins, whereas that of VSVpp
contained the VSV G protein. As shown in Fig. 2B, the infection
of Huh7.5 cells by HCVpp, but not VSVpp, could induce the
phosphorylation of AKT at threonine 308 and serine 473. These
results lent further support to the possibility that the activation
DECEMBER 7, 2012 • VOLUME 287 • NUMBER 50

of AKT might be mediated by the interaction between HCV
and its co-receptors.
To further investigate whether the activation of AKT by
HCV was indeed due to the interaction between HCV and its
co-receptors, we preincubated HCV with the R04 isotype control or the CBH-5 anti-E2 antibody, previously shown to neutralize the infectivity of HCV (48), prior to the infection of
Huh7.5 cells. Cells were then lysed for the immunoblot analysis
2 h postinfection. As shown in Fig. 3A, the HCV-induced AKT
activation was not affected by the control antibody, but it was
abolished by the anti-E2 antibody. This result indicated an
important role of HCV E2 in the activation of AKT. To test
whether HCV E2 by itself would be sufficient to activate AKT,
we incubated Huh7.5 cells with sE2 (i.e. the ectodomain of HCV
E2) for 2 h. Indeed, sE2 by itself was able to induce the phosphorylation of AKT at threonine 308 and serine 473 in a dosedependent manner (Fig. 3B), and this induction could be
blocked by the anti-E2 antibody but not by the control antibody
(Fig. 3C).
HCV entry is mediated by its co-receptors SR-BI, CD81,
claudin-1, and occludin. To further test the roles of these co-receptors in the activation of AKT by HCV, we treated naive
Huh7.5 cells with monoclonal antibodies directed against
CD81, SR-BI, claudin-1, and occludin. We then conducted the
immunoblot analysis to determine the effects of these antibodies on AKT. As shown in Fig. 3, D and E, although the control
IgG, the anti-SR-BI antibody, and the anti-occludin antibody
had no apparent effect on the activation of AKT, both antiCD81 and anti-claudin-1 antibodies activated AKT. Because all
of the anti-co-receptor antibodies could bind to their respective
target proteins on the cell surface, as revealed by the immunofluorescence staining assay (Fig. 3F), these results strongly indicated that the activation of AKT by HCV was mediated by the
interaction between its E2 protein and its cellular co-receptors
CD81 and claudin-1.
Positive Effect of AKT on HCV Infection—The observation
that HCV could activate AKT prompted us to investigate the
possible effect of AKT on HCV infection. We first treated
Huh7.5 cells with AKT inhibitors ATK-II and AKT-V for 3 h
and then infected cells with HCV to assess the possible effect of
AKT on HCV infectivity. As shown in Fig. 4A, the AKT phosphorylation at threonine 308 and serine 473 was significantly
inhibited by either of the two AKT inhibitors. When the HCV
core protein was analyzed, a significant reduction of the core
protein level by these two AKT inhibitors was observed. This
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 3. Effects of soluble E2 and antibodies directed against HCV E2 and co-receptors on the activation of AKT. A, HCV was preincubated with the
control antibody R04 or the anti-E2 antibody CBH-5 (10 g/ml) for 1 h on ice prior to infection of Huh7.5 cells. Mock-infected cells and HCV not preincubated
with any antibodies were used as the controls. Cell lysates were collected at 2 h postinfection and analyzed by immunoblotting for the phospho-AKT levels. The
actin was also analyzed to serve as the loading control. B, Huh7.5 cells were incubated with different concentrations of sE2 for 2 h. Cell lysates were collected
for the immunoblot analysis of phospho-AKT. C, sE2 (2 g/ml) was preincubated with the control antibody R04 or the anti-E2 antibody CBH-5 (1.25 g/ml) on
ice for 1 h and then used to treat Huh7.5 cells, which were lysed 2 h later for the immunoblot analysis of AKT. D, Huh7.5 cells were treated with the control mouse
IgG or the mouse antibodies directed against CD81, SR-BI, claudin-1, and occludin (5 g/ml) for 2 h. Cells were then lysed for the immunoblot analysis of
phospho-AKT. The actin served as a loading control. NT, cells not treated with antibodies. E, quantitative analysis of phospho-AKT levels shown in D. The
phospho-AKT levels in non-treated cells were arbitrarily defined as 1. *, p ⬍ 0.001; **, p ⬎ 0.05. F, Huh7.5 cells were fixed and stained with the control IgG or the
antibodies directed against CD81, SR-BI, claudin-1, and occludin. Nuclei were stained with DAPI. Images were captured using the Zeiss LSM 510 confocal
microscope. Error bars, S.D.

FIGURE 4. Analysis of the role of AKT on HCV infectivity. A, Huh7.5 cells were pretreated with the control DMSO or the AKT inhibitor AKT-II (5 M) or
AKT-V (20 M) for 3 h followed by infection with HCV (MOI ⫽ 1) for 24 h. Cell lysates were collected and analyzed by immunoblot. B, Huh7.5 cells were
treated with DMSO, AKT-II (5 M), or AKT-V (20 M) for 24 h, and live cells were quantified by the trypan blue exclusion assay. The results represent the
average of three independent experiments. The statistical difference of cell viability was analyzed by Student’s t test. There was no difference among
different samples. **, p ⬎ 0.05. C, Huh7.5 cells were transfected with the control siRNA or the pooled siRNAs targeting AKT1, AKT2, and AKT3 for 1 day.
The siRNA transfection was repeated one more time on the second day, and, after replacing medium, cells were infected with HCV (MOI ⫽ 1) and lysed
24 h later for immunoblot analysis for AKT, core protein, and actin. D, Huh7.5 cells transfected with the control siRNA or pooled siRNAs against AKT1,
AKT2, and AKT3 were infected with HCV (MOI ⫽ 1) as described in C. Cells were fixed 24 h postinfection and immunostained with the anti-HCV core
antibody. E, quantification of HCV core-positive cells in D. The results represent the average of three independent experiments. *, p ⬍ 0.001. Error
bars, S.D.
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reduction of the HCV core protein level was not due to the
cytotoxicity of AKT inhibitors, because there was no apparent
effect of these two drugs on cell viability under the experimental conditions (Fig. 4B). These results suggested a positive role
of AKT in HCV infection. To rule out the possibility of nonspecific effects of AKT inhibitors, we also used a pool of siRNAs
that targeted all three AKT isoforms to inhibit the expression of
AKT for 24 h prior to the infection of cells with HCV. Cells were
lysed a day after infection for the analysis of AKT and HCV core
protein levels. As shown in Fig. 4C, the AKT siRNAs inhibited
the expression of AKT and in the meantime significantly
reduced the HCV core protein level, again supporting a positive
role of AKT in HCV infection. To further confirm these results,
we also performed the immunofluorescence staining analysis.
As shown in Fig. 4, D and E, the inhibition of AKT expression
with the siRNAs reduced the number of HCV-positive cells by
⬃70%, confirming a positive role of AKT in HCV infection.
To further test the role of AKT in HCV infection and to rule
out the possibility that the effect of AKT siRNAs on HCV was
due to nonspecific off-target effects, we also expressed myrAKT1 and myr-AKT2 in Huh7.5 cells and then infected the
cells with HCV the second day after DNA transfection. Both
myr-AKT1 and myr-AKT2 are constitutively active AKTs (49).
We used a lower MOI for infection (MOI ⫽ 0.1) so that the
enhancing effect of myr-AKTs could be easily analyzed. As
shown in Fig. 5A, the expression of either myr-AKT1 or myrAKT2 markedly elevated the expression level of the HCV core
protein. Similarly, when the immunofluorescence staining
assay was conducted, either myr-AKT1 or myr-AKT2
increased the number of HCV-positive cells ⬃7-fold (Fig. 5, B
and C). These results were again in support of the results shown
in Fig. 3 and confirmed that AKT played a positive role in HCV
infection.
PI3K is the upstream regulator of AKT. Thus, if AKT plays a
positive role in HCV infection, then the inhibition of the PI3K
activity should also inhibit HCV infection. To test this possibility, we pretreated Huh7.5 cells with wortmannin, a well characterized inhibitor of PI3K, followed by HCV infection. As
shown in Fig. 6A, wortmannin markedly inhibited the AKT
phosphorylation and reduced the HCV core protein level. Similarly, this effect of wortmannin on HCV was not due to the
cytotoxicity of the drug, because wortmannin had no apparent
effect on cell viability under our experimental conditions (Fig.
6B). These results further confirmed that the PI3K-AKT pathway played a positive role in HCV infection.
Enhancement of HCV Entry by the Activated PI3K-AKT
Pathway—To further investigate how the activated PI3K-AKT
pathway supported HCV infection, we used HCVpp and
VSVpp, which carried the firefly luciferase reporter gene, to
assess the possible effect of AKT on HCV entry. Huh7.5 cells
were pretreated with AKT-V or wortmannin, a PI3K inhibitor,
for 3 h and then infected with HCVpp or VSVpp for 72 h. Cells
were then lysed for the luciferase assay. As shown in Fig. 7A, the
pretreatment of Huh7.5 cells with either the AKT inhibitor
AKT-V or the PI3K inhibitor wortmannin reduced the infectivity of HCVpp by ⬃60 and 80%, respectively, without affecting
the infectivity of VSVpp. Because the only difference between
HCVpp and VSVpp was their envelope proteins, these results
DECEMBER 7, 2012 • VOLUME 287 • NUMBER 50

FIGURE 5. Effect of constitutively active AKT on HCV infection. A, Huh7.5
cells were transfected with the control vector pCDNA3.1 and the expression
vector for the HA-tagged myr-AKT1 or myr-AKT2 and infected with HCV
(MOI ⫽ 0.1) 24 h later. Cell lysates were collected 24 h after infection for
immunoblot analysis of HA-tagged myr-AKTs, the core protein, and actin. B,
Huh7.5 cells transfected with pCDNA3.1 or the expression plasmid for HAtagged myr-AKT1 or myr-AKT2 were infected with HCV (MOI ⫽ 0.1) as
described in A. Cells were fixed and immunostained with the anti-HCV core
antibody. C, quantification of HCV core-positive cells in B. The results represent the average of three independent experiments. The difference of the
results between vector-transfected cells and myr-AKT1-transfected cells and
between vector-transfected cells and myr-AKT2-transfected cells was statistically significant. *, p ⬍ 0.001. Error bars, S.D.

strongly suggested that the activation of the PI3K-AKT pathway was required to enhance HCV entry.
To further test the possible role of PI3K-AKT in HCV entry,
we treated Huh7.5 cells with AKT-V before, during, and after
HCV infection and assessed the effect of the AKT inhibition
on HCV replication. As shown in Fig. 7B, the effect of AKT-V
on HCV infectivity, as determined by the HCV core protein
level, was dependent on when AKT-V was used to treat cells.
The treatment of cells with AKT-V 3 h prior to HCV infection
reduced the HCV core protein level to ⬃24%. The core protein
level was increased to about 38% if AKT-V was added 1.5 h prior
to HCV infection and to about 43% when it was added together
with HCV to the cells. The inhibitory effect of the drug on HCV
was marginal if it was added 0.5 h after HCV infection and not
observed if it was added 1.5 h postinfection. These time-dependent inhibitory effects of AKT-V on HCV again supported the
notion that the PI3K-AKT pathway was required for efficient
HCV entry.

DISCUSSION
The PI3K-AKT signaling pathway plays an important role in
the regulation of cell survival, proliferation, migration, differentiation, apoptosis, and metabolism (29). Many viruses have
explored this signaling pathway to enhance their replication
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FIGURE 6. Analysis of the PI3K-AKT pathway in HCV infection. A, Huh7.5 cells were pretreated with the control DMSO or the PI3K inhibitor wortmannin (2.5
M) for 3 h followed by infection with HCV (MOI ⫽ 1) for 24 h. Cell lysates were collected and analyzed by immunoblot. B, Huh7.5 cells were treated with DMSO
or wortmannin (2.5 M) for 24 h, and live cells were quantified by the trypan blue exclusion assay. The results represent the average of three independent
experiments. **, p ⬎ 0.05. Error bars, S.D.

FIGURE 7. Analysis of the effect of the PI3K-AKT pathway on HCV entry. A,
Huh7.5 cells were treated with AKT-V (20 M) or wortmannin (2.5 M) for 3 h
and then infected with HCVpp or VSVpp. Cell lysates were collected for the
luciferase assay to determine the infectivity of HCVpp and VSVpp. The luciferase activity of cells treated with DMSO was arbitrarily defined as 100%. The
results represent the average of three independent experiments. The differences among the VSVpp-infected cells are statistically insignificant. In contrast, for HCVpp-infected cells, the difference between cells treated with
DMSO and AKT-V and between cells treated with DMSO and wortmannin is
statistically significant. *, p ⬍ 0.001. B, Huh7.5 cells were treated with AKT-V
(20 M) at the time points indicated before, during, or after HCV infection
(MOI ⫽ 1). Cell lysates were collected 24 h postinfection for the immunoblot
analysis. The level of the core protein was quantified with ImageJ and normalized against the actin-loading control, and the relative core protein levels are
shown below the gel. The core protein level of cells not treated (NT) with
AKT-V was arbitrarily defined as 1. Error bars, S.D.

(31–39). In the present study, we demonstrated that HCV could
activate AKT as early as 15 min after infection and prominently
by 30 min of infection. This activation was transient and no
longer visible at 24 h after infection (Fig. 1). The observation
that the UV-inactivated HCV and HCVpp, but not VSVpp,
could also activate AKT suggested a possible role of the interaction between HCV and its co-receptors in the activation of
AKT (Fig. 2). This possibility was bolstered by the observations
that the HCV sE2 protein could also activate AKT and that this
effect could be blocked by the anti-E2 antibody CBH-5 (Fig. 3, B
and C). Because either the anti-CD81 or the anti-claudin-1 anti-
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body could replace HCV or sE2 to activate AKT (Fig. 3D), it is
highly likely that the interaction between HCV E2 and these
two HCV co-receptors led to the activation of AKT. Recently, it
was demonstrated that claudin-1 could activate the PI3K-AKT
pathway to inhibit the expression of E-cadherin in colon cancer
cells (50). Thus, although HCV E2 does not bind directly to
claudin-1, it may activate claudin-1 indirectly through the
binding to CD81, which forms a complex with claudin-1 after
engaging HCV (24, 51), to result in the activation of the PI3KAKT pathway.
Interestingly, although the UV irradiation, which inactivated
HCV, did not abolish the ability of HCV to activate AKT, it
abolished its ability to inactivate AKT 24 h after infection (Fig.
2A). The sustained activation of AKT by UV-irradiated HCV
indicated that HCV could inactivate AKT via a postentry mechanism. Because the inactivation of AKT coincided with the
detection of HCV core protein (Fig. 1), it is conceivable that this
inactivation of AKT might be mediated by HCV gene products.
Previously, it was demonstrated that the ectopically expressed
HCV NS5A could bind to the p85 subunit of PI3K to activate
the PI3K-AKT pathway (41, 42). It is unlikely that the activation
of PI3K-AKT was due to the activity of NS5A, because the activation occurred in the very early stage of HCV infection and
could also be mediated by sE2 or HCVpp, which did not express
NS5A. It remains to be seen, however, whether in the context of
HCV infection, this binding to PI3K by NS5A may actually
inhibit the PI3K activity instead. It has also been shown that the
core protein could impair the AKT phosphorylation at threonine 308 (43, 44). Thus, it is also possible that the inactivation of
AKT by HCV may involve the HCV core protein. This may also
explain why AKT was constitutively activated in HCV subgenomic RNA replicon cells (42) but not in our HCV infection studies. Alternatively, it has been demonstrated that the
clustering of CD81 on the membrane or its lack of expression
could result in the deactivation of AKT in hematopoietic
stem cells (52). Thus, it is also possible that the clustering of
CD81 and claudin-1 after HCV binding or their degradation
in the endocytic pathway might also lead to the inactivation
of AKT. In any case, the observation that AKT was inactivated 24 h after HCV infection indicates that this kinase
might be dispensable for HCV replication in the later stages
of the HCV life cycle.
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The activation of AKT by HCV apparently enhanced the permissiveness of the cell for HCV infection, because the silencing
of AKT with siRNAs inhibited HCV infection, whereas the
expression of constitutively active AKT1 and AKT2 enhanced
HCV infection (Figs. 4 and 5). Because the inhibition of the
PI3K-AKT pathway with either the PI3K inhibitor wortmannin
or the AKT inhibitor AKT-V reduced the infection of HCVpp
but not VSVpp (Fig. 7A), it is highly likely that HCV activated
the PI3K-AKT pathway to enhance its entry into cells. This
possibility was further supported by the observation that only
the treatment of cells with AKT-V prior to or at the time of
HCV infection could significantly reduce the HCV infectivity
(Fig. 7B). The transient activation of the PI3K-AKT pathway by
HCV was also consistent with a role of this pathway in the early
stage of HCV infection. It has been demonstrated that the activation of the PI3K-AKT pathway is important for the entry of
the African swine fever virus and pneumococci into cells via
endocytosis. In both cases, this activation of the PI3K-AKT
pathway was associated with the reorganization of actin filaments (53, 54). It will be interesting to determine whether the
activation of PI3K-AKT by HCV also enhances the actin reorganization and endocytosis of the virus. It should be noted that
HCV appears to have evolved different mechanisms to enhance
its entry, because it has also been reported that HCV infection
activates protein kinase A (PKA) in a cAMP-dependent manner
to retain claudin-1 on the plasma membrane, which then promotes the entry of HCV (55).
In conclusion, our results demonstrated that HCV could
transiently activate the PI3K-AKT pathway to enhance its entry
into the host cells. The continuous assault by HCV on this
important pathway that regulates cellular growth and metabolism probably plays an important role in HCV pathogenesis.
Our results also raised the possibility of targeting this pathway
to treat HCV patients.
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