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ABSTRACT Autophagy plays important roles in maintaining cellular homeostasis. It
uses double- or multiple-membrane vesicles termed autophagosomes to remove
protein aggregates and damaged organelles from the cytoplasm for recycling. Hepa-
titis C virus (HCV) has been shown to induce autophagy to enhance its own replica-
tion. Here we describe a procedure that combines membrane flotation and affinity
chromatography for the purification of autophagosomes from cells that harbor an
HCV subgenomic RNA replicon. The purified autophagosomes had double- or multiple-
membrane structures with a diameter ranging from 200 nm to 600 nm. The analysis
of proteins associated with HCV-induced autophagosomes by proteomics led to the
identification of HCV nonstructural proteins as well as proteins involved in mem-
brane trafficking. Notably, caveolin-1, caveolin-2, and annexin A2, which are proteins
associated with lipid rafts, were also identified. The association of lipid rafts with HCV-
induced autophagosomes was confirmed by Western blotting, immunofluorescence
microscopy, and immunoelectron microscopy. Their association with autophago-
somes was also confirmed in HCV-infected cells. The association of lipid rafts with
autophagosomes was specific to HCV, as it was not detected in autophagosomes in-
duced by nutrient starvation. Further analysis indicated that the autophagosomes
purified from HCV replicon cells could mediate HCV RNA replication in a lipid raft-
dependent manner, as the depletion of cholesterol, a major component of lipid
rafts, from autophagosomes abolished HCV RNA replication. Our studies thus dem-
onstrated that HCV could specifically induce the association of lipid rafts with au-
tophagosomes for its RNA replication.

IMPORTANCE HCV can cause severe liver diseases, including cirrhosis and hepato-
cellular carcinoma, and is one of the most important human pathogens. Infection
with HCV can lead to the reorganization of membrane structures in its host cells, in-
cluding the induction of autophagosomes. In this study, we developed a procedure
to purify HCV-induced autophagosomes and demonstrated that HCV could induce
the localization of lipid rafts to autophagosomes to mediate its RNA replication. This
finding provided important information for further understanding the life cycle of
HCV and its interaction with the host cells.

KEYWORDS HCV RNA replication, autophagosomes, autophagy, hepatitis C virus,
lipid rafts, proteomics

epatitis C virus (HCV) is an important human pathogen that can cause severe liver
diseases, including cirrhosis and hepatocellular carcinoma. It chronically infects
approximately 170 million people worldwide. HCV is an enveloped positive-stranded
RNA virus that belongs to the Flaviviridae family. Its 9.6-kb genome encodes a poly-
protein with a length of slightly more than 3,000 amino acids. This polyprotein is
processed by viral and cellular proteases into structural and nonstructural proteins (1).

October 2017 Volume 91 Issue 20 e00541-17 Journal of Virology

CELLULAR RESPONSE TO INFECTION

L)

Check for
updates

Received 30 March 2017 Accepted 22 July

2017

Accepted manuscript posted online 26 July

2017

Citation Kim JY, Wang L, Lee J, Ou J-HJ. 2017.
Hepatitis C virus induces the localization of
lipid rafts to autophagosomes for its RNA
replication. J Virol 91:e00541-17. https://doi

.0rg/10.1128/JV1.00541-17.

Editor Michael S. Diamond, Washington

University School of Medicine

Copyright © 2017 American Society for

Microbiology. All Rights Reserved.

Address correspondence to Jing-hsiung James

Ou, jamesou@hsc.usc.edu.

jviasm.org 1


https://doi.org/10.1128/JVI.00541-17
https://doi.org/10.1128/JVI.00541-17
https://doi.org/10.1128/ASMCopyrightv1
mailto:jamesou@hsc.usc.edu
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.00541-17&domain=pdf&date_stamp=2017-7-26
http://jvi.asm.org

Kim et al.

The structural proteins are the core, E1, and E2 proteins, which form the viral particles.
The nonstructural proteins p7, NS2, and NS5A are required for viral assembly and
release. NS2 and NS3 are viral proteases, and NS3, NS4A, NS4B, NS5A, and NS5B also
form a complex to mediate the replication of the HCV genomic RNA (2). Many of the
HCV proteins also have other regulatory functions.

Lipid rafts are membrane microdomains that are enriched in sphingolipids and
cholesterol (3, 4). They can serve as “rafts” for the transport of selected molecules, signal
transduction (5), or protein sorting in cells (5, 6). They may also be involved in the
attachment, entry, assembly, or egress of a variety of pathogens, including enveloped
viruses (7-11). Lipid rafts have also been shown to be important for HCV RNA replica-
tion (12-14), and NA255, a lipophilic long-chain base compound that disrupts the de
novo synthesis of sphingolipid, a major component of lipid rafts, prevents the associ-
ation of HCV nonstructural proteins with lipid rafts and inhibits HCV RNA replication
(15).

Autophagy (i.e,, macroautophagy) is a catabolic process that is important for main-
taining cellular homeostasis. This process involves the formation of double- or multiple-
membrane structures, called autophagosomes, to sequester part of the cytoplasm that
may contain damaged organelles and protein aggregates. Autophagosomes mature by
fusing with lysosomes, in which the cargos of autophagosomes are degraded for
recycling (16). It has been demonstrated that HCV can induce autophagy and tran-
siently suppresses the maturation of autophagosomes in its host cells to enhance its
replication (17).

To understand the nature of the autophagosomes induced by HCV, we developed
a procedure to purify autophagosomes from Huh7 hepatoma cells that harbored an
HCV subgenomic RNA replicon. Our subsequent proteomics studies revealed the
association of HCV nonstructural proteins and lipid raft proteins with HCV-induced
autophagosomes. Our further analysis indicated that HCV could specifically induce the
association of lipid rafts with autophagosomes to mediate its RNA replication.

RESULTS

Purification of autophagosomes. The microtubule-associated protein light chain 3
(LC3) is a cytosolic protein, but it is lipidated and becomes associated with autopha-
gosomal membranes during autophagy (18). Hence, it is often used as a marker for
autophagosomes. We had previously established an Huh7 hepatoma cell line that
stably expressed the green fluorescent protein (GFP)-LC3 fusion protein (i.e., Huh7-
GFP-LC3 cells) (19) 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 termed GLR cells (20). To confirm the induction of autophagy by HCV, we
performed fluorescence microscopy. In agreement with the previous report (20), few
GFP-LC3 puncta (i.e., autophagosomes) could be detected in the parental Huh7-GFP-
LC3 cells, but their number was significantly increased in GLR cells (Fig. 1A). This result
was confirmed by Western blot analysis. As shown in Fig. 1B, GLR cells had increased
levels of LC3-Il (i.e., lipidated LC3) and GFP-LC3-II. Similarly, a stable HCV subgenomic
RNA replicon cell line that did not express GFP-LC3 also had elevated levels of LC3-II.
To purify autophagosomes, we enriched cellular membranes by membrane flotation
using a discontinuous sucrose gradient, followed by affinity purification of autopha-
gosomes using the an anti-GFP antibody. The HCV subgenomic RNA replicon cell that
did not express GFP-LC3 was used as the negative control. The membrane flotation
analysis indicated that the autophagosome-associated LC3-Il and GFP-LC3-II (fraction 3)
could be efficiently separated from their respective nonlipidated forms, LC3-I and
GFP-LC3-I (Fig. 1C). NS5A also cofractionated mostly with the membrane fractions, as
previously reported (13), whereas GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase), a cytosolic protein, was detected predominantly in the cytosolic fractions (frac-
tions 7 to 10) at the bottom of the sucrose gradient (Fig. 1C).

Cellular membranes enriched in fraction 3 were isolated and subjected to affinity
purification using the anti-GFP antibody. The purified autophagosomes were then

October 2017 Volume 91 Issue 20 e00541-17

Journal of Virology

jviasm.org 2


http://jvi.asm.org

Lipid Rafts on Autophagosomes for HCV RNA Replication

Huh7-GFP-LC3

B C 123 456 78910
Huh? —— v |. | C3.|
— _LC3-I
o — e ——— . | C3]
(9 GLR
& o (.2\\0 - __|-teaa
L o & Replicon I — |- LC34
o - LC3-II
} l-LC3-1 GFP LC3-I
""" | I S i
——— Huh?7 - GFP LC3-Il
3 - -GFP LC3-
 c— [ 3 | o e— o
’ GFP LC3-II GLR = - GFP LC3-Il
_GFP LC3-I
’ o s |NS5A Replicon .gpp tgg-n
)-—- | Actin
| Huh? NSA
- — = NS5A
Replicon - G — = NSIA
Huh? — | GAPDH
GLR T — | AP DH
Replicon e . | GAPDH

FIG 1 Induction of autophagosomes by HCV and the membrane flotation assay. (A) Stable Huh7-GFP-LC3
cells with (right panel) or without (left panel) the HCV subgenomic RNA replicon were analyzed by
fluorescence microscopy. Blue, DAPI staining of nuclei; green, GFP-LC3 puncta. Scale bar, 20 um. (B)
Huh7-GFP-LC3 cells (Huh7), GLR cells, and HCV subgenomic replicon cells without the expression of
GFP-LC3 (Replicon) were lysed for Western blot analysis. The locations of LC3-I/Il and GFP-LC3-I/Il are
marked. Actin served as the loading control. (C) Cell lysates of Huh7-GFP-LC3, GLR, and replicon cells were
fractionated by membrane flotation in a discontinuous sucrose gradient. Individual fractions were analyzed
by Western blotting.

negatively stained with uranyl acetate and examined by electron microscopy. As shown
in Fig. 2A to C, double- or multiple-layered membrane vesicles with diameters of
approximately 200 to 600 nm were detected when GLR cells were analyzed. These
membrane vesicles, which were consistent with the morphology of autophagosomes,
were not detected when Huh7-GFP-LC3 cells were analyzed, due to the low basal level
of autophagosomes in these cells. They were also not detected in replicon cells that did
not express GFP-LC3, ruling out the possibility that they were nonspecific membrane
contaminants. These autophagosomes were also subjected to immunoelectron micros-
copy for the staining of HCV NS5A. The staining for NS5A was difficult, likely due to the
protection of NS5A by membranes. However, NS5A could be detected if the membrane
vesicles were broken (Fig. 2D). We also analyzed autophagosomes purified from
Huh7-GFP-LC3 cells that were nutrient starved. The autophagosomes induced by
nutrient starvation were larger and more uniform in size, with most of them having a
diameter of >500 nm, and no multiple-membrane structures were detected (Fig. 2E
and F).

Proteomic analysis of autophagosomes reveals the association of HCV non-
structural proteins and lipid raft proteins. The autophagosomes purified from GLR
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FIG 2 Negative staining of autophagosomes purified from cells. (A to C) Autophagosomes purified from GLR cells by
membrane flotation followed by affinity purification were negatively stained using uranyl acetate for electron microscopy.
(D) Representative example of autophagosomes that were purified from GLR cells and stained for NS5A by immunogold
staining. Arrows highlight the gold particles that are located on the rim of the broken membrane. (E and F) Negative
staining of autophagosomes purified from nutrient-starved Huh7-GFP-LC3 cells.

cells and Huh7-GFP-LC3 cells were solubilized and subjected to proteomics analysis for
the characterization of their associated proteins. Replicon cells that did not express
GFP-LC3 were also analyzed to serve as a negative control for the exclusion of
nonspecific protein species that might be isolated by the purification procedures. As
shown in Table S1 in the supplemental material, a total of 78 protein species and 103
protein species were identified for GLR cells and Huh7-GFP-LC3 cells, respectively, and
among those proteins, 19 of them were unique to GLR cells, 58 of them were shared
between GLR cells and Huh7-GFP-LC3 cells, and 45 of them were unique to Huh7-GFP-
LC3 cells. The most notable proteins that were unique to GLR cells were HCV nonstruc-
tural proteins (Table 1). These proteins were not detected when replicon cells that did
not express GFP-LC3 were used for the purification procedures, and thus it is unlikely
that they were nonspecific contaminants. Other notable proteins were annexin A2,
caveolin-1 (Cav-1), and caveolin-2 (Cav-2), which are proteins associated with lipid rafts
and often used as the markers for lipid rafts. The detection of these lipid raft proteins
suggested the possible association of lipid rafts with HCV-induced autophagosomes.
The association of the HCV NS5A protein and Cav-1 with autophagosomes was con-
firmed by Western blot analysis of the purified autophagosomes (Fig. 3A). Interestingly,
Cav-1 was not detected when autophagosomes purified from nutrient-starved Huh7-
GFP-LC3 cells were analyzed by Western blotting (Fig. 3B) (see below).

TABLE 1 Proteins associated with autophagosomes purified from GLR cells?

No. of:
Gene Protein Peptides Unique peptides
HCV polyprotein gene HCV polyprotein 12 5
ANXA2 Annexin A2 5 5
CAV1 Caveolin-1 1 1
CAV2 Caveolin-2 1 1
aThe complete list of proteins that were identified by proteomics is shown in Table S1 in the supplemental

material.
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FIG 3 Western blot analysis of proteins associated with autophagosomes. (A) A fraction of total lysates
of Huh7-GFP-LC3, GLR, and replicon cells was used as the input control for Western blot analysis.
Autophagosomes purified by membrane flotation and the anti-GFP antibody were also analyzed. (B) The
experiment was conducted as for panel A, with the exception that replicon cells were replaced by
nutrient-starved Huh7-GFP-LC3 cells (Sta.) in the analysis.

Specific association of lipid rafts with HCV-induced autophagosomes. To con-
firm the possible association of lipid rafts with HCV-induced autophagosomes, we
performed immunofluorescence microscopy to analyze the subcellular localization of
Cav-1 in Huh7-GFP-LC3 cells and GLR cells. As shown in Fig. 4A, significant amounts of
Cav-1 (red) were associated with the plasma membranes of Huh7-GFP-LC3 cells, in
agreement with a previous report (21). In contrast, in GLR cells, Cav-1 was detected
primarily in the cytoplasm, and almost all of the GFP-LC3 puncta (i.e., autophagosomes)
were also positive for Cav-1. Immunogold double-staining analysis using autophago-
somes purified from GLR cells confirmed the colocalization of Cav-1 and GFP-LC3 on
autophagosomes (Fig. 4B). To further confirm the association of lipid rafts with au-
tophagosomes in GLR cells, we stained these cells with filipin, a fluorescent dye that
binds to cholesterol, which is a major component of lipid rafts. As shown in Fig. 4C,
cholesterol was localized primarily to plasma membranes in control Huh7-GFP-LC3
cells, but it was localized to the cytoplasm in GLR cells with a significant fraction of it
associated with autophagic puncta, in agreement with the Cav-1 staining results.

To determine whether the association of lipid rafts with autophagosomes was
specific to HCV, we nutrient starved Huh7-GFP-LC3 cells for 1 h to induce autophagy.
As shown in Fig. 4D, this nutrient starvation induced autophagic puncta. However, it
had no significant effect on the subcellular localization of Cav-1, which remained largely
on plasma membranes and did not colocalize with autophagosomes. The quantitative
analysis of GFP-LC3 puncta that were positive for Cav-1 in starved cells and GLR cells
revealed that fewer than 10% of GFP-LC3 puncta were positive for Cav-1 in starved cells,
but this percentage was increased to approximately 90% in GLR cells (Fig. 4E). We also
repeated the same experiment by treating Huh7-GFP-LC3 cells with rapamycin, which
induces autophagy via the inhibition of mTOR. Cells were then stained with filipin for
the identification of lipid rafts. As shown in Fig. 5, rapamycin indeed induced au-
tophagy, as evidenced by the appearance of GFP-LC3 puncta. However, it had no effect
on lipid rafts, which remained largely associated with plasma membranes and did not
colocalize with autophagic puncta. These results indicated the specific association of
lipid rafts with HCV-induced autophagosomes.

Colocalization of lipid rafts with autophagosomes in HCV-infected cells. To
determine whether lipid rafts could also be associated with autophagosomes in
HCV-infected cells, we infected stable GFP-LC3 cells with a cell culture-adapted HCV
JFH1 variant (22). Cells were fixed at 24 and 48 h postinfection for fluorescence
microscopy. As shown in Fig. 6A, the association of Cav-1 with the plasma membranes
was apparent in mock-infected cells, in agreement with the results shown in Fig. 4A
and D. However, Cav-1 became colocalized with GFP-LC3 puncta at 24 and 48 h
postinfection. The quantitative analysis indicated that approximately 80% of the GFP-
LC3 puncta were positive for Cav-1 at both 24 and 48 h postinfection (Fig. 6B). These
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FIG 4 HCV-specific association of lipid rafts with autophagosomes. (A) Immunofluorescence microscopy of autophagosomes (GFP-LC3),
Cav-1 (red), and nuclei (blue). White arrowheads denote the plasma membranes. (B) Immunogold staining of autophagosomes purified
from HCV replicon cells. Red arrows denote Cav-1, which was stained with 10-nm gold particles, and blue arrows denote GFP-LC3, which
was stained with 20-nm gold particles. (C) Staining of cholesterol with filipin in stable Huh7-GFP-LC3 cells and GLR cells. (D) Fluorescence
imaging of GFP-LC3 and Cav-1 in nutrient-starved cells. Stable Huh7 cells that expressed GFP-LC3 without (upper panels) or with (lower
panels) nutrient starvation were stained for Cav-1 (red). (E) Percentages of GFP-LC3 puncta that were positive for Cav-1 in starved Huh7
cells or GLR cells (i.e., yellow/green ratio). The results represent the average for >50 cells.

data confirmed that lipid rafts were also associated with autophagosomes induced by
HCV infection. As HCV JFH1 is a genotype 2a virus and GLR cells were established using
the HCV genotype 1b RNA, these results also indicated that the association of lipid rafts
with autophagosomes was independent of HCV genotypes. In agreement with the
proteomics results, part of the HCV NS5A protein was also found to colocalize with
GFP-LC3 puncta that were positive for Cav-1 (Fig. 6A).
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FIG 5 Lack of association of lipid rafts with autophagosomes induced by rapamycin. The experi-
ments were conducted on Huh7-GFP-LC3 cells without (top panels) or with (bottom panels)
treatment with 100 nM rapamycin for 12 h. Lipid rafts were stained with filipin, which binds to
cholesterol.

Autophagosomes purified from HCV replicon cells mediate HCV RNA replica-
tion in vitro. As lipid rafts are important for HCV RNA replication, the observation that
lipid rafts and HCV nonstructural proteins were associated with autophagosomes
would be consistent with our previous report that autophagosomes could mediate HCV
RNA replication (20). To confirm this possibility, we performed the cell-free HCV RNA
replication assay using whole-cell lysates and autophagosomes that were purified. As
shown in Fig. 7A, the whole-cell lysates of GLR cells and replicon cells, but not those of
the control Huh7-GFP-LC3 cells, could mediate the replication of HCV RNA, which was
labeled with [a@-32P]JUTP. Autophagosomes purified from GLR cells could also mediate
the replication of HCV RNA (Fig. 7B), and this replication was abolished by the HCV
NS5B inhibitor filibuvir (Fig. 7C) (23). As expected, this HCV RNA replication was not
detected when autophagosomes purified from Huh7-GFP-LC3 cells were used for the
replication assay (Fig. 7B). It was also not detected when the replicon cells that did not
express GFP-LC3 were used for the studies, ruling out the possibility of contamination
of other cellular membranes.

Depletion of cholesterol from autophagosomes abolishes HCV RNA replication.
To test whether the HCV RNA replication on autophagosomes required lipid rafts, we

=>
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FIG 6 Colocalization of lipid rafts with autophagosomes in HCV-infected cells. (A) Fluorescence imaging of GFP-LC3, Cav-1, and HCV NS5A
in mock-infected and HCV-infected cells. Stable Huh7 cells that expressed GFP-LC3 were infected with HCV (multiplicity of infection, 1),
fixed at the time points indicated, and stained for Cav-1 (red) and NS5A (blue). (B) Percentages of GFP-LC3 puncta that were positive for

Cav-1 (i.e., yellow/green ratio). The results represent the average from >50 cells that were analyzed.
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FIG 7 Autophagosomes purified from HCV replicon cells mediate HCV RNA replication in vitro. The in
vitro HCV RNA replication assay was conducted using whole-cell lysates of GLR, replicon (Rep), and
Huh7-GFP-LC3 (Huh?) cells (A), purified autophagosomes (B), or purified autophagosomes treated with
the HCV NS5B inhibitor filibuvir (C). The location of the replicated HCV RNA is indicated with an arrow.

treated autophagosomes purified from GLR cells with methyl-B-cyclodextrin (MBCD),
which removes cholesterol from membranes and disrupts lipid rafts. For a control, we
treated autophagosomes with MBCD plus cholesterol. The inclusion of cholesterol,
which forms a complex with MBCD, reduced the ability of MBCD to extract cholesterol
from autophagosomes. As shown in Fig. 8A, MBCD efficiently depleted cholesterol from
autophagosomes, and this depletion was inhibited if cholesterol was included in the
treatment. MBCD had no significant effects on LC3-Il, GFP-LC3-Il, and NS5A that were
associated with autophagosomes (Fig. 8B). It seemed to only slightly, if at all, reduce the
level of Cav-1 (Fig. 8B). Similarly, the inclusion of cholesterol together with MBCD in the
treatment also had little effect on LC3-ll, GFP-LC3-Il, NS5A, and Cav-1. We then
performed another in vitro HCV RNA replication assay. As shown in Fig. 8C, the deletion
of cholesterol from autophagosomes with MBCD abolished HCV RNA replication, and
this effect of MBCD on HCV RNA replication was largely suppressed in the presence of
free cholesterol. These results demonstrated that HCV-induced autophagosomes me-
diated HCV RNA replication in vitro in a cholesterol-dependent manner.

DISCUSSION

Previous studies indicated that HCV induced autophagy to enhance its replication
(24). To further understand the relationship between HCV and autophagy, we devel-
oped a two-step procedure, which included a sucrose gradient centrifugation step to
enrich cellular membranes (Fig. 1) and an affinity purification step to purify autopha-
gosomes induced by HCV. Autophagosomes thus purified had double- or multiple-
membrane structures with a diameter ranging from 200 nm to 600 nm (Fig. 2),
resembling those of autophagosomes. Their nature was further confirmed by Western
blot and immunogold analyses (Fig. 3 and 4B). We also conducted proteomics analysis
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FIG 8 Lipid rafts associated with autophagosomes are important for HCV RNA replication. Autophagosomes purified from GLR
cells were untreated (Cont.) or treated with MBCD or MBCD plus cholesterol for 30 min at 37°C and then washed several times
with buffer (see Materials and Methods for details). (A) Quantification of total cholesterol in autophagosomes by ELISA. (B)
Western blot analysis for proteins that were associated with autophagosomes. (C) In vitro HCV RNA replication assay.
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on the proteins associated with HCV-induced autophagosomes and found that the
autophagosomes induced by HCV shared many proteins with autophagosomes puri-
fied from the parental Huh7 cells. Many of these proteins, such as syntaxin-7, syntaxin-
12, Rab5B, and N-ethylmaleimide-sensitive factor (NSF), are unique to HCV-induced
autophagosomes and are known to be involved in membrane trafficking (see Table S1
in the supplemental material). It is interesting that nucleoporin NUP188 was found to
be associated with autophagosomes in both Huh7-GFP-LC3 cells and GLR cells. Nucleo-
porins had previously been shown to be important for HCV RNA replication. Thus, the
detection of NUP188 in purified autophagosomes would be consistent with its role in
HCV RNA replication. It should be noted that many proteins were identified by our
proteomics analysis, and although some of them had been confirmed to be important
for HCV replication in previous reports (Table S1), additional studies will be required to
confirm the roles of the other proteins in the biogenesis of autophagosomes and/or the
life cycle of HCV.

By conducting Western blot and fluorescence microscopy analyses, we confirmed
that HCV nonstructural proteins and the lipid raft protein Cav-1 were indeed associated
with autophagosomes (Fig. 3 and 6). We also confirmed the association of lipid rafts
with autophagosomes by using the fluorescence dye filipin to stain cholesterol, a
critical component of lipid rafts (Fig. 4C). The association of lipid rafts with autopha-
gosomes was specific to HCV, as this association was not detected when autophago-
somes induced by nutrient starvation or rapamycin were analyzed (Fig. 4D and 5). How
HCV induced the association of lipid rafts with autophagosomes is unclear. However, as
the synthesis of cholesterol and sphingolipids initiates in the endoplasmic reticulum
(ER), which can serve as the membrane source of autophagosomes (25, 26), it is
conceivable that HCV-induced autophagosomes may directly recruit cholesterol and
sphingolipids from the ER when these autophagosomes are being formed. Alterna-
tively, as cholesterol and sphingolipids are enriched in plasma membranes, it is also
possible that HCV-induced autophagosomes may acquire lipid rafts via the endocytic
pathway followed by the fusion of endocytic membrane vesicles with autophagosomes
(27). The latter possibility is supported by the previous observations that early endo-
cytic compartments could fuse with endosomes and autophagosomes via a process
mediated by Rab proteins such as Rab5 and soluble NSF attachment protein receptors
(SNAREs), which include syntaxin-7 (28-30). In any case, this association of lipid rafts
with autophagosomes led to their loss from the cell surface (Fig. 4A and C), which will
likely have a significant impact on cellular physiology, as lipid rafts are known to
mediate molecular transport, cellular signaling, and protein sorting (5, 6).

Lipid rafts have been shown to be important for HCV RNA replication (12-14), and
their disruption in cell cultures abolished HCV RNA replication (31). Our finding that
lipid rafts as well as HCV nonstructural proteins were associated with HCV-induced
autophagosomes is in support of the previous finding that HCV RNA replication can
take place on autophagosomes (20). Indeed, we demonstrated that the autophago-
somes purified from GLR cells could mediate HCV RNA replication in vitro (Fig. 7) and
that this RNA replication was abolished if lipid rafts associated with purified autopha-
gosomes were disrupted with MBCD (Fig. 8C), which removed cholesterol from au-
tophagosomes (Fig. 8A), and was largely restored if the activity of MBCD was sup-
pressed by free cholesterol (Fig. 8C). These results indicate that lipid rafts play an
essential role in HCV RNA replication. How lipid rafts affect HCV RNA replication is
unclear. It does not appear likely that their loss leads to the dissociation of HCV
nonstructural proteins from autophagosomes, as the depletion of cholesterol from
autophagosomes had little effect on the association of HCV NS5A and LC3-Il with these
membrane vesicles (Fig. 8B). As lipid rafts can invaginate to form caveolae, it is possible
that this structure may be important for protecting the integrity of the HCV RNA
template, as previously suggested (13).

Previous studies had also suggested that the HCV RNA replication took place on
membranous webs, which are clusters of poorly defined membrane structures (32). It
was subsequently demonstrated that HCV RNA replication took place primarily on
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double-membrane vesicles (DMVs) approximately 200 nm in diameter (33-35). The
morphology of DMVs resembled that of small autophagosomes (36), although the
relationship between DMVs and autophagosomes remains unclear. It has been sug-
gested that autophagosomes could be the source of DMVs (37). In this regard, it is
interesting to note that Prentice et al. reported that the knockdown of ATGS5, a key
factor of autophagy, reduced the number of DMVs in coronavirus-infected cells and
suppressed viral replication, indicating that autophagy was required for the formation
of DMVs in coronavirus-infected cells (38). We had previously demonstrated that HCV
temporally regulated the maturation of autophagosomes by inducing the expression of
Rubicon, which suppressed the fusion between autophagosomes and lysosomes, at the
early time points of infection (17). Huh7 cells containing HCV subgenomic RNA replicon
also had an increased expression level of Rubicon and inefficient maturation of au-
tophagosomes (17). Since HCV could use autophagosomes for its RNA replication, the
inefficient maturation of autophagosomes during the early stage of viral infection
would be beneficial to viral RNA replication. In the later stage of infection, the
maturation of autophagosomes was facilitated due to the expression of UVRAG, which
antagonizes the activity of Rubicon (17). It is possible that at this stage, either efficient
viral RNA replication is no longer important for HCV or the locations of viral RNA
replication had transitioned from autophagosomes to DMVs. It is interesting to note
that although autophagic puncta in replicon cells and HCV-infected cells were mostly
positive for Cav-1 (Fig. 4 and 6), Cav-1 did not always colocalize with autophagic
puncta. It will be interesting to determine whether Cav-1 that is not associated with
autophagosomes is associated with DMVs.

MATERIALS AND METHODS

Cell lines, nutrient starvation, and rapamycin treatment. Huh7 cells are a human hepatoma cell
line. They 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 (19). HCV subgenomic RNA replicon cells (i.e., GLR cells) that were established from
Huh7-GFP-LC3 cells have also been described previously (20). This replicon contained the HCV NS3-NS5B
sequence but not the preceding HCV protein-coding sequence. GLR cells were maintained in DMEM
containing 150 ug/ml hygromycin B (20). Replicon cells were identical to GLR cells with the exception
that they did not express the GFP-LC3 fusion protein. For nutrient starvation, cells were incubated in
Hanks’ balanced salt solution for 1 h prior to fixation in 4% formaldehyde for fluorescence imaging
analysis. For rapamycin treatment, cells were treated with 100 nmol/liter rapamycin for 12 h for the
induction of autophagy.

Membrane flotation and affinity purification of autophagosomes. The membrane flotation assay
was performed as previously described (38). Briefly, cells were seeded in three 100-mm plates, lysed with
1 ml hypotonic buffer (10 mM Tris-HCI [pH 7.5], 10 mM KCl, 5 mM MgCl,), and passed through a 26-guage
needle 20 times. Nuclei and other cell debris were removed by centrifugation at 1,000 X g for 5 min at
4°C. Cell lysates were pooled and mixed with 4 ml of 80% sucrose solution in low-salt buffer (LSB) (50 mM
Tris-HCI [pH 7.5], 25 mM KCl, and 5 mM MgCl,) and overlaid with 4 ml of 55% sucrose solution, followed
by the addition of 1.5 ml 10% sucrose solution in LSB. The sucrose gradient was centrifuged at 38,000
rpm in a Beckman SWA40Ti rotor for 15 h at 4°C. After centrifugation, 1-ml fractions were collected from
the top of the gradient, and 20 ul of each fraction was subjected to Western blot analysis. For the affinity
purification, the membrane fraction was incubated with 50 ul anti-GFP monoclonal antibody-conjugated
magnetic beads (MBL) for 2 h at 4°C. The immune complex was then isolated with a magnetic separator
and subjected to proteomics analysis, in vitro RNA replication assay, Western blot analysis, or electron
microscopy.

Antibodies. The primary antibodies used in this study included the rabbit anti-caveolin-1 antibody
(Abcam), rabbit anti-LC3 antibody (Sigma), and mouse anti-HCV NS5A monoclonal antibody 9E10 (a gift
from Charles Rice, Rockefeller University).

Western blot analysis. Depending on the experiments, cells were lysed with M-PER mammalian
protein extraction reagent (Thermo) or with a hypotonic buffer. After centrifugation to remove cell
debris, cell lysates were subjected to 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 (TBS) (10 mM Tris-HCI [pH 7.5], 150
mM NacCl) containing 1% Tween 20 (TBST), the membrane was incubated with horseradish peroxidase
(HRP)-conjugated secondary antibody for 1 h. After further washes with TBST, chemiluminescent
substrates (Pierce) were added to the membrane, and the image was captured using the LAS-4000
imaging system (Fuijifilm).

Proteomics analysis. After the enrichment of membranes by membrane flotation and subsequent
affinity purification of autophagosomes, the protein concentration of the purified autophagosomes was
determined by the Bradford method (Bio-Rad Laboratories). Proteins (15 ug) were then loaded on a 10%
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SDS-polyacrylamide gel for electrophoresis and stained with the SYPRO Ruby protein gel stain (Thermo
Fisher). Each lane was cut into six slices to separate proteins of different sizes, and proteins in different
gel slices were then subjected to proteomics analysis by mass spectrometry in the USC Proteomics Core
facility.

In vitro HCV RNA replication assay. Autophagosomes that were affinity purified using the anti-

GFP-conjugated magnetic beads as described above were resuspended in a reaction mixture containing
50 mM HEPES, 5 mM MgCl,, 0.5 mM MnCl,, 10 mM KCl, 1 mM ATP, 1 mM GTP, T mM UTP, 10 mM CTP,
5 ug/ml actinomycin D, and 30 uCi of [a-32P]CTP while they were still associated with the beads. For the
inhibition of HCV RNA replication, filibuvir at a final concentration of 100 nM was added to the reaction
mixture. The reaction mixture was then incubated at 30°C for 90 min. The HCV RNA synthesized was then
isolated using TRIzol (Invitrogen) following the manufacturer’s instructions and analyzed by agarose gel
electrophoresis and autoradiography.

Immunoelectron microscopy. Autophagosomes that were affinity purified were eluted from the

anti-GFP beads using 3 M guanidine-HCl and fixed with 2% paraformaldehyde. For negative staining, the
fixed autophagosomes were mounted on a copper grid, followed by incubation with 5% uranyl acetate
for 5 min. For immunogold staining, fixed autophagosomes were mounted on a nickel grid and
incubated with rabbit anti-Cav-1 (Abcam) and mouse anti-GFP primary antibodies (Santa Cruz), followed
by incubation with 10-nm gold-conjugated goat anti-rabbit and 20-nm-gold-conjugated goat anti-
mouse secondary antibodies. For the staining of HCV NS5A, the anti-NS5A antibody (a gift of Charles Rice,
Rockefeller University) was used, followed by staining with the 10-nm-gold-conjugated secondary
antibody.

Immunofluorescence staining and microscopy. Cells were rinsed with phosphate-buffered saline

(PBS), fixed with 3.7% formaldehyde, permeabilized with PBS containing 0.1% saponin, 1% bovine serum
albumin (BSA), and 0.05% sodium azide for 5 min, and then incubated with the rabbit anti-caveolin-1
antibody and then with the rhodamine-conjugated goat anti-rabbit antibody for immunofluorescence
microscopy. Coverslips were mounted in Vector Shield (Vector) containing 4,6-diamidino-2-phenylindole
(DAPI), which stained the nucleus. The staining of cholesterol was conducted using a cholesterol assay
kit (Abcam 133116), which contained the fluorescence dye filipin, following the manufacturer’s instruc-
tions. Images were acquired with a Keyence All-in-One fluorescence microscope. The colocalization
coefficient, which measured the fraction of green fluorescent protein (GFP) pixels that were also positive
for Cav-1 (red), was determined from randomly selected cells (>50) using the Keyence All-in-One
software.

Depletion of cholesterol with MBCD. For the depletion of cholesterol, autophagosomes affinity

purified with the anti-GFP beads were treated with LSB, 15 mM MBCD (Sigma-Aldrich) in LSB, or 15 mM
MPBCD saturated with cholesterol (Sigma C4951) (8:1, mol/mol) at 37°C for 30 min (39). After several
washes with LSB, autophagosomes were subjected to Western blotting, in vitro RNA replication, or
cholesterol quantification.

Cholesterol quantification. Total cholesterol in untreated, MBCD-treated, or MBCD-plus-cholesterol-

treated autophagosomes was measured using the cholesterol/cholesteryl ester quantitation assay kit (Abcam
65359) following the manufacturer’s instructions.
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