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ABSTRACT Apolipoprotein E (ApoE) plays an important role in the maturation
and infectivity of hepatitis C virus (HCV). By analyzing the subcellular localization
of ApoE in Huh7 hepatoma cells that harbored an HCV subgenomic RNA repli-
con, we found that ApoE colocalized with autophagosomes. This colocalization
was marginally detected in HCV-infected cells, apparently due to the depletion
of ApoE by HCV, as treatment with bafilomycin A1 (BafA1), a vacuolar ATPase in-
hibitor that inhibits autophagic protein degradation, partially restored the ApoE
level and enhanced its colocalization with autophagosomes in HCV-infected cells.
The role of HCV-induced autophagy in the degradation of ApoE was further sup-
ported by the observations that nutrient starvation, which induces autophagic
protein degradation, led to the loss of ApoE in HCV subgenomic RNA replicon
cells and that the knockdown of ATG7, a protein essential for the formation of
autophagic vacuoles, increased the ApoE level in cells with productive HCV repli-
cation. Interestingly, the inhibition of autophagy by ATG7 knockdown reduced
the colocalization of ApoE with the HCV E2 envelope protein and the HCV titers
released from cells. In contrast, the treatment of cells with BafA1 enhanced the
colocalization of ApoE and HCV E2 and increased both intracellular and extracel-
lular HCV titers. These results indicated that autophagy played an important role
in the trafficking of ApoE in HCV-infected cells. While it led to autophagic degra-
dation of ApoE, it also promoted the interaction between ApoE and HCV E2 to
enhance the production of infectious progeny viral particles.

IMPORTANCE Hepatitis C virus (HCV) is one of the most important human pathogens.
Its virion is associated with apolipoprotein E (ApoE), which enhances its infectivity. HCV
induces autophagy to enhance its replication. In this report, we demonstrate that au-
tophagy plays an important role in the trafficking of ApoE in HCV-infected cells. This
leads to the degradation of ApoE by autophagy. However, if the autophagic protein
degradation is inhibited, ApoE is stabilized and colocalized with autophagosomes. This
leads to its enhanced colocalization with the HCV E2 envelope protein and increased
production of infectious progeny viral particles. If autophagy is inhibited by suppressing
the expression of ATG7, a gene essential for the formation of autophagosomes, the co-
localization of ApoE with E2 is reduced, resulting in the reduction of progeny viral titers.
These results indicate an important role of autophagy in the transport of ApoE to pro-
mote the production of infectious HCV particles.
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Hepatitis C virus (HCV) is one of the most important human pathogens and
chronically infects an estimated 71 million people in the world (1). This virus can

cause severe liver diseases, including cirrhosis and hepatocellular carcinoma. HCV is an
enveloped virus with a positive-stranded RNA genome. It is classified in the Hepacivirus
genus of the Flaviviridae family (2). The HCV genome encodes a polyprotein of about
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3,000 amino acids. The translation of this polyprotein is mediated by the internal
ribosomal entry site (IRES) that consists of most of the 5= untranslated region (UTR) and
the first few codons of the polyprotein-coding sequence (3, 4). This polyprotein is
processed by cellular and viral proteases into different viral proteins (5). The structural
proteins are the core protein, which forms the viral capsid, and the envelope glyco-
proteins E1 and E2. The nonstructural proteins NS3, NS4A, NS4B, NS5A, and NS5B are
required for viral RNA replication. However, several of the nonstructural proteins,
including the ion channel protein p7, NS3, and NS5A, are also involved in viral assembly
and release (6–8). The nonstructural protein NS2 also regulates the encapsidation of
viral genomic RNA by mediating the interaction between structural and nonstructural
proteins (9, 10). Many of the viral proteins also have other regulatory functions.

HCV infection can perturb cellular pathways, including the induction of autophagy
(11). Autophagy (i.e., macroautophagy) is a catabolic process that is important for
maintaining cellular homeostasis. It begins with the formation of a crescent membra-
nous structure, termed the phagophore or isolation membrane, in the cytoplasm. The
membranes of phagophores subsequently expand to form an enclosed double-
membrane structure known as autophagosomes. Autophagosomes mature by fusing
with lysosomes to form autolysosomes, in which the cargos of autophagosomes are
digested by lysosomal enzymes for recycling (12). More than 30 autophagy-related
genes (ATG) that regulate the autophagic pathway have been identified (13). The
microtubule-associated protein light-chain 3 (LC3), a cytosolic protein, is a mammalian
homolog of ATG8 that was initially identified in yeast. During autophagy, LC3 is
covalently linked by ATG3, ATG4, and ATG7 to phosphatidylethanolamine (PE) and
localized to autophagosomal membranes. For this reason, lipidated LC3 is often used
as the marker for autophagosomes. LC3 is either degraded in autolysosomes or
delipidated by ATG4 after the maturation of autophagosomes and is released back into
the cytosol for recycling. Autophagy can be induced by different stimuli, such as
nutrient starvation. It is induced by HCV to enhance its replication (14–18).

Many studies have demonstrated an important role of the very-low-density lipo-
protein (VLDL) in the HCV life cycle (19, 20). VLDL released from hepatocytes contains
a number of proteins, including apolipoprotein B (ApoB), apolipoprotein E (ApoE), and
microsomal triglyceride transfer protein (21). ApoE is known to play an important role
in LVDL assembly and lipid transport by binding with high affinity to the LDL receptor
(LDLR) (22). It is also detected on the surfaces of HCV particles in ultrastructural analysis
(23–28). In addition, ApoE has also been reported to directly interact with HCV NS5A
and E2 to enhance the infectivity of virions (29, 30). However, how ApoE is recruited to
the sites for HCV assembly remains largely unknown.

To understand the mechanism by which ApoE is associated with and contributes to
the assembly and release of HCV particles, we analyzed the subcellular localization of
ApoE in Huh7 hepatoma cells that harbored an HCV subgenomic RNA replicon or were
infected by HCV. We found that ApoE colocalized with autophagosomes and could be
degraded by HCV-induced autophagy. Our further analysis indicated that autophagy
was involved in the trafficking of ApoE, which enhanced its interaction with the HCV E2
envelope protein and the production of infectious HCV particles.

RESULTS
Colocalization of ApoE with autophagosomes induced by HCV. We had previ-

ously established a Huh7 hepatoma cell line that stably expressed the green fluorescent
protein (GFP)-LC3 fusion protein (i.e., Huh7-GFP-LC3 cells) (16) and used this cell line to
produce another stable cell line that contained the HCV genotype 1b subgenomic RNA
replicon. This GFP-LC3-replicon cell line was named GLR cells (17). To understand the
possible relationship between ApoE and HCV-induced autophagy, we conducted im-
munofluorescence microscopy using GLR cells. As shown in Fig. 1, the GFP-LC3 signal
was diffuse and opaque in the parental Huh7-GFP-LC3 cells, but it became bright and
punctate in GLR cells, in agreement with previous reports that HCV replicons could
induce the accumulation of autophagosomes in cells (14, 17, 31). Interestingly, al-
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though ApoE displayed a reticular staining pattern with enrichment in the perinuclear
regions in control cells, consistent with its localization to the endoplasmic reticulum
(ER) and Golgi network as previously reported (32, 33), it displayed a bright and
punctate staining pattern in GLR cells, largely colocalized with the GFP-LC3 puncta. This
result indicated the possible association of ApoE with autophagosomes in GLR cells.

To determine whether ApoE is also colocalized with autophagosomes in HCV-
infected cells, we infected stable GFP-LC3 cells with a cell culture-adapted HCV JFH-1
variant (34). Cells were fixed at 24 and 48 h postinfection for fluorescence microscopy.
Curiously, the intensity of the ApoE signal was reduced at both 24 and 48 h postin-
fection compared with that in the mock-infected cells, and there was only limited
colocalization of ApoE with GFP-LC3 puncta (Fig. 2A). To determine whether HCV
infection reduced the level of ApoE, we performed immunoblot analysis. As shown in
Fig. 2B, the ApoE protein level was not significantly affected by HCV at 6 or 12 h
postinfection, but it was decreased at 24 h and further reduced at 48 h postinfection.
When the ApoE mRNA was analyzed by real-time reverse transcription-PCR (RT-PCR), no

FIG 1 Colocalization of ApoE with autophagosomes in HCV subgenomic replicon cells. Stable Huh7-
GFP-LC3 cells (top panels) or HCV subgenomic RNA replicon (GLR) cells (bottom panels) were fixed and
stained for ApoE (red). DAPI was used to stain nuclei.

FIG 2 Effect of HCV infection on ApoE. (A) Stable Huh7 cells that expressed GFP-LC3 were mock infected
or infected with HCV, fixed at the time points indicated, and immunofluorescence stained for ApoE (red)
and nuclei (blue). Arrows denote the limited colocalization of ApoE with GFP-LC3 puncta. (B and C) Huh7
cells were infected with HCV (MOI � 1) and harvested at the different time points for immunoblot
analysis (B) or real-time RT-PCR analysis for ApoE mRNA (C). For panel C, the ApoE mRNA level was
normalized against the GAPDH RNA, which served as the internal control. The ApoE mRNA level in
mock-infected cells was arbitrarily defined as 1. The experiments were repeated at least three times for
statistical analysis.
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significant difference in ApoE mRNA levels was detected at different time points (Fig.
2C), suggesting the possible depletion of ApoE by HCV via a posttranslational mech-
anism. We also analyzed LC3, p62, and the HCV core protein by immunoblot analysis.
The p62 sequestosome-1 protein mediates autophagic protein degradation and is also
degraded by autophagy during the process. It is thus often used as a marker for
analyzing the autophagic protein degradation rate (35). As shown in Fig. 2B, lipidated
LC3 (i.e., LC3-II), which has a higher electrophoretic mobility than its nonlipidated form
(i.e., LC3-I), could be detected as early as 6 h postinfection, but the reduction of the p62
level was not detected until 24 h postinfection, when a slight reduction was detected.
The loss of p62 was very pronounced at 48 h postinfection. This result was consistent
with our previous finding that HCV temporally regulated the autophagic flux and
autophagic protein degradation (36). Interestingly, the peak of ApoE loss coincided
with the peak of the autophagic activity (i.e., p62 loss), raising the possibility that ApoE
might be degraded by autophagy in HCV-infected cells.

Degradation of ApoE in an autophagy-dependent manner. To determine
whether autophagy is indeed involved in the degradation of ApoE, we treated HCV-
infected cells with bafilomycin A1 (BafA1), a vacuolar ATPase inhibitor that suppresses
the maturation of autophagosomes by inhibiting the acidification of lysosomes (37). As
shown in Fig. 3A, BafA1 slightly increased the level of ApoE in mock-infected cells. It
also increased the levels of LC3-II and p62. This result was as expected, since BafA1
inhibited the degradation of LC3-II and p62 mediated by basal autophagy. More
importantly, BafA1 nearly fully restored the ApoE level in HCV-infected cells. BafA1 had
no significant effect on the ApoE RNA level (Fig. 3B). These results are consistent with
a role of autophagy in the degradation of ApoE in HCV-infected cells. The slight
increase of ApoE in mock-infected cells suggested that the basal autophagy might also
have a minor effect on ApoE. To confirm the immunoblot results, we also performed
immunofluorescence microscopy. As shown in Fig. 3C, the treatment of HCV-infected
cells with BafA1 increased both the number of GFP-LC3 puncta (i.e., autophagosomes)
and the intensity of the ApoE signal and enhanced their colocalization (Fig. 3D). To
determine whether ApoE could also colocalize with endogenous LC3 in HCV-infected
cells, we replaced the stable GFP-LC3 cells with naive Huh7 cells for the infection
studies. As shown in Fig. 3E, the treatment of HCV-infected Huh7 cells with BafA1 also
increased the ApoE signal and enhanced its colocalization with endogenous LC3, in
agreement with the results shown in Fig. 3C. As a control, we also treated HCV-infected
cells with the proteasome inhibitor MG132 for immunoblot analysis. MG132 did not
increase but rather decreased the ApoE level in both mock-infected and HCV-infected
cells (Fig. 3F). This result indicated that it was unlikely that ApoE was degraded by
proteasomes. The reason why MG132 further reduced the ApoE level is unclear. One
possibility is that its inhibition of proteasomes led to the compensatory increase of the
autophagic activity for protein degradation, as previously reported (38). This possibility
is supported by the observation that MG132 slightly increased the LC3-II level and
decreased the p62 level in mock-infected cells. Further studies will be required to
confirm this possibility.

Rubicon is a protein that inhibits the fusion between autophagosomes and lyso-
somes (39). Due to the induction of Rubicon, the fusion between autophagosomes and
lysosomes in HCV subgenomic RNA replicon cells is inefficient (36). To test whether
ApoE associated with autophagosomes in HCV replicon cells could also be degraded by
autophagy, we nutrient starved the HCV GLR subgenomic RNA replicon cells for 5 h to
promote the fusion between autophagosomes and lysosomes. As shown in Fig. 4A, this
nutrient starvation led to the loss of LC3-II and p62, indicating the induction of
autophagic protein degradation. It also reduced the level of HCV NS5A protein, which
is known to be associated with the HCV RNA replication complex on autophagosomes
(17, 40). As would be expected if ApoE is degraded by autophagy, it also significantly
reduced the ApoE protein level. In a separate experiment, we treated GLR cells that
were nutrient starved with the proteasome inhibitor MG132 or the lysosomal protease
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inhibitors E64d and pepstatin A (35). As shown in Fig. 4B, in agreement with the results
shown in Fig. 4A, nutrient starvation reduced ApoE, LC3-II, and p62 in GLR cells. This
reduction was not affected by MG132, but it was abolished by E64d and pepstatin A,
in agreement with the degradation of ApoE in autolysosomes.

To further confirm the role of autophagy in the degradation of ApoE in HCV-infected
cells, we also performed a small interfering RNA (siRNA) knockdown experiment to
suppress the expression of ATG7, a protein factor important for autophagy. As the
knockdown of ATG7 suppressed HCV infection (16, 41), we chose to introduce the HCV
JFH-1 genomic RNA or its replication-defective mutant GND RNA into Huh7 cells by
electroporation. Twenty-four hours later, cells were transfected with the ATG7 siRNA
(siATG7), and they were lysed 48 h after siRNA transfection for immunoblot analysis. As
shown in Fig. 4C, JFH-1 RNA reduced ApoE to an almost undetectable level in Huh7

FIG 3 Autophagic degradation of ApoE in HCV-infected cells. (A and B) Huh7 cells were mocked infected
or infected with HCV (MOI � 1). At 8 h postinfection, cells were treated with either the vehicle dimethyl
sulfoxide (DMSO) or 100 nM bafilomycin A1 (BafA1) for 16 h and then harvested for immunoblot analysis
(A) or real-time RT-PCR analysis for quantification of the ApoE mRNA (B), as described in the Fig. 2 legend.
(C) Huh7-GFP-LC3 cells were infected with HCV (MOI � 1) and treated with DMSO or BafA1 for 16 h. Cells
were fixed at 24 h postinfection and stained for ApoE (red) and DAPI (blue). (D) Percentage of ApoE pixels
shown in panel C that were also positive for GFP-LC3 (i.e., yellow/red ratio). The results represent the
average for �50 cells. ***, P � 0.001. (E) Huh7 cells were infected with HCV (MOI � 1) and treated with
DMSO or BafA1 for 16 h. Cells were fixed at 24 h postinfection and stained for LC3 (green), ApoE (red), and
DAPI (blue). (F) Huh7 cells were mock infected or infected with HCV (MOI � 1) for 48 h. Cells treated with
MG132 (10 �M) were treated for 6 h before being harvested for immunoblot analysis.
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cells, which was partially restored by ATG7 knockdown. In contrast, ATG7 knockdown
did not significantly affect the ApoE level in GND RNA-transfected cells. The effect of
ATG7 knockdown on the inhibition of autophagy was confirmed by the analysis of
LC3-II and p62, which were decreased and increased, respectively, in JFH-1 RNA-
transfected cells. The effect of ATG7 knockdown on LC3-II in GND RNA-transfected cells
was inapparent due to the low basal level of LC3-II. However, it also slightly increased
the p62 level, in agreement with the suppression of basal autophagy in cells. ATG7
knockdown had little effect on the HCV core protein. This was also consistent with the
previous report that the inhibition of autophagy did not affect HCV replication after its
replication had been established (14). To confirm the association of ApoE with au-
tophagosomes, we immunoprecipitated GFP-LC3 and its associated autophagosomes
from HCV-infected cells using anti-GFP antibody-conjugated magnetic beads. As shown
in Fig. 4D, ApoE could be coimmunoprecipitated with GFP-LC3, and their association
was enhanced if HCV-infected cells were treated with BafA1 (Fig. 4D). Taken together,
the results shown in Fig. 3 and 4 indicate a role of autophagy in the degradation of
ApoE.

Regulation of subcellular localization of ApoE by autophagy. It had previously
been demonstrated that ApoE colocalized with the HCV E2 envelope protein in
HCV-infected cells (30, 42). To determine whether autophagy is important for the
interaction between ApoE and E2, we also conducted the immunofluorescence staining
experiment on cells with ATG7 knockdown. As shown in Fig. 5A, in cells electroporated
with the GND control RNA, the HCV E2 protein was not detectable. In these cells, ApoE

FIG 4 Analysis of the effect of autophagy on ApoE. (A) HCV GLR replicon cells without treatment or
nutrient starved in HBSS for 5 h were lysed for immunoblot analysis. (B) GLR cells were not treated or
were treated with HBSS for 5 h in either the absence or presence of 10 �M MG132 or 25 �M E64d and
50 �M pepstatin A (PepA). Cells were then harvested for immunoblot analysis. (C) Huh7 cells were
electroporated with JFH-1 or GND RNA and 24 h later were transfected with the control (NC) siRNA or
the ATG7 siRNA. Cells were harvested at 48 h after the siRNA transfection for immunoblot analysis. (D)
Huh7-GFP-LC3 cells were infected with HCV (MOI � 1) and treated with either DMSO or BafA1. GFP-LC3
and its associated autophagosomes were immunoprecipitated with control beads or anti-GFP antibody-
conjugated beads as described in Materials and Methods, followed by immunoblot analysis using the
anti-ApoE and anti-GFP antibodies. Total cell lysates were also analyzed by immunoblotting to serve as
the input control.
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displayed a reticular staining pattern and was enriched in the perinuclear region when
the cells were treated with the control siRNA (siNC). This reticular localization pattern
was not significantly affected when cells were treated with siATG7, although the
enrichment of the ApoE signal in the perinuclear region was slightly reduced, suggest-
ing a possible role of basal autophagy in ApoE trafficking in these cells. In cells
electroporated with the JFH-1 genomic RNA, both HCV E2 and ApoE were concentrated
in the perinuclear region with a high degree of colocalization with each other when
these cells were treated with siNC (Fig. 5A). When these cells were treated with siATG7,
the subcellular localization of E2 was not affected, but a significant fraction of ApoE was
dispersed from the perinuclear region, resulting in an overall reduction of its colocal-
ization with E2 (Fig. 5B). Thus, the results shown in Fig. 5 indicate a role of autophagy
in ApoE trafficking, possibly in GND RNA-transfected cells but clearly in JFH-1 RNA-
transfected cells. This trafficking in JFH-1 cells was important to promote the interaction
of ApoE with HCV E2.

Reduction of infectivity of released HCV particles after the depletion of ATG7.
ApoE has been shown to play important roles in the maturation and infectivity of HCV
(23–25, 43). To further determine whether the alteration of subcellular localization of
ApoE by autophagy affected the yield of progeny HCV particles, we harvested cells that
had been treated with either siNC or siATG7 for quantification of intracellular HCV titers.
We also harvested the incubation medium for analysis of extracellular viral titers.
Although a slight increase of the intracellular viral titer was observed in cells treated
with siATG7, this increase was statistically insignificant (Fig. 6A). However, the treat-
ment with siATG7 significantly reduced the extracellular HCV titer (Fig. 6B). The sup-
pression of ATG7 expression using siATG7 had no effect on the HCV RNA level in cells
(Fig. 6C). This result was consistent with the result shown in Fig. 4C, which revealed no
significant effect of ATG7 knockdown on the level of the HCV core protein in cells.
Interestingly, although ATG7 knockdown increased the intracellular level of ApoE (Fig.
4C), it did not increase the secreted level of ApoE that was reduced by HCV (Fig. 6D).
The results shown in Fig. 6 indicate that autophagy was required for the efficient
release of infectious HCV particles, which might be due to its role in the transport of
ApoE to the HCV assembly site.

Enhanced production of HCV by inhibition of autophagic degradation of ApoE.
As the inhibition of autophagic protein degradation with BafA1 increased the ApoE
level in HCV-infected cells, it appeared likely that this increase of ApoE level might
enhance the production of infectious HCV particles. To test this possibility, we first
determined whether the treatment of HCV-infected cells with BafA1 would enhance the

FIG 5 Alteration of subcellular localization of ApoE by ATG7 knockdown. (A) Huh7 cells were electro-
porated with GND or JFH-1 RNA for 24 h and then transfected with control siRNA (siNC) or ATG7 siRNA
(siATG7). Cells were fixed at 48 h after siRNA transfection and stained for HCV E2 (green), ApoE (red), or
nuclei (blue). (B) Percentage of ApoE puncta that were positive for HCV E2 (i.e., yellow/red ratio). The
results represent the average for �50 cells. ***, P � 0.001.
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colocalization of ApoE with HCV E2. As shown in Fig. 7A, compared with cells treated
with the vehicle dimethyl sulfoxide (DMSO), cells treated with BafA1 had increased
levels of ApoE, which remained largely colocalized with HCV E2 in the perinuclear
region. We also analyzed the effect of BafA1 on the secretion of ApoE. The same as for
ATG7 knockdown, BafA1 did not restore the level of secreted ApoE that was reduced
by HCV (Fig. 7B). We next determined whether the increase of E2 and ApoE colocal-
ization would affect intracellular and extracellular HCV titers. As shown in Fig. 7C and
D, the treatment with BafA1 increased the intracellular HCV titer approximately 2-fold
and extracellular HCV titers approximately 4-fold. BafA1 only slightly increased the level
of HCV RNA released from the cells, indicating that it increased primarily the infectivity
of HCV released from cells and not the amount of HCV particles produced (Fig. 7E).
These results indicated that the inhibition of autophagic degradation of ApoE could
indeed enhance the production of infectious HCV particles.

DISCUSSION

It has been very well documented that ApoE plays an important role in the
formation of infectious HCV particles (23–25, 43). The infectivity of HCV can be
efficiently neutralized by antibodies targeting ApoE (24), and the depletion of ApoE
reduces the production of infectious HCV particles (24). However, the molecular mech-
anism by which ApoE is recruited to the sites for HCV assembly was unknown. In this
work, we studied the relationship between ApoE and HCV and found that ApoE
colocalized with autophagosomes in cells harboring an HCV subgenomic RNA replicon
(Fig. 1). This colocalization of ApoE with autophagosomes was limited in HCV-infected

FIG 6 Effect of ATG7 knockdown on progeny HCV titers. (A to C) Huh7 cells electroporated with the JFH-1 RNA or
the GND RNA for 24 h were transfected with the control siRNA (siNC) or ATG7 siRNA (siATG7). At 48 h after the
siRNA transfection, cells and the incubation media were harvested for determination of intracellular (A) and
extracellular (B) HCV titers using the focus formation assay as described in Materials and Methods. A fraction of the
cell lysates was also used for real-time RT-PCR analysis for quantification of intracellular HCV RNA levels (C). The
results represent the average from at least three independent experiments. (D) Huh7 cells were electroporated with
GND or JFH-1 RNA for 24 h and then transfected with control siRNA (siNC) or ATG7 siRNA (siATG7). The incubation
media were collected at 48 h after siRNA transfection for quantification of ApoE levels using ELISA (see Materials
and Methods). The ApoE level of cells transfected with the GND RNA and siNC was arbitrarily defines as 1. Results
represent the average from 3 independent experiments. *, P � 0.05; **, P � 0.01.
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cells (Fig. 2A). This was apparently due to the depletion of ApoE by HCV (Fig. 2B),
because if HCV-infected cells were treated with BafA1, which inhibited autophagic
protein degradation and increased the ApoE level (Fig. 3A), the colocalization of ApoE
with autophagosomes became apparent (Fig. 3C). The maturation of autophagosomes
is inefficient in HCV subgenomic RNA replicon cells, due to the induction of Rubicon,
which inhibits the fusion between autophagosomes and lysosomes (36). To test whether
ApoE could indeed be degraded by autophagy in replicon cells, we used nutrient starvation
to promote the fusion between autophagosomes and lysosomes in these cells. Our results
confirmed that nutrient starvation could indeed deplete ApoE from HCV replicon cells (Fig.
4A), and this depletion was abolished by the lysosomal protease inhibitors E64d and
pepstatin A (Fig. 4B). Based on these results as well as the observation that the knockdown
of ATG7, a gene essential for autophagy, partially restored the ApoE level in cells produc-
tively replicating HCV (Fig. 4C), we concluded that ApoE could be degraded by HCV-
induced autophagy. Interestingly, in a previous study using lysosomotropic agents to
increase lysosomal pH and by conducting light and electron microscopy, it was demon-
strated that a substantial amount of newly synthesized ApoE in macrophages was de-
graded in lysosomes prior to secretion (44). Although the role of autophagy in the
degradation of ApoE in that particular study was not addressed, it is conceivable that it was
mediated by basal autophagy in macrophages. This speculation is supported by our
observations that the inhibition of autophagic protein degradation with BafA1 led to a
slight increase of ApoE in mock-infected cells (Fig. 3A), and the knockdown of ATG7
reduced the accumulation of ApoE in the perinuclear region of cells transfected with the
GND RNA (Fig. 5A). These observations indicated that basal autophagy might also be
involved in the transport and degradation of ApoE in cells, and this degradation is
enhanced in HCV-infected cells due to the induction of autophagy by HCV. How ApoE
becomes associated with autophagosomes is unclear. As our recent results indicated that
autophagosomes induced by HCV originated from the ER (45), it is conceivable that ApoE
may be sorted into autophagosomes when they are being formed. Alternatively, transport
membranes containing ApoE may fuse with autophagosomes. Our studies also demon-

FIG 7 Effects of ApoE on the colocalization of HCV E2 and ApoE and progeny HCV titers. Huh7 cells were infected with HCV (MOI � 1)
and were treated with DMSO or 100 nM BafA1 for 16 h prior to the analysis. (A) Cells were fixed at 24 h postinfection and stained for HCV
E2 (green), ApoE (red), and nuclei (blue). (B) The incubation media were collected for analysis of ApoE using ELISA. (C to E) Cells and the
incubation media were harvested at 24 h postinfection for quantification of intracellular HCV titers (C), extracellular HCV titers (D), and
extracellular HCV RNA (E). **, P � 0.01; ***, P � 0.001.
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strated that HCV could reduce the level of secreted ApoE (Fig. 6D and 7B). Interestingly,
although both ATG7 knockdown and BafA1 could increase the intracellular level of ApoE,
they could not restore the level of secreted ApoE reduced by HCV (Fig. 6D and 7B). These
results indicated that in addition to enhancing autophagic degradation of ApoE, HCV might
also interfere with the secretion of ApoE.

ApoE is important for the production of infectious HCV particles. Thus, the
observation that ApoE was degraded by HCV-induced autophagy was curious. To
address this question, we studied the possible role of autophagy in the interaction
between ApoE and the HCV E2 envelope protein. It had previously been demon-
strated that ApoE colocalized and interacted with HCV E2 in the perinuclear region
(30, 42). We were able to confirm that previous finding and further demonstrated
an important role of autophagy in the transport of ApoE to the perinuclear region,
as impairing autophagy by suppressing the expression of ATG7 dispersed ApoE
from the perinuclear region and reduced its colocalization with E2 (Fig. 5). This
suppression of ATG7 expression did not reduce the HCV RNA level or significantly
affect mature HCV particles in cells, but it reduced the HCV titer released from cells
(Fig. 6). In contrast, the suppression of the late stage of autophagy using BafA1
increased the level of ApoE in the perinuclear region and enhanced its colocaliza-
tion with HCV E2 (Fig. 7A). BafA1 also increased both intracellular and extracellular
HCV titers (Fig. 7C and D). As BafA1 only slightly increased the amount of HCV RNA
released from HCV-infected cells (Fig. 7E), it apparently primarily increased the
infectivity of HCV particles. These results indicate that the efficient transport of
ApoE to the perinuclear region to interact with E2 required autophagy, which then
enhanced the production of infectious HCV particles. A model of the role of
autophagy in the trafficking of ApoE is illustrated in Fig. 8. As shown in the figure,
ApoE is localized to the ER in hepatocytes and can be transported by autophago-
somes to lysosomes for degradation. Upon HCV infection, the association of ApoE
with autophagosomes is enhanced by HCV-induced autophagy. This leads to its
enhanced transport to the perinuclear region, which may be the ER or Golgi
compartment, as previously suggested (30, 46), to interact with the HCV E2 protein
and promotes the production of infectious viral particles. As autophagosomes
induced by HCV also fuse with lysosomes in the later stage of HCV infection, part
of ApoE is also degraded by autophagy during this trafficking process. In this model,
the suppression of ATG7 expression inhibits the formation of autophagosomes,
resulting in the retention of ApoE in the ER. This prevents ApoE from being
delivered to the HCV assembly site and reduces the infectivity of released HCV. In
contrast, the suppression of maturation of autophagosomes with BafA1 prevents
ApoE from being degraded by autophagy, resulting in its enhanced transport to the
HCV assembly site and the increase of the infectivity of both intracellular and
extracellular HCV particles.

FIG 8 Model of ApoE trafficking by HCV-induced autophagy. See the text for details.
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Our observation that ATG7 knockdown could reduce the released HCV titers was
consistent with a previous report that ATG7 knockdown could suppress the release of
progeny HCV particles (47), although in that previous report, the reduction of HCV
release was attributed to the retention of HCV particles in exosomes. It is possible that
autophagy may be involved in both the trafficking of ApoE to the HCV assembly site
and the viral release via the exosomal pathway. Interestingly, it had also been reported
that syntaxin 17 (STX17), a SNARE protein required for the fusion between autopha-
gosomes and lysosomes to form autolysosomes, negatively regulates the release of
infectious HCV particles (48). The overexpression of STX17, which favors the maturation
of autophagosomes, reduced the HCV titer released from HCV-infected cells, and the
suppression of STX17 expression, which suppresses the maturation of autophago-
somes, increased it. These results were also consistent with our finding, as the over-
expression of STX17 would be expected to enhance the loss of ApoE in autolysosomes
and the suppression of STX17 would be expected to increase the ApoE level to enhance
its association with progeny HCV particles.

In conclusion, our results indicate that the autophagy induced by HCV plays an
important role in ApoE trafficking. Although this process led to the loss of some ApoE
due to autophagic degradation, it also increased the infectivity of progeny HCV
particles by delivering ApoE to the perinuclear region to promote its interaction with
HCV E2.

MATERIALS AND METHODS
Cell cultures and HCV stocks. Huh7 cells, a human hepatoma cell line, and their derivative Huh7.5

cells were maintained at 37°C in Dulbecco’s modified essential medium (DMEM) supplemented with 10%
fetal bovine serum (FBS). Huh7 cells that stably expressed the GFP-LC3 fusion protein have been
described before (16). HCV subgenomic RNA replicon cells (i.e., GLR cells) that were established from
Huh7-GFP-LC3 cells have also been described previously (17). This replicon was a bicistronic RNA that
contained the hygromycin B phosphotransferase-coding sequence and the HCV NS3-NS5B sequence,
which was under the expression control of the encephalomyocarditis virus (EMCV) internal ribosome
entry site (IRES). GLR cells were maintained in DMEM containing 150 �g/ml hygromycin B (17). All
infection studies were conducted using a variant of the HCV JFH-1 isolate (34), which replicates robustly
in Huh7 cells. For nutrient starvation, cells were incubated in Hanks’ balanced salt solution (HBSS) for 5
h before being harvested for the studies.

DNA plasmids and siRNAs. The DNA plasmids pJFH1 and pJFH1/GND had been described before
(49). The HCV genomic RNA was synthesized from pJFH1 using the MEGA-script kit (Ambion) after
linearization of the plasmid with the restriction enzyme XbaI. Huh7 cells were then electroporated with
the HCV RNA. All the analyses were conducted on cells 3 days after electroporation. For the small
interfering RNA (siRNA) knockdown experiment, ATG7 siRNA was purchased from Qiagen and the
negative-control siRNA was purchased from Invitrogen. Cells were transfected with siRNA using Lipo-
fectamine RNAiMAX (Invitrogen) per the manufacturer’s instructions.

Antibodies. The primary antibodies used in this study included the mouse anti-ApoE antibody (Santa
Cruz), goat anti-ApoE antibody (Abcam), rabbit anti-LC3 antibody (Sigma), rabbit anti-p62 antibody (Cell
Signaling), rabbit anti-ATG7 antibody (Cell Signaling), rabbit anti-HCV E2 antibody (GeneTex), rabbit
anti-HCV core (50), and mouse anti-HCV NS5A monoclonal antibody 9E10 (a gift from Charles Rice,
Rockefeller University).

Immunoblot analysis. Cells were lysed with M-PER mammalian protein extraction reagent (Thermo
Fisher). After centrifugation to remove cell debris, cell lysates were subjected for SDS-PAGE and
transferred to a polyvinylidene difluoride (PVDF) membrane. The membrane was blocked with 5% skim
milk for 1 h and incubated with the primary antibody overnight at 4°C. After three washes with
Tris-buffered saline containing 1% Tween 20 (TBST), the membrane was incubated with the horseradish
peroxidase (HRP)-conjugated secondary antibody for 1 h. After the membrane was washed with TBST,
chemiluminescent substrates (Pierce) were applied on the membrane, and the image was captured using
the LAS-4000 imaging system (Fujifilm).

Immunofluorescence staining and microscopy. Cells were rinsed with phosphate-buffered saline
(PBS) and then fixed with 3.7% formaldehyde. Cells were permeabilized with PBS containing 0.1%
saponin, 1% bovine serum albumin (BSA), and 0.05% sodium azide for 5 min and incubated with
antibodies for immunofluorescence microscopy. Coverslips were mounted in Vector Shield (Vector)
containing DAPI (4=,6=-diamidino-2-phenylindole), which stained the DNA. Images were taken with a
Keyence All-in-One fluorescence microscope. The colocalization coefficient, which measures the fraction
of Apo E pixels (red) that are also positive for GFP, was determined with randomly selected cells (�50)
using the Keyence All-in-One software.

Immunoprecipitation of autophagic membranes. Huh7-GFP-LC3 cells were seeded in three
100-mm plates and infected with HCV (multiplicity of infection [MOI] � 1). At 8 h postinfection, cells were
treated with either the vehicle dimethyl sulfoxide (DMSO) or 100 nM bafilomycin A1 (BafA1) for 16 h. Cells
were lysed by passing through a 26-guage needle 20 times in 500 �l hypotonic buffer (10 mM Tris-HCl
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[pH 7.5], 10 mM KCl, 5 mM MgCl2). Nuclei and other cell debris were removed by centrifugation at
100 � g for 5 min at 4°C. The supernatant was incubated with 50 �l anti-GFP antibody conjugated-
magnetic beads (MBL) or control magnetic beads (Dynabeads ProteinG from Novex by Life Technologies)
for 2 h at 4°C. The immune complex was isolated with a magnetic separator and subjected to
immunoblot analysis. Total cell lysates were also analyzed by immunoblotting to serve as the input
control.

ELISA for ApoE. Culture media of cells were centrifuged at 1,500 � g for 10 min to remove cellular
debris. Levels of released ApoE in culture media were measured by using the apolipoprotein E (APOE)
human ELISA kit (Abcam, catalog no. ab108813) according to the manufacturer’s protocols. The optical
density of the color reactions was read on a plate reader at 450 nm. Standard curves were generated, and
concentrations of ApoE were calculated as described in the manufacturer’s protocol.

Focus formation assay for HCV titration. Huh7.5 cells were seeded onto an 8-well chamber slide
(3 � 104 cells/well) and inoculated with serially diluted HCV the next day. At 48 h postinoculation, cells
were washed with phosphate-buffered saline (PBS) and fixed with 3.7% formaldehyde for 15 min. Cells
were stained with the rabbit anticore antibody for 1 h and then with Alexa 488-conjugated goat
anti-rabbit secondary antibody for 45 min. After washing, cells were mounted with Vector Shield with
DAPI. The HCV core-positive cells were counted under a microscope for titration.

Quantitative RT-PCR. Total HCV RNA was analyzed by real-time RT-PCR using the TaqMan Gold
RT-PCR kit (Applied Biosystems) following the manufacturer’s instructions. HCV JFH1 primers 5=-TCTGC
GGAACCGGTGAGTA-3= (sense) and 5=-TCAGGCAGTACCACAAGGC-3= (antisense) and the probe 5=-CACT
CTATGCCCGGCCATTTGG-3= were used for the real-time RT-PCR. Control glyceraldehyde 3=-phosphate
dehydrogenase (GAPDH) primers and their probe were purchased from Applied Biosystems. ApoE mRNA
was analyzed by real-time RT-PCR using the SYBR green-based one-step RT-PCR method (Applied
Biosciences). Relative RNA levels were determined after normalization against the GAPDH RNA. The
forward and reverse primers used for ApoE were 5=-GTTGCTGGTCACATTCCTGG-3= (sense) and 5=-GCAG
GTAATCCCAAAAGCGAC-3= (antisense), and those for GAPDH were 5=-ACAACTTTGGTATCGTGGAAGG-3=
(sense) and 5=-GCCATCACGCCACAGTTTC-3= (antisense).
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