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Hepatitis C virus (HCV) induces autophagosome formation in infected human hepatocytes. We have previously reported that
HCV exploits autophagic machinery in favor of virus growth and survival in host cells (S. Shrivastava et al., Hepatology 53:406 –
414, 2011); however, the mechanisms for autophagy induction is poorly understood. In the present study, we observed that HCV
infection transcriptionally upregulates Beclin1, which forms complex with Vps34, the class III phosphatidylinositol 3-kinase, as
a first step for autophagy initiation. Although Bcl-2 has an anti-autophagy effect by its association with Beclin1 in nutrient-de-
prived cells, our studies revealed that HCV-mediated autophagy occurs independent of Beclin1–Bcl-2 dissociation. Mammalian
target of rapamycin (mTOR) is a positive regulator of cell growth and is recognized as an inhibitor of autophagy induction. Our
results demonstrated that HCV infection enhances phospho-mTOR expression and its downstream target 4EBP1 activation,
suggesting that mTOR is not a negative regulator of HCV-induced autophagy. On the other hand, HCV infection in autophagy-
impaired cells reduced phospho-mTOR, mTOR, and phospho-4EBP1 expression. Together, these results suggested that HCV
induces autophagy by upregulating Beclin1 and activates mTOR signaling pathway, which in turn may promote hepatocyte
growth.

Hepatitis C virus (HCV) infection is a major health problem,
and nearly 200 million people are infected with this virus

globally (2). HCV chronically infects �80% of the infected hu-
mans, and among them �20% eventually develop liver cirrhosis
and hepatocellular carcinoma. HCV is a member of the Flaviviri-
dae family, and its genome contains a positive-strand RNA �9.6
kb in length. HCV genome encodes a polyprotein precursor of
�3,000 amino acids, which is cleaved by both viral and host pro-
teases into structural (core, E1, E2, and p7) and nonstructural
(NS2, NS3, NS4A, NS4B, NS5A, and NS5B) proteins (36).

Autophagy is an evolutionarily conserved intracellular process
that involves the formation of a double membrane structure,
called the autophagosome, which engulfs long-lived cytoplasmic
macromolecules and damaged organelles and delivers them to
lysosomes for degradation and recycling (27). Autophagy is a con-
stitutive process which generally occurs at the basal level but is
upregulated in response to extracellular or intracellular stress and
signals, such as starvation, growth factor deprivation, endoplas-
mic reticulum stress, and pathogen infection (50). Viruses are
obligate intracellular parasites and their survival is linked to their
ability to subvert cellular antiviral defenses and to regulate cellular
processes necessary for their own replication. Some of the viruses,
such as cytomegalovirus, Kaposi’s sarcoma associated herpesvi-
rus, and human herpes simplex virus 1, have evolved strategies to
suppress autophagy for their own survival (7, 29). Autophago-
some formation occurring during dengue virus, poliovirus, influ-
enza virus A, and coxsackievirus B3 virus infections is associated
with enhanced viral replication and an increase in the viral yield
(10, 29). We and others have shown that HCV infection induces
autophagy in hepatocytes (1, 11, 31, 42, 46). It has also been shown
that knockdown of autophagy inhibits production of infectious
virus particles (40). We have subsequently shown that disruption
of autophagy machinery in HCV-infected hepatocytes activates
the interferon (IFN) signaling pathway, resulting in enhancement
of the innate immune response (40). HCV-mediated autophagy

also controls lipid production (48). However, how HCV induces
autophagy remains poorly understood.

There are three major pathways that regulate autophagy induc-
tion. The first pathway involves the mammalian target of rapamy-
cin (mTOR), which negatively regulates autophagy. mTOR
inhibits ULK1 from recruiting its partners Atg13 and FIP200.
ULK–Atg13–FIP200 complex recruits and organizes other pro-
teins for developing autophagosome. In response to insulin or
growth factors, class I phosphatidylinositol 3-kinase (PI3K)-in-
duced phosphorylation of Akt activates mTOR that results in in-
hibition of autophagy (24). During nutrient starvation, activation
of AMP protein-activated kinase (AMPK) conversely inhibits
mTOR and induces autophagy. The second pathway that regulates
autophagy is mediated by Atg6/Beclin1, the first mammalian au-
tophagy protein, which forms a complex with Vps34, the class III
PI3K (17, 53). Vps34 produces phosphatidylinositol 3-phosphate,
which can recruit other proteins to the complex. On the other
hand, binding of Beclin1 by the antiapoptotic protein Bcl-2 inhib-
its autophagy (34). The third pathway that mediates autophago-
some formation and elongation involves 2 ubiquitin-like conju-
gation processes that generate membrane-bound protein
complexes (14, 19). Atg7 and Atg10 mediate the conjugation of
Atg12 to Atg5, which subsequently interact with Atg16. The
Atg12–Atg5-Atg16 complex binds to the outer membrane and
then dissociates upon completion of the autophagosome. The sec-
ond conjugation reaction involves Atg8 or microtubule-associ-
ated protein 1 light chain 3 (LC3). LC3 is constitutively cleaved by
Atg4 to produce LC3-I. With a signal to induce autophagy, Atg7
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and Atg3 mediate the conjugation of LC3-I to the membrane lipid
phosphatidylethanolamine to form LC3-II. LC3-II integrates to
both the outer and inner membranes of the autophagosome and
helps in membrane elongation and closure. HCV infection in
hepatocytes induces LC3-II expression (1, 11, 42), suggesting that
this pathway is active.

In the present study, we show that HCV upregulates Beclin1
expression and augments autophagy initiation. Further studies
suggest that HCV induced autophagy acts upstream of mTOR
signaling pathways, which may in turn promote cell growth.

MATERIALS AND METHODS
Cell culture, transfection and HCV infection. Immortalized human
hepatocytes (IHH) and human hepatoma (Huh 7.5) cells were main-
tained in Dulbecco modified Eagle medium (DMEM) containing 10%
fetal bovine serum, 100 U of penicillin G/ml, and 100 �g of streptomy-
cin/ml at 37°C in a 5% CO2 atmosphere. HCV genotype 2a was grown in
Huh 7.5 cells or IHH. For infection, cells were incubated with HCV geno-
type 2a (multiplicity of infection of 0.1) in a minimum volume of me-
dium. After 8 h of virus adsorption on hepatocytes, DMEM supplemented
with 5% heat-inactivated fetal bovine serum was added. IHH, transfected
with control (scrambled) or Beclin1 (BCN1) small interfering RNA
(siRNA) using Lipofectamine 2000 (Invitrogen), were similarly infected
with cell culture grown HCV. The siRNAs used here were mixture of three
siRNAs and were purchased from Santa Cruz (the sequences are not
shown).

For autophagosome-lysosome fusion, the control and Flag-NS5A ex-

pressing IHH were transfected with LC3-GFP and treated with 1 �M
LysoTracker Red DND-99 (Invitrogen) at 37°C for 30 min as described
previously (40). Two-channel optical images (green fluorescent protein
[GFP] and LysoTracker red) were collected using the sequential scanning
mode (488- and 543-nm excitation and 522- and 595-nm emission, re-
spectively) of the Olympus FV1000 confocal system. NS5A was stained
with a mouse anti-Flag antibody and anti-mouse immunoglobulin con-
jugated to Alexa Fluor 647 (Molecular Probes). Images were superim-
posed digitally for fine comparisons.

Immunoblot analysis. Mock- or HCV-infected cells were lysed using
an SDS-PAGE sample loading buffer. The proteins were subjected to elec-
trophoresis on polyacrylamide gel and transferred onto nitrocellulose
membrane. The membrane was probed with antibodies to phospho-
mTOR, mTOR, phospho-4EBP1, phospho-ERK1/2, phospho-MEK1/2,
MEK1/2, Vps34, p110�, Beclin1, or Bcl-2 (Cell Signaling or Santa Cruz).
Proteins were detected using an enhanced chemiluminescent ECL West-
ern blot substrate (Pierce, IL). The membrane was reprobed for actin or
tubulin as an internal control. All immunoblot experiments were per-
formed three to five times for reproducibility.

Immunoprecipitation assay. Mock-treated or virus-infected cells
were lysed with radioimmunoprecipitation assay buffer supplemented
with protease inhibitor complex (Roche). Cell lysates were centrifuged at
14,000 rpm for 15 min, and soluble protein was incubated with primary
antibody (Beclin1, Bcl-2, or p110�) overnight at 4°C. Protein G-agarose
beads were added, followed by incubation at 4°C for 1 h. The precipitates
were then washed four to five times with lysis buffer, boiled with 1�
protein loading dye, and subjected to Western blotting. Flag-Beclin1 was

FIG 1 HCV infection upregulates Beclin1 expression. (A) Total RNA was isolated from mock or HCV-infected IHH at different days postinfection. BCN1
mRNA expression was examined by quantitative reverse transcription-PCR, and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used as an internal
control. The fold changes of mRNA are presented after normalizing with internal control and was arbitrarily set as 1. The results are presented as means from
three independent experiments with standard errors. (B and C) IHH were cotransfected with the reporter plasmid containing �644/�197 region of BCN1
promoter with luciferase reporter gene and plasmid DNAs containing FL-HCV or individual HCV genomic regions. Luciferase activity was measured at 48 h
posttransfection. The results are representative of three independent experiments. *, P � 0.038; **, P � 0.001. (D) IHH were infected with HCV or transduced
with lentivirus expressing HCV NS5A. Cell lysates were analyzed for Beclin1, HCV core, or NS5A expression by Western blotting with a specific antibody. The
blot was reprobed with an antibody to actin for comparison of protein load.
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precipitated with anti-flag antibody, and the samples were processed as
described above.

RNA quantitation. IHH were infected with HCV and incubated for 72
h. Total RNA was isolated using a Qiagen RNeasy kit (Qiagen, CA). cDNA
was synthesized using random hexamer and Superscript III reverse trans-
criptase kit (Invitrogen, CA). Real time-PCR was performed with the
cDNA for RNA quantitation using TaqMan gene expression PCR master
mix (Applied Biosystems) and FAM-MGB probe for BCN1
(Hs00186838_ml). FAM-MGB probe for GAPDH (Hs99999905_m1) was
used as an endogenous control.

Luciferase assay. BCN1 promoter sequence (from �644 to �197) was
PCR amplified and cloned into pGL3-Basic vector encoding the firefly
luciferase gene (BCN1-luc). Cells were transfected with BCN1-luc and
full-length HCV cDNA (FL-HCV) plasmid DNAs or vector alone. The
cells were lysed at 48 h posttransfection with reporter lysis buffer (Pro-
mega, WI), and the luciferase activity was determined using a luminom-
eter (Optocomp II; MGM Instruments, Hamden, CT). Luciferase activity
was normalized with respect to the protein concentration of cell lysates.

Generation of lenti-NS5A and transduction of hepatocytes. HCV
NS5A region was amplified using forward primer 5=-ACCTGGCTGAAT
TCCAAGCTCATGCCA-3= and reverse primer 5=- CAGGAATCTAGAC
ATTCAGCAGCA-3= from full-length HCV cDNA clone by PCR. The
amplified product was digested with EcoRI and XbaI and inserted into the
lentivirus vector pLVX-puro (Clontech). HEK293T cells were transfected
with pLVX-NS5A plasmid along with lentivirus packaging mix (Clon-
tech). Cell culture supernatants containing lentivirus particles expressing
HCV NS5A were collected at 48 h after transfection, filtered, and stored at
�70°C for further use. Titration of lenti-NS5A was performed, as sug-
gested by the manufacturer. IHH were transduced with lenti-NS5A or
lenti-puro (as a control), and cell lysates were prepared after 72 h for
subsequent analyses.

Flow cytometric analyses. IHH treated with control siRNA or BCN1
siRNA were infected with cell culture grown HCV or transduced with
lenti-NS5A. Mitochondrion-associated reactive oxygen species (ROS)
levels were measured after 72 h infection by staining cells with MitoSOX
(Molecular Probes/Invitrogen) at 5 �M for 40 min at 37°C. The cells were
washed with phosphate-buffered saline (PBS), treated with trypsin, and
resuspended in PBS containing 1% fetal bovine serum for fluorescence-
activated cell sorting analysis.

RESULTS AND DISCUSSION
HCV upregulates Beclin1 at the transcriptional level. Beclin1 is
an interacting partner for the mammalian class III PI3K Vps34
(15, 17, 23, 26, 30). Beclin1 forms complex with Vps34, Vps15,
and Atg14L to initiate autophagosome formation (17, 53). We
observed an increased expression of Beclin1 protein at the early
stage of HCV infection of hepatocytes (1). To further investigate
how HCV enhances Beclin1 expression, we examined its regula-
tion at the mRNA level. An increased expression of Beclin1 at the
mRNA level in virus-infected hepatocytes was observed up to 6
days (Fig. 1A). The Beclin1 promoter region (�644 to �197) was
cloned into pGL3-Basic vector to examine its modulation at the
transcriptional level. Our data suggested that exogenous expres-
sion of HCV full-length cDNA enhances Beclin1 promoter activ-
ity to �8-fold compared to vector-transfected control (Fig. 1B).
We further examined whether individual HCV proteins regulate
Beclin1 gene expression and observed that HCV NS5A signifi-
cantly enhances the Beclin1 promoter activity compared to other
HCV proteins (Fig. 1C). Overexpression of HCV NS5A also in-

FIG 2 Bcl-2 and Beclin1 associate in HCV-infected hepatocytes. (A and B)
IHH were infected with HCV, and cell lysates prepared after 3 days of infection
were immunoprecipitated with mouse monoclonal Bcl-2 or rabbit anti-Be-
clin1 antibody. Mock-infected IHH were treated similarly as control. Interac-
tion of Beclin1, Vps34, or Bcl-2 was detected by immunoblotting with specific
antibody. (C) Cells were transfected with Bcl-2 and flag-tagged Beclin1 plas-
mid DNAs in the presence or absence of FL-HCV. Cell lysates prepared after 2
days of transfection were immunoprecipitated with a mouse monoclonal an-
tibody to Bcl-2. The interaction of Beclin1 or Bcl-2 was detected by immuno-
blotting with specific antibody. (D) Control and nutrient-starved (for 4 h) cell
lysates were prepared for immunoprecipitation with a mouse monoclonal an-
tibody to Bcl-2. The interaction of Beclin1 or Bcl-2 was detected by immuno-
blotting with specific antibody.

FIG 3 HCV infection induces p110� but does not associate with Beclin1 or
Vps34. (A) IHH were infected with HCV, and infected cell lysates were pre-
pared 3 days postinfection. Cell lysates were analyzed for expression of p110�
by Western blotting with specific antibody. Mock-infected IHH were treated
similarly to the control. The blot was reprobed with an antibody to actin for a
comparison of the protein load. (B) IHH were infected with HCV, and cell
lysates were immunoprecipitated with anti-p110� antibody. Mock-treated
IHH were used as a control in parallel. The interaction of p110� with Beclin1
and Vps34 was examined by immunoblotting with anti-Beclin1 or anti-Vps34
antibody. (C) HCV-infected cell lysates were analyzed for activation of MEK/
ERK by Western blot analysis. Mock-treated IHH were used as a control in
parallel. The blot was reprobed with an antibody to total MEK1/2. The blot was
also reprobed with an antibody to tubulin for comparison of the protein load
in each lane.
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creased endogenous Beclin1 protein expression similar to HCV-
infected cells (Fig. 1D). HCV protein expression from virus infec-
tion or lentivirus transduction is also shown (Fig. 1D). Together,
these results suggest that HCV mediated upregulation of Beclin1
expression occurs at the transcriptional level, which in turn, may
initiate autophagy induction.

HCV induces autophagy independent of Beclin1–Bcl-2 in-
teraction. Beclin1 was initially identified as Bcl-2 interacting pro-
tein (28). During nutrient starvation, the dissociation between
Beclin1 and Bcl-2 occurs either by JNK mediated phosphorylation
of Bcl-2 or the interaction between HMGB1 and Beclin1 (35, 45,
52). We next examined whether dissociation of Beclin1 and Bcl-2
occurs in hepatocytes infected with HCV. Our results suggested
that endogenous Bcl-2 or Beclin1 is coimmunoprecipitated by
Beclin1 or Bcl-2 in HCV-infected hepatocytes (Fig. 2A and B),
suggesting that HCV does not dissociate Beclin1 and Bcl-2 com-
plex for autophagy induction. For further verification, IHH were
transfected with Bcl-2 and Beclin1 in cells expressing full-length
HCV (FL-HCV). The results suggested that association between
Beclin1 and Bcl-2 is not inhibited by FL-HCV (Fig. 2C). However,
in nutrient starved condition, very little association of Beclin1 and
Bcl-2 is observed compared to cells with normal growth media
(Fig. 2D). Therefore, it appears that Beclin1–Bcl-2 dissociation is
not important for HCV-mediated autophagy induction. In Bcl-2-
overexpressing HCV-infected cells, we observed LC3 puncta for-
mation, suggesting that increased Bcl-2 expression does not in-
hibit autophagy in HCV-infected cells (data not shown). Shimizu
et al. (39) reported that Bcl-2 or Bcl-XL overexpression increases
autophagy in transformed murine embryonic fibroblasts treated

with etoposide. We and others have shown earlier that knock-
down of Beclin1 in hepatocytes impairs HCV-induced autophagy
(11, 40), suggesting an involvement of Beclin1 in the processes.
Our present finding is in agreement with our observations, sug-
gesting that Bcl-2 may function as a positive regulator of au-
tophagy.

HCV infection induces p110�, but does not associate with
Vps34. Vps34 is conserved from lower eukaryotes to plants and
mammals (47). Beclin1 and Vps34 are known to be positive reg-
ulators of autophagy, through initial nucleation and assembly of
the primary autophagosome membrane (41). The assembly of the
phagophore requires the Beclin1 complex with Vps34, Vps15, and
Atg14L (3). We observed an association of Beclin1-Vps34 in
HCV-infected hepatocytes, as expected (Fig. 2B). The PI3Ks are
lipid kinases and are critical signaling molecules in cell growth
regulation. PI3Ks are grouped into three classes: class I, class II,
and class III based on substrate specificity and sequence homology
(8). Class I PI3Ks are divided into two groups: class IA and class IB.
Class IA PI3Ks are heterodimeric proteins consisting of an 85-kDa
regulatory subunit and one of the three 110-kDa catalytic sub-
units: p110-�, p110-�, and p110-	 (6, 12, 13, 21). Dou et al. (9)
have recently suggested that p110� associates with Vps34-Vps15-
Beclin1-Atg14L complex for autophagosome initiation.

Since dissociation of Bcl2 and Beclin1 was not observed, we
examined the status of p110� in HCV-infected hepatocytes. An
increased expression of p110� in HCV-infected hepatocytes was
observed (Fig. 3A). We therefore investigated whether p110�
forms complex with Beclin1 in HCV-infected cells. Our results
suggested that p110� does not coprecipitate with Beclin1 or

FIG 4 HCV activates mTOR signaling. (A and B) Mock-treated or HCV-infected IHH lysates were analyzed for phospho-mTOR (Ser2448), total mTOR, and
phospho-4EBP1 (Thr37/46) by Western blotting with specific antibodies. The blot was reprobed with an antibody to actin for comparison of protein load. (C and
D) HCV infection inhibits phospho-mTOR, mTOR, and phospho-4EBP1 in Beclin1-knockdown hepatocytes. IHH treated with BCN1 siRNA were infected with
HCV or mock treated. Cell lysates were analyzed for phospho-mTOR, mTOR, and phospho-4EBP1 by Western blotting. The blot was also reprobed with an
antibody to actin for comparison of the protein load. (E) IHH were transfected with Beclin1 siRNA or control (scrambled) siRNA. Cell lysates were subjected to
Western blot analysis with specific antibody. The blot was reprobed with an antibody to actin for comparison of protein load in each lane.
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Vps34 (Fig. 3B). Cellular transformation via p110
 and p110� is
activated by MEK1/2 and ERK1/2 signaling. MEK/ERK molecules
have been implicated in enhancing autophagy by regulating Be-
clin1 for inhibiting mTOR pathway (51). An increased levels of
phosphorylated MEK1/2 and ERK1/2 was observed in HCV-in-
fected cells compared to mock-infected controls (Fig. 3C).
However, treatment of HCV-infected cells with phospho-ERK in-
hibitor did not impair autophagy formation. Overexpression of
wild-type p110�, p110
, or p110	 is sufficient to induce cellular
transformation in chicken embryo fibroblasts (25). Knockouts of
p110� and p110� are embryonically lethal (4, 5). Therefore, it is
possible that HCV mediated increased p110� expression occurs
through MEK/ERK activation and plays an important role in
HCV-infected hepatocyte survival.

HCV activates mTOR signaling pathway. mTOR is an impor-
tant signaling molecule that regulates diverse cellular functions,
such as initiation of mRNA translation, cell growth and prolifer-
ation, ribosome biogenesis, transcription, cytoskeletal reorganiza-
tion, long-term potentiation, and autophagy. Activation of
mTOR in nutrient-proficient cells acts as a negative regulator of

autophagy (20, 22, 33, 37). However, the cross talk between
mTOR pathway and autophagy induction during HCV infection
remains unknown. We observed an increased expression of total
mTOR and phospho-mTOR in HCV-infected hepatocytes
(Fig. 4A). Subsequently, a significant enhancement of phospho-
4EBP1 (Thr37/46), a downstream substrate of mTOR, was noted
in HCV-infected cells (Fig. 4B). This unexpected result prompted
us to assume that HCV-mediated autophagy induction may not
be regulated by mTOR signaling. Recent reports suggested that
autophagy acts as an upstream positive regulator of mTORC1 (32,
38). We therefore examined the expression level of phospho-
mTOR, mTOR, and phospho-4EBP1 in autophagy-knockdown
HCV-infected cells. Our results demonstrated a decreased expres-
sion of phospho-mTOR and total mTOR (Fig. 4C) and a signifi-
cant decrease of phospho-4EBP1 in autophagy-knockdown HCV-
infected cells (Fig. 4D). Cells were transfected with Beclin1 siRNA
or control siRNA (scrambled), and expression of Beclin1 was ex-
amined at the protein level. A significant inhibition of Beclin1 at
protein levels (�90%) was observed after siRNA treatment
(Fig. 4E). Together, these data suggest that HCV-mediated au-

FIG 5 HCV NS5A induces autophagy. (A) IHH were transduced with lenti-puro (mock) or lenti-NS5A for 48 h. Confocal microscopy images displaying
subcellular localization of endogenous LC3 (red) and HCV NS5A protein (green) in merged image panels are shown. The nuclei were stained with DAPI
(4=,6=-diamidino-2-phenylindole) (blue). Punctate localization of LC3 on autophagic vacuoles (shown by arrows) was clearly visible in NS5A-transduced IHH
but not in the mock-treated control. (B) HCV NS5A-induced LC3 punctate dots were counted and are presented as a bar graph. (C) Confocal microscopy of
autolysosome formation by HCV NS5A. IHH were transfected with GFP-LC3 and HCV NS5A. Lysosomes were stained by LysoTracker dye (red), autophago-
somes were stained by GFP-LC3 (green), and NS5A was stained with specific antibody, followed by Alexa Fluor 647 (blue). Autolysosomes stained by Lyso-
Tracker red and GFP-LC3 displayed a yellow signal (merged panel). (D) Cells transduced with lenti-NS5A displayed increased LC3 lipidation compared to
lenti-puro-transduced cells. NS5A expression is shown in the bottom panel. The blot was reprobed with an antibody to actin for comparison of equal protein
load.
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tophagy may act on upstream of mTOR signaling pathway. Fur-
ther, HCV-mediated autophagy may regulate phospho-4EBP1
(Thr37/46) expression for promotion of cell growth. Indeed, fur-
ther work is necessary to unravel this mechanism.

HCV NS5A protein is sufficient for autophagy induction. To
delineate the role of individual viral proteins in autophagy induc-
tion, we transfected the cells with DNA constructs encoding indi-
vidual HCV proteins and examined the autophagy induction an-
alyzing LC3 punctate dot formation using immunofluorescence.
Transduction with lenti-NS5A displayed enlarged punctate dot
formation compared to lenti-puro-transduced cells (Fig. 5A and
B). A deficiency of autophagosome-lysosome fusion would pre-
dict the accumulation of autophagosome. To examine this, we
transfected IHH with LC3-GFP and HCV NS5A. After 44 h of
transfection, LysoTracker Red was added, and LC3 was found to
be colocalized with LysoTracker red, suggesting the formation of
the autolysosomes in NS5A-expressing cells (Fig. 5C). We ob-
served a significant increase in LC3-II protein in NS5A-trans-
duced cells, and the ratio of LC3-II to LC3-I was much higher in
NS5A-transduced cells compared to the control (Fig. 5D). Thus,
the results suggested that NS5A-mediated autophagy cascade pro-
ceeds by fusion of autophagosome with lysosome.

To further examine whether HCV NS5A expression in au-
tophagy-impaired cells modulates IFN signaling and cell growth,
we transduced lenti-NS5A in BCN1-knockdown IHH. RNA iso-
lated from these cells was analyzed for IFN signaling molecules.
Our results demonstrated that HCV NS5A alone upregulates
IFNA1 and IFN-� mRNA expression in autophagy-impaired cells
(Fig. 6A) and induces PARP cleavage (Fig. 6B). Mitochondrial
ROS has been implicated for induction of IFN signaling in au-
tophagy-impaired cells (44). The absence of autophagy resulted
into ROS accumulation in mitochondria. We therefore exam-
ined mitochondrial ROS production in HCV-infected or
NS5A-transduced Beclin1-knockdown cells. An enhancement
of mitochondrial ROS production was observed in Beclin1-
knockdown cells infected with HCV (Fig. 6C) or transduced
with NS5A (Fig. 6D) compared to control cells treated simi-
larly. Mitochondrial ROS production remained unchanged in
Beclin1-knockdown cells compared to control cells (data not
shown). We also observed that NS5A enhances Beclin1 pro-
moter activity and protein expression (Fig. 1). Together, these
results suggest that HCV NS5A alone can induce autophagy. It
is possible that more than one HCV protein is involved in the
induction of autophagy, as suggested by other investigators

FIG 6 HCV NS5A upregulates IFN signaling molecules in Beclin1-knockdown IHH. (A) Transduction of lenti-NS5A in Beclin1-knockdown cells enhances
IFNA1 and IFN-� mRNA expression. Total cellular RNA was extracted from HCV NS5A-transduced siBCN1-IHH or control IHH after 3 days. Intracellular
mRNA expression of IFNA1 or IFN-� was measured by quantitative reverse transcription-PCR. GAPDH was used as an internal control, and the fold changes
of mRNA are presented after normalization with internal control. The results are presented as means from three independent experiments. (B) Transduction of
lenti-NS5A in Beclin1-knockdown cells induces PARP cleavage. Cell lysates were subjected to Western blot analysis with a specific antibody for the detection of
PARP. PARP was significantly cleaved to an �86-kDa signature peptide in HCV NS5A-transduced Beclin1-knockdown cells compared to control siRNA-treated
IHH. The blot was reprobed with an antibody to actin for comparison of equal protein load. (C and D) Autophagy-impaired HCV-infected or NS5A-transduced
IHH have increased levels of mitochondrial ROS. IHH treated with control siRNA or BCN1 siRNA were infected with HCV or transduced with lenti-NS5A. The
levels of mitochondrion-associated ROS in cells were analyzed by MitoSOX labeling.
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(18, 43). HCV NS4B has recently been reported to form com-
plex with Rab5 and Vps34 and induces autophagy (43).

We and others have shown earlier that HCV induces au-
tophagy formation. Here, we demonstrated that HCV infection
upregulates Beclin1 at the transcriptional level and that virus-me-
diated autophagy induction occurs independent of Beclin1–Bcl-2
dissociation. HCV infection also enhances MEK/ERK phosphor-
ylation but does not inhibit mTOR signaling. Beclin1 acts as a
nexus point in autophagy induction pathway by forming a com-
plex with Vps34. The activation of MEK/ERK with moderate in-
crease in Beclin1 expression resulted in cytoprotective autophagy
(51). We and others have shown earlier that Beclin1 knockdown
impairs HCV-mediated autophagy induction (11, 40). Together,
our results indicate that HCV-mediated autophagy induction is
Beclin1 dependent.

Both mTORC1 activation and eIF4E phosphorylation are in-
volved in tumorigenesis (16, 49). The canonical pathway involves
mTORC1-mediated negative regulation of autophagy, especially
in the case of starvation. We observed that HCV induces phospho-
mTOR and its substrate phospho-4EBP1 expression in IHH. On
the other hand, Su et al. (43) did not observe a change in phospho-
4EBP1 expression in HCV-infected Huh 7.5 cells compared to
mock-infected cells, and this difference may be due to the nature
of the experiments and different cell lines used. Paradoxically, we
observed inhibition of mTOR and 4EBP1 phosphorylation in au-
tophagy-knockdown HCV-infected cells. Further, Bcl-2 is known
to have an anti-autophagy effect via its association with Beclin1
(28). However, our results suggested that this association do not
have an effect on HCV-induced autophagy. We conclude from
these data that HCV-mediated autophagy and mTOR signaling
act concurrently or that induction of autophagy occurs upstream
of mTOR signaling pathway in HCV-infected hepatocytes (Fig. 7).
A potential explanation of this paradox is likely that HCV infec-
tion is inducing autophagy for establishment of infection, while
activating mTOR signaling for hepatocyte growth.
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