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Hepatitis C Virus Lipoviroparticles
Assemble in the Endoplasmic Reticulum
(ER) and Bud off from the ER to the
Golgi Compartment in COPII Vesicles

Gulam H. Syed,” Mohsin Khan, Song Yang,* Aleem Siddiqui
Division of Infectious Diseases, University of California, San Diego, La Jolla, California, USA

ABSTRACT Hepatitis C virus (HCV) exists as a lipoprotein-virus hybrid lipoviroparticle
(LVP). In vitro studies have demonstrated the importance of apolipoproteins in HCV
secretion and infectivity, leading to the notion that HCV coopts the secretion of
very-low-density lipoprotein (VLDL) for its egress. However, the mechanisms involved
in virus particle assembly and egress are still elusive. The biogenesis of VLDL parti-
cles occurs in the endoplasmic reticulum (ER), followed by subsequent lipidation in
the ER and Golgi compartment. The secretion of mature VLDL particles occurs
through the Golgi secretory pathway. HCV virions are believed to latch onto or fuse
with the nascent VLDL particle in either the ER or the Golgi compartment, resulting
in the generation of LVPs. In our attempt to unravel the collaboration between HCV
and VLDL secretion, we studied HCV particles budding from the ER en route to the
Golgi compartment in COPII vesicles. Biophysical characterization of COPII vesicles
fractionated on an iodixanol gradient revealed that HCV RNA is enriched in the
highly buoyant COPII vesicle fractions and cofractionates with apolipoprotein B (ApoB),
ApoE, and the HCV core and envelope proteins. Electron microscopy of immunogold-
labeled microsections revealed that the HCV envelope and core proteins colocalize
with apolipoproteins and HCV RNA in Sec31-coated COPII vesicles. Ultrastructural
analysis also revealed the presence of HCV structural proteins, RNA, and apolipopro-
teins in the Golgi stacks. These findings support the hypothesis that HCV LVPs as-
semble in the ER and are transported to the Golgi compartment in COPI| vesicles to
embark on the Golgi secretory route.

IMPORTANCE HCV assembly and release accompany the formation of LVPs that cir-
culate in the sera of HCV patients and are also produced in an in vitro culture sys-
tem. The pathway of HCV morphogenesis and secretion has not been fully under-
stood. This study investigates the exact site where the association of HCV virions
with host lipoproteins occurs. Using immunoprecipitation of COPII vesicles and im-
munogold electron microscopy (EM), we characterize the existence of LVPs that co-
fractionate with lipoproteins, viral proteins, RNA, and vesicular components. Our re-
sults show that this assembly occurs in the ER, and LVPs thus formed are carried
through the Golgi network by vesicular transport. This work provides a unique in-
sight into the HCV LVP assembly process within infected cells and offers opportuni-
ties for designing antiviral therapeutic cellular targets.

KEYWORDS hepatitis C virus, LVPs, HCV maturation, VLDL, ApoB, ApoE

epatitis C virus (HCV), the common etiological agent of chronic liver disease,
affects nearly 3% of the global population (1). Some infected individuals sponta-
neously clear the virus, but in about 80% patients, infection persists, leading to chronic
hepatitis, which may progress to liver fibrosis, cirrhosis, and hepatocellular carcinoma
(2). The huge costs associated with direct-acting antiviral (DAA) therapy and the
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emergence of resistant mutants demand the identification of host factors crucial for
supporting the HCV life cycle that can serve as potential therapeutic targets.

In the case of enveloped viruses, the cellular secretory pathway usually directs viral
particles via cellular organelles, particularly the endoplasmic reticulum (ER) and the
Golgi compartment (3-5). Enveloped viruses exploit the cellular secretory machinery in
a way to maximize efficiency for the maturation of precursor particles and the transport
of progeny particles (6-8). One of the least-understood aspects of the HCV life cycle is
the process of HCV virion assembly and secretion. More efforts are required to com-
pletely understand and unravel these complex events of the HCV life cycle. The most
unique feature of HCV is its existence in patient sera as an ~100-nm lipoprotein-virus
hybrid particle termed the “lipoviroparticle” (LVP) (9, 10). Biochemical and biophysical
characterizations of the LVP suggested that the lipoprotein component is an integral
part of the infectious particle rather than a consequence of a physical association with
the virus particle during circulation (11, 12). Both in vivo and in vitro, HCV exists as a
heterogenous mixture of infectious and noninfectious particles and virions with a very
low buoyant density (range, 1.10 to 1.14 g/ml) exhibit the highest level of infectivity
(13-15). The depletion of cholesterol and triglycerides from LVPs results in a loss of
infectivity (16, 17). The association with lipoproteins determines the buoyancy of the
LVPs, and various components of lipoprotein particles, such as cholesterol esters,
triglycerides, apolipoprotein B (ApoB), ApoE, and other exchangeable factors, such as
ApoA-I and ApoCs, have been found in the LVPs of HCV-infected patients (9, 12). Some
studies also confirmed a similar composition of LVPs produced in vitro (13, 18, 19).

Based on the requirement for very-low-density lipoprotein (VLDL) biosynthesis,
ApoB, and ApoE for infectious HCV particle formation in the cell culture model, it was
postulated that HCV usurps the VLDL secretory pathway for its egress (20-22). VLDL
particles are synthesized in hepatocytes by a multistep process involving the cotrans-
lational lipidation of ApoB in the ER by microsomal triglyceride transfer protein (MTP),
resulting in the formation of precursor VLDL particles. Subsequent lipidation events in
the ER and Golgi compartment lead to the formation of mature VLDL particles (23). The
lipid-laden HCV nucleocapsids assembled on lipid droplets or lipid-rich HCV virions may
fuse with nascent VLDL particles during VLDL lipidation, leading to HCV LVP morpho-
genesis. Recent studies favor the role of lipid mobilization from lipid droplets in the
morphogenesis and secretion of HCV LVPs. The knockdown of the lipid droplet
phospholipid-remodeling enzyme lysophosphatidylcholine acyltransferase 1 (LPCAT1)
increases the cellular triacylglycerol content and HCV LVP secretion (24). Similarly,
o/B-hydrolase domain-containing 5 (ABHD5), a lipid droplet-associated lipase, is re-
quired for the assembly and release of HCV LVPs (25). CideB, an ER- and lipid droplet
(LD)-associated protein that facilitates VLDL lipidation, maturation, and trafficking, is
also essential for HCV assembly (26).

However, there is considerable disagreement on the HCV secretion mechanism, with
various groups making various observations. Some studies suggest that VLDL secretion
is dispensable for HCV egress and favor a role of ApoE in HCV maturation and egress
(22, 27, 28). It has been suggested that only ApoE is required for the production of
trans-complemented HCV particles from nonhepatic cells and for the direct cell-to-cell
transmission of HCV (29, 30). Small interfering RNA (siRNA) screens identified several
components of the secretory pathway, including ER-to-Golgi transport, lipid and pro-
tein kinases involved in vesicle budding from the trans-Golgi network (TGN), adaptor
proteins, and the recycling endosome, for HCV secretion (31). Interestingly, a recent
study suggests that the egress of mature virions occurs via the TGN-endosome pathway
independent of host lipoprotein secretion. Dominant negative mutants of Rab GTPases
involved in TGN-endosome trafficking inhibited HCV release but did not have a
concomitant effect on the secretion of ApoB or ApoE (28). While some studies favor
HCV egress through the Golgi route (31-33), others suggest a noncanonical secretory
pathway (34). Intriguingly, the endocytic and endosomal sorting complex required for
transport (ESCRT) machineries have also been implicated in HCV secretion (35, 36). The
intracellular cholesterol transport inhibitor U18666A promotes the accumulation of
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HCV particles in autophagosomal and exosomal structures, reflecting the involvement
of exosomes in HCV secretion (34, 37).

The vesicular transport of cargo molecules between intracellular organelles is
facilitated by vesicle carriers. COPIl vesicles mediate the intracellular transport of
proteins and other cargo from the ER to the Golgi complex. COPII vesicles comprise an
inner coat made of a Sec23/24 dimer and an outer coat consisting of a Sec13/31
heterotetramer. The guanine nucleotide exchange factor Sec12 recruits and activates
the small GTPase Sar1, which in turn recruits the Sec23/Sec24 dimer. This complex then
recruits the cargo and SNARE proteins. Subsequently, the recruitment of the Sec13/
Sec31 heterotetramer, which self-assembles into cage-like lattice structures, drives
membrane bending and vesicle budding (38). The scission of the vesicle stem results in
the release of the COPII vesicles. Recent studies on collagen and VLDL secretion
mechanisms demonstrate that COPII vesicle size is tightly requlated proportionate with
cargo size to accommodate large cargo (39). The ER-to-Golgi transport of VLDL particles
occurs in specialized COPII vesicles called VLDL transport vesicles that are larger than
conventional COPII vesicles involved in secretory protein transport (41). It is likely that
HCV and VLDL particles fuse or associate with VLDL during secondary lipidation events
in the ER lumen, resulting in the generation of LVPs, which exit the cell through the
Golgi secretory route in a fashion similar to that of VLDL.

Previous studies support the notion that HCV envelopment occurs at the ER (31).
Direct evidence indicates that ectopically expressed E1 and E2 traffic through the
secretory pathway in complex with lipoproteins and that the HCV envelope glycopro-
teins interact with the apolipoproteins in the ER (40, 50). Proceeding in this direction,
in this study, we have characterized ER-to-Golgi trafficking of HCV virions to determine
where HCV and VLDL secretory pathways merge, resulting in the morphogenesis of
LVPs. This investigation establishes that HCV LVPs are assembled in the ER and then
transported to the Golgi complex in COPIl vesicles to board the Golgi secretory
pathway for final egress.

RESULTS

Immunoprecipitation of intact COPII vesicles. To determine where the morpho-
genesis of HCV LVPs occurs, we characterized the COPII vesicles emanating from the ER
in HCV-infected cells. Throughout this study, we used the highly infectious mutant
strain JFH D183 of the wild-type clone JFH. JFH D183 is a chronic-phase virus that was
collected at day 183 after transfection of the JFH genome during a persistent-infection
experiment done to determine the coevolution of the virus and host in chronic
infection (42). The JFH D183 virus harbors a G451R mutation in the E2 region respon-
sible for rapid viral expansion kinetics, high infectious titers, and increased specific
infectivity (42). The cytosol was prepared from JFH D183-infected Huh7.5.1 cells as
described in Materials and Methods. The purity of the cytosolic fraction was analyzed
by Western blotting to detect ER and Golgi impurities by using antibodies against ER
(calnexin)- and Golgi (a-mannosidase)-specific proteins (Fig. 1A). The cytosolic fraction
was devoid of both calnexin and a-mannosidase but enriched for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), B-actin, and albumin, suggesting that the cyto-
solic fraction was not contaminated with impurities from the ER and Golgi complex (Fig.
1A). Immunoprecipitation of COPII vesicles from the cytosolic fraction was performed
by using a mouse monoclonal anti-Sec31 antibody that binds specifically to the Sec31
coat protein of the outer coat of COPII vesicles. Immunoprecipitation of intact COPII
vesicles was confirmed by electron microscopy (EM) analysis of COPII vesicles captured
on protein G-Sepharose beads (Fig. 1B). As shown in Fig. 1B (top), we observed several
vesicular structures bound to the surface of large protein G-Sepharose beads that were
nearly T um in diameter. At a higher magnification, several vesicles with an average
diameter of nearly 60 nm bound to the surface of the large protein G-Sepharose bead
are clearly visible (Fig. 1B, bottom), suggesting that immunoprecipitation with the
anti-Sec31 monoclonal antibody effectively precipitated intact COPII vesicles (Fig. 1B).
To further validate that immunoprecipitation successfully enriched intact COPII vesicles,
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FIG 1 Immunoprecipitation of intact COPII vesicles from the cytoplasm. (A) Western blot analysis of
cytoplasm purified as described in Materials and Methods. Antibodies against calnexin (ER marker) and
a-1,2-mannosidase 1A (Golgi marker) were used to determine ER and Golgi contamination, respectively.
WCL, whole-cell lysate. (B) The COPII vesicle-anti-Sec31 antibody immune complex bound to protein
G-Sepharose was applied to regular carbon EM grids for negative-staining analysis. A representative
transmission electron microscopy image shows intact COPII vesicles bound on the surface of a Sepharose
bead. The top panel shows a lower-magnification image (bar, 1 um), and the bottom panel shows a
higher-magnification image (bar, 100 nm). Arrows demarcate COPII vesicles, and Sepharose beads are
labeled B. (C) Western blot analysis of immunoprecipitated COP-Il vesicle to determine their intactness.
Sec31 and Sec13 are outer coat proteins, and Sec23 and Sec24a are inner coat proteins. Transferrin is the
cargo protein. Isotype-specific IgG was used as a control. IP, immunoprecipitation; 1B, immunoblotting.

we performed Western blot analysis (Fig. 1C) of the immune complexes for the COPII
outer coat (Sec13 and Sec31) and inner coat (Sec23 and Sec24a) proteins and trans-
ferrin, a protein that is secreted by hepatoma cells and is a common cargo of COPII
vesicles. As shown in Fig. 1C, the immune complexes with the coat protein-specific
anti-Sec31 antibody were enriched for the COPII outer coat and inner coat proteins
Sec31, Sec13, Sec23, Sec24, and transferrin, compared to the isotype-matched IgG
control (Fig. 1C). Overall, these observations suggest that immunoprecipitation with
anti-Sec31 antibody is an efficient method to precipitate intact COPII vesicles.
Mature infectious HCV particles emanate from the ER. It is widely acknowledged
that HCV envelopment occurs at the ER. Furthermore, the HCV E1-E2 proteins het-
erodimerize on the ER membrane, further substantiating this notion (43). There is no
other strong experimental evidence in this direction. To substantiate that mature
infectious virus particles emanate from the ER, we evaluated the infectivity associated
with COPII vesicles. We immunoprecipitated COPII vesicles and performed Western blot
analysis to detect HCV structural proteins and VLDL components such as ApoE and
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FIG 2 Mature HCV virions bud off from the ER in COPIl vesicles. (A) Flow diagram depicting the
experiment performed to determine the presence of infectious virions in COPII vesicles. (B) Western blot
analysis of immunoprecipitated COPII vesicles to determine the presence of the HCV structural proteins
E2 and core, ApoE, and ApoB. Isotype-specific IgG was used as a control. (C and D) Immunoprecipitated
COPIl vesicles were resuspended in cell culture medium and subjected to 4 to 5 rapid freeze-thaw cycles.
The clarified supernatant was used to perform FFU assays (C), and total RNA isolated from the clarified
supernatant was used to determine the presence of HCV RNA by qRT-PCR (D). Immune complexes bound
to Sepharose beads not subjected to freeze-thawing were used as controls. Means * standard deviations
are shown (n = 3). %, P < 0.05 by an unpaired Student t test.

ApoB (Fig. 2B). Enriched COPII vesicles analyzed for the presence of the HCV nonstruc-
tural (NS) protein showed that NS3 was absent in the enriched COPII preparation (Fig.
2B). This observation ruled out the possibility of any microsomal contamination.
Western blot analysis revealed that COPII vesicles carry HCV virions. Subsequently, the
immunoprecipitated COPII vesicles were subjected to rapid freeze-thawing to release
the virus particles harbored by COPII vesicles, as depicted in Fig. 2A. The clarified
supernatant was used to perform a focus-forming unit (FFU) assay as described in
Materials and Methods. Immunoprecipitations with isotype-matched IgG and COPII
immune complexes not subjected to freeze-thawing were used as controls. It is evident
in Fig. 2C that the COPII vesicles harbor mature infectious HCV particles. Since COPII
vesicles have a very short half-life and rapidly fuse with the Golgi stacks to deliver their
cargo, at a given point in time, we cannot expect higher numbers of COPII vesicles
harboring infectious HCV particles. This explains the low titers associated with the COPII
vesicle fractions. RNA isolated from the clarified supernatant was used to perform
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quantitative reverse transcription-PCR (qRT-PCR) with HCV-specific primers to deter-
mine the level of HCV RNA associated with the COPII vesicles (Fig. 2D). The level of HCV
RNA found in COPII vesicles (~1.5 X 10% genome equivalents [GE] per total RNA) is
quite low in comparison to the level of intracellular HCV RNA found in infected cells,
suggesting that only a minor fraction of COPII vesicles harbors infectious HCV virions.
Lower levels of infectivity and HCV RNA were also noticed in the COPII vesicle fractions
not subjected to rapid freeze-thawing and may be due to a mechanical tear of a minor
fraction of the intact COPII vesicles during the experimental procedure. Notably, levels
of COPIl-associated HCV infectivity or RNA were found to be significantly lower than the
total intracellular infectivity and HCV genome copy numbers. This observation high-
lights the fact that not all HCV genomic RNAs are properly assembled and successfully
egress. Nonetheless, COPII vesicles carry mature infectious HCV virions (LVPs) and traffic
through Golgi compartments (see below).

Characterization of COPIl-mediated ER-Golgi transport of HCV LVPs. The exact
site of the cross talk between the HCV and VLDL biogenesis pathways leading to the
morphogenesis of HCV LVPs has not been characterized. Hence, we characterized COPII
vesicular transport vesicles emanating from the ER on their way to the Golgi compart-
ment to determine if HCV LVP morphogenesis occurs in the ER. The purified cytosol was
concentrated, layered on a 6 to 30% iodixanol gradient, and subjected to ultracentrif-
ugation at 100,000 X g for 6 h to fractionate the cytosolic vesicles based on their
buoyancy. The rationale was to separate the COPII vesicles based on their overall size
and buoyancy, envisaging that the COPII vesicles harboring HCV LVPs or VLDL particles
are larger (~100 nm in diameter) and more buoyant due to the lipid-rich cargo. The
resolved gradient was fractionated on a density gradient fractionator into 20 500-ul
aliquots from top to bottom. Each fraction was subjected to immunoprecipitation with
anti-Sec31 antibody to precipitate the COPII vesicles. The density of each fraction was
determined by calculating the weight of 100 ul of each fraction (Fig. 3A, dotted line).
RNA isolated from the immune complexes was subjected to qRT-PCR with HCV-specific
primers to determine the presence of HCV genomes in the 20 fractions in correlation
with their buoyancy (Fig. 3A). The major peak of HCV RNA was found in the first 2
buoyant fractions, followed by minor peaks in the higher-density fractions (fractions 9
to 17). The average density of the first two fractions is around 1.06 g/ml (Fig. 3A).
Subsequently, we performed an elaborate Western blot analysis to determine the
presence of HCV structural proteins, lipoproteins, COPII coat proteins, and traditional
protein cargo of COPII vesicles, such as transferrin, in the various COPII vesicle fractions
separated by buoyant density (Fig. 3B). The ER marker protein calnexin was detected to
determine ER contamination of COPII vesicles. In the first two highly buoyant COPII
vesicle fractions, we observed HCV RNA and envelope and core proteins, along with
VLDL-specific proteins such as ApoB, ApoE, and CideB and minute amounts of COPII
coat proteins such as Sec23 and Sec24 (Fig. 3B). Probably due to the lower sensitivity
of the antibodies and the very minute levels of the proteins in these fractions, no
effective signals were picked up for the Sec31 and Sec13 proteins in these fractions in
comparison to other COPIlI coat proteins and associated factors such as Sec22 and
CideB. Overall, these findings suggest that the buoyant COPII vesicles emanating from
the ER carry mature HCV particles as either individual virions or hybrid LVPs. The COPII
vesicles in subsequent denser fractions (fractions 3 to 8) contained predominantly
ApoE, minor amounts of ApoB, and the HCV core and envelope proteins but lacked HCV
RNA. This may be due to individual viral proteins/lipoproteins or lipoproteins in
complex with HCV envelope proteins being transported in COPII vesicles. Similarly, a
significant level of transferrin, which is also secreted into the extracellular milieu, is
present in subsequent denser fractions 3 to 16 of COPII vesicles. The presence of low
levels of HCV RNA and the HCV core and envelope proteins in the highly dense fractions
(fractions 9 to 20) may be due to the presence of naked nucleocapsids and/or immature
virus particles in these COPII vesicle fractions (Fig. 3B). Overall, our findings suggest that
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FIG 3 HCV LVP morphogenesis occurs in the ER. HCV-infected Huh7.5.1 cells were collected at 72 h
postinfection and subjected to cytosol preparation as described in Materials and Methods. The concen-
trated cytosol was subjected to iodixanol gradient ultracentrifugation, and separated fractions 1 to 20 were
used for the immunoprecipitation of COPII vesicles. (A) Total RNA isolated from immunoprecipitated COPII
vesicles from each fraction was subjected to qRT-PCR for the detection of HCV RNA. The left and right axes
represent HCV genome copy numbers and fraction densities, respectively. Means *+ standard deviations are
shown (n = 2). (B) Western blot analyses of immunoprecipitated COPII vesicles from each fraction were
performed to detect the respective proteins as shown. The vertical dotted lines between lanes 8 and 9 and
between lanes 16 and 17 demarcate the edge of each gel merged to create one single blot. WCL, whole-cell
lysate (control lane); IgG HC, IgG heavy chain.

lipoprotein-associated hybrid LVPs emanate from within the ER and are transported to
the Golgi compartment in COPII vesicles, similarly to VLDL particles.

Confocal and immunoelectron microscopy of HCV LVP transport vesicles. Bio-
chemical characterization of COPII vesicles suggests that HCV and VLDL particles are
present in the buoyant COPII vesicle fraction. However, it is not certain that both of
these particle types are transported as hybrid particles in the same COPII vesicle. To
strengthen the notion that lipoproteins coupled with the HCV components travel
together as one entity in a COPII vesicle, we performed subcellular confocal imaging
with various combinations of antibodies against the COPII coat protein Sec31, the viral
structural proteins E2 and core, ApoE, and ApoB. These results showed that Sec31, E2,
and ApoE strongly colocalize, shown as merged white spots (red [Sec31], green [E2],
and blue [ApoE]) (Fig. 4A, zoomed inset). The pixel density images of total Sec31 and
those representing HCV (E2)-associated ApoE and Sec31 are depicted (Fig. 4A). This
quantification clearly indicates that a significant proportion of virions is associated with
ApoE (Fig. 4A). Similarly, Sec31, E2, and ApoB also colocalized, represented as faint
white spots due to the merging of red (Sec31), green (E2), and blue (ApoB) (Fig. 4B,
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FIG 4 HCV LPVs bud from the ER in COPII vesicles. HCV-infected (MOI of 1) Huh7.5.1 cells were fixed in 4% paraformaldehyde at 72 h postinfection and subjected
to immunostaining with antibodies specific for the COPII outer coat protein Sec31, HCV structural proteins, and apolipoproteins. (A) Confocal images of cells
immunostained with HCV E2 (green), Sec31 (red), and ApoE (blue). The zoomed inset displays colocalization between E2, Sec31, and ApoE, seen as white spots
due to the merging of green, red, and blue. Pixel density analysis of E2- and ApoE-associated COPII and total COPII (Sec31) is shown in the bottom right panel.
(B) Confocal images of cells immunostained with HCV E2 (green), Sec31 (red), and ApoB (blue). The zoomed inset displays colocalization between E2, Sec31,
and ApoB, seen as faint white spots due to the merging of green, red, and blue. The pixel density of E2- and ApoB-associated COPIl and total COPII (Sec31)
is shown in the bottom right panel. (C) Confocal images of cells immunostained with HCV E2 (green), HCV core (blue), and Sec31 (red). The zoomed inset
displays colocalization between E2, core, and Sec31 as white spots due to merging of green, red, and blue. The pixel density of E2- and core-associated COPII
and total COPII (Sec31) is shown in the bottom right panel.

zoomed inset). The pixel density image of HCV associated with Sec31 and ApoB is
shown (Fig. 4B, far right). This pixel analysis clearly favors the association of ApoE with
HCV (E2) in COPII vesicles compared to ApoB (compare far-right images in Fig. 4A and
B, respectively). The colocalization of Sec31 with the HCV core and E2 proteins is also
shown (Fig. 4C, zoomed inset and pixel density image). While all COPII vesicles are not
associated with HCV, the overall confocal imaging results showing the colocalization of
Sec31, viral structural proteins, and lipoproteins indicate that HCV LPVs may be
associated with COPII vesicles (Fig. 4). However, due to the 200-nm resolution limit of
conventional confocal microscopy, it is difficult to ascertain whether the viral and VLDL
components colocalize within COPII vesicles with a size of nearly ~100 nm. We
therefore performed immunogold electron microscopy analysis of very thin microsec-
tions of HCV-infected cells (Fig. 5). The microsections are typically 70 to 90 nm thick,
and during this process, it is likely that the virus particle is also sectioned, resulting in
the exposure of hidden/masked viral components such as the HCV capsid protein and
genome. Huh7.5.1 cells infected with the JFH D183 virus at a multiplicity of infection
(MOI) of 1 were fixed in 2% glutaraldehyde at 72 h postinfection and processed for
ultracryomicrotomy. The microsections were probed with the respective primary anti-
bodies and corresponding secondary antibodies labeled with gold particles of various
sizes, as described in Materials and Methods. Immunogold EM with an antibody against
Sec31 clearly shows double-membrane COPII vesicles coated with the Sec31 dimer
(part of the Sec31-Sec13 heterotetramer), with each Sec31 monomer being nearly 20
nm apart (Fig. 5A). This demonstrates that immunogold EM of COPII vesicles is fairly
feasible. To detect COPII vesicles and the internalized HCV LVP cargo, we stained the
microsections with anti-Sec31 antibody with various combinations of antibodies spe-
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FIG 5 HCV LPVs bud from the ER in COPII vesicles. (A to I) Immunogold EM of ultrathin cryosections of HCV-infected
Huh7.5.1 cells was performed to visualize the COPII vesicle content. The ultrathin cryosections were labeled with
different combinations of primary antibodies against the COPII outer coat protein Sec31, HCV structural proteins,
apolipoproteins, and Golgi proteins, followed by staining with the respective secondary antibodies conjugated
with gold particles of 6 nm, 12 nm, and 20 nm as described in Materials and Methods. (A) Cryosections labeled for
Sec31 (12 nm); (B) cryosections labeled for Sec31 (12 nm), ApoE (18 nm), and HCV E2 (6 nm); (C) cryosections
labeled for Sec31 (12 nm), ApoB (18 nm), and HCV E2 (6 nm); (D) cryosections labeled for Sec31 (18 nm), dsRNA
(18 nm), and HCV E2 (6 nm); (E) cryosections labeled for Sec31 (12 nm), ApoE (18 nm), and HCV core (6 nm); (F)

(Continued on next page)

August 2017 Volume 91 Issue 15 €00499-17

Journal of Virology

jviasm.org 9


http://jvi.asm.org

Syed et al.

cific for HCV E2, core, and RNA and VLDL components such as ApoE and ApoB. The
images in Fig. 5B and C display COPII vesicles coated with Sec31 (red arrows) and
harboring HCV E2 (green arrows) and ApoE (blue arrows) (B) or ApoB (blue arrows) (C).
As shown in Fig. 5D, we observed a COPII vesicle harboring HCV E2 and RNA. Figures
5E to G show immunogold EM images displaying Sec31-coated COPII vesicles harboring
HCV core and ApoE (Fig. 5E) or ApoB (Fig. 5F) or HCV RNA (Fig. 5G). Overall, these
immunogold EM images clearly demonstrate that HCV LVPs are carried in COPII
vesicles from the ER toward the Golgi compartment to embark on the Golgi
secretory pathway. To demonstrate that the HCV virions traverse the Golgi secretory
route during their egress, we also performed immunogold EM using antibodies
against HCV components and Golgi-resident proteins such as a-mannosidase and
TGN46 proteins (Fig. 5G to I). The images display the cis-Golgi stacks labeled with
the cis-Golgi marker a-mannosidase, the HCV virion structural components E2 and
core, and HCV RNA (the J2 antibody used here has been used widely to detect
double-stranded RNA [dsRNA] intermediates of RNA viruses) (Fig. 5G and H).
Similarly, the trans-Golgi stacks labeled with TGN46 also harbor the HCV virion
structural components E2 and core (Fig. 5I). Overall, the immunogold EM images of
Golgi stacks suggest that HCV particles traverse the entire route of the Golgi
secretory system from the cis-Golgi to the trans-Golgi. Figures 5J to L represent
uninfected cells and isotype controls, respectively. Collectively, the immuno-EM
analysis clearly supports the view that COPII vesicles carry HCV LVPs to the Golgi
secretory system.

Intracellular trafficking of VLDL and HCV particles. To further explore the coop-
eration between the intracellular trafficking of VLDL particles and HCV virions, we
perturbed the intracellular trafficking of VLDL by silencing key proteins involved in
ER-to-Golgi and Golgi trafficking of VLDL. Recent studies identified that CideB and
Kelch-like family member 12 (KLHL12) play pivotal roles in the COPII vesicle-mediated
trafficking of VLDL particles from the ER to the Golgi compartment (44, 45). Sortilin,
located mainly at the TGN, functions as an intracellular sorting receptor, interacts with
ApoB, and facilitates hepatic VLDL biosynthesis and release (46). We used gene-specific
siRNA pools to silence the expression of CideB, sortilin, and KLHL12 in HCV-infected
Huh 7.5.1 cells. Sortilin expression was almost completely knocked down, but the
knockdown of CideB and KLHL12 was partial, about 50% (Fig. 6A). To characterize the
significance of VLDL trafficking for HCV morphogenesis and secretion, Huh7.5.1 cells
were infected with the JFH D183 virus at an MOI of 1. At 24 h postinfection, cells were
transfected with gene-specific siRNA pools against CideB, sortilin, and KLHL12. HCV
morphogenesis and secretion were determined at 72 h posttransfection by evaluating
the intracellular and extracellular infectious titers using an FFU assay (Fig. 6B and Q).
Extracellular HCV RNA levels were also determined to assess the release of HCV virions
into the extracellular milieu (Fig. 6D). The level of HCV replication was estimated by
determining the numbers of HCV genome copies in total cellular RNA (Fig. 6E). The
knockdown of CideB, sortilin, and KLHL12 significantly reduced the extracellular infec-
tious titers of HCV (Fig. 6B). There was a corresponding increase in the intracellular
infectious titers with the knockdown of CideB and KLHL12, suggesting that silencing of
CideB and KLHL12 inhibits HCV secretion, resulting in the accumulation of intracellular
virus (Fig. 6C). The effect of KLHL12 silencing on HCV secretion was more pronounced
than that with silencing of CideB. Sortilin knockdown, however, did not result in the
accumulation of intracellular virus particles (Fig. 6C), which may be due to an inhibitory
effect on HCV assembly or the rapid degradation of unsecreted virus particles in

FIG 5 Legend (Continued)

cryosections labeled for Sec31 (12 nm), ApoB (18 nm), and HCV core (6 nm); (G) cryosections labeled for
a-mannosidase (18 nm), dsRNA (12 nm), and HCV E2 (6 nm); (H) cryosections labeled for a-mannosidase (18 nm),
HCV core (12 nm), and E2 (6 nm); (I) cryosections labeled for TGN46 (18 nm), HCV core (12 nm), and E2 (6 nm). Bars:
50 nm for panels A to D, 30 nm for panels E and F, 100 nm for panels G to |, and 50 nm for panels J to L. (J and

K) Electron micrographs of uninfected controls lacking HCV E2 labeling. (L) Isotype control.
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sortilin-silenced cells. There was no dramatic effect of CideB, sortilin, and KLHL12
silencing on intracellular HCV RNA levels, suggesting that HCV replication is not greatly
affected under these conditions (Fig. 6E). We also checked the effect of silencing of
CideB, sortilin, and KLHL12 on VLDL secretion by determining the extracellular levels of
ApoB and ApoE. In agreement with data from previous studies, silencing of CideB,
sortilin, and KLHL12 negatively affected VLDL secretion, as determined by the extra-
cellular levels of ApoB and ApoE in comparison to the nontargeting siRNA control (Fig.
6F). The extracellular levels of transferrin suggest that there is no effect on conventional
protein cargo secretion upon silencing of CideB, sortilin, and KLHL12 (Fig. 6F). Silencing
of sortilin and KLHL12 also resulted in reduced intracellular levels of ApoB (Fig. 6G),
probably due to reduced ApoB expression or enhanced degradation. In summary, these
results demonstrate that the perturbation of intracellular trafficking of VLDL particles
negatively impacts HCV egress.

DISCUSSION

It is well established that the highly infectious virus particles found in HCV patients
and in cell culture-derived HCV (HCVcc) possess buoyant density ranging from low to
very low and that the association of lipoprotein components with virus particles
imparts buoyancy (9-13). A recent study suggests that low levels of LVPs in patients
with acute HCV infection likely results in the spontaneous clearance of acute HCV
infection (47). This signifies the integral association between lipoproteins and virus
particles, which promotes infectivity and prevents neutralization. Ultrastructural anal-
yses of HCV particles derived from primary human hepatocyte cultures revealed a
heterogeneous population of virus particles with a diameter ranging from 40 to 100 nm
and ApoB, ApoA-I, and ApoE on the surface (18). The highly infectious purified particles
have a diameter of 81 to 85 nm and display a complex internal structure (18). A
proteomic analysis of cellular proteins associated with HCV virions purified by using
neutralizing antibody AR3A showed that ApoE, ApoB-100, ApoA-Il, ApoC-Il, and ApoC-lli
are associated with purified HCV virions (48). Overall, these findings strongly support
the notion that HCV virions are assembled and secreted as LVPs.

The current understanding about how and where the morphogenesis of the
lipoprotein-virus hybrid particle occurs is incomplete. The assembly of VLDL in hepa-
tocytes is initiated with the transfer of triglycerides to ApoB by MTP, resulting in the
formation of pre-VLDL in the ER (23). The lipid-deficient pre-VLDLs undergo subsequent
lipidation, resulting in mature VLDL particles (23). The ER and Golgi complex are
considered to be the sites of VLDL lipidation; however, a clear understanding of these
events is still lacking. Our current understanding of HCV LVP morphogenesis is that the
lipid-laden HCV nucleocapsid or virion fuses with nascent VLDL particles during VLDL
lipidation events in either the ER or Golgi complex, resulting in the generation of LVPs.
Alternatively, immature HCV particles may mimic the VLDL precursor and undergo
lipidation involving fusion with a luminal LD and the acquisition of exchangeable
lipoproteins; however, this scenario does not justify the presence of ApoB in HCV LVPs
(43). Dynamic imaging of HCV envelopment and secretion has not been possible due
to a lack of appropriate tools. The orientation of the N-terminal ectodomains of the HCV
envelope glycoproteins E1 and E2 in the ER lumen and the heterodimerization of E1-E2
on the ER membrane indirectly indicate that HCV envelopment occurs at the ER (43). A
recent study indicates that HCV coopts Hrs, an ESCRT-0 component, to mediate HCV

FIG 6 HCV LVP and VLDL secretion. The effect on HCV egress was evaluated in HCV-infected Huh7.5.1 cells perturbed for VLDL secretion. (A) Western blot
analysis of CideB, sortilin, and KLHL12 was performed to determine siRNA knockdown efficiency. B-Actin was used as the internal protein loading control. (B
and C) At 24 h postinfection, HCV-infected Huh7.5.1 cells were transfected with nontargeting siRNA (siNT) or gene-specific siRNA pools targeting CideB
(siCideB), sortilin (siSortilin), and KLHL12 (siKLHL12), and at 72 h posttransfection, the culture medium and cells were used for analyses of extracellular infectivity
(B) and intracellular infectivity (C) by FFU assays. (D and E) Extracellular (D) and intracellular (E) HCV RNA levels determined by qRT-PCR (means * standard
errors of the means; n = 3). *, P value of =0.05; **, P value of =0.005; ns, nonsignificant (by an unpaired Student t test). (F and G) Western blot analysis of
ApoB and ApokE in cell culture supernatants (F) and cell lysates (G) obtained from cells subjected to the conditions described above to judge VLDL secretion
and intracellular levels of ApoB and ApoE. Transferrin was used as a control to detect levels of global protein secretion. B-Actin was used as an internal protein
loading control.
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envelopment, signifying the role of ESCRT proteins in the budding of HCV virions into
the ER (49). The interaction of HCV envelope proteins with lipoproteins in the ER further
hints at the likely morphogenesis of HCV LVPs in the ER (50). Our observations suggest
that HCV envelopment occurs in the ER and strongly establish that the HCV virions
budding off from the ER are enveloped and infectious (Fig. 2). A previous study
conducted to elucidate the molecular determinants of HCV egress suggested that
proteins involved in ER-Golgi trafficking are crucial for HCV egress (31). In agreement,
an infectivity assay performed with purified COPIl vesicle fractions (Fig. 2) clearly
demonstrates that mature, infectious HCV particles bud off from the ER in COPII vesicles
en route to the Golgi secretory compartment. The presence of lipoproteins in COPII
vesicles isolated from buoyant cytosol fractions along with HCV structural components
and genomic RNA clearly indicates that HCV LVP morphogenesis occurs in the ER (Fig.
3A and B). The presence of minor RNA peaks and HCV structural proteins in denser
fractions (fractions 9 to 20) may represent the COPII-dependent secretion of individual
viral proteins, immature HCV particles, and/or naked nucleocapsids (Fig. 3A and B).
Highly infectious LVPs have been shown to fractionate in the buoyant fractions, having
an average density of ~1.1 g/ml (10). Although it was not possible to precisely
determine the density of HCV particles entrapped within COPII vesicles, most of the
HCV RNA along with HCV structural proteins and lipoproteins fractionated in COPII
vesicles immunoprecipitated from buoyant cytosol fractions, with densities ranging
from 1.05 to 1.08 g/ml (Fig. 3A and B). The buoyancy of COPII vesicles carrying LVPs will
be different from that of free LVPs; however, the high buoyancy of the COPII vesicles
clearly indicates that the cargo within these vesicles is highly buoyant, resembling the
LVPs. Determining the infectivity associated with the COPII vesicles immunoprecipi-
tated from cytosol density gradient fractions was not possible due to technical issues
and low virus titers due to the limited number of infectious virus particles transported
in COPII vesicles at a given point in time. Overall, data from the biochemical analysis
indicate that buoyant COPI| vesicles transport LVPs emanating from the ER to the Golgi
compartment. Confocal microscopy was performed to confirm the transport of LVPs in
COPII vesicles, and although we observed a distinct colocalization between the COPII
outer coat protein Sec31 and HCV structural proteins or between Sec31, HCV glyco-
protein, and ApoE/ApoB (Fig. 4), due to the 200-nm resolution limit, it was difficult to
ascertain the components within COPI| vesicles with a size of ~100 nm. High-resolution
immunogold electron microscopy confirmed that COPII vesicles transport LVPs from
the ER to the Golgi compartment (Fig. 5A to E), thereby lending support to the model
that HCV LVP morphogenesis happens in the ER and that LVPs are subsequently
transported from the ER to the Golgi compartment in COPII vesicles.

There has been considerable debate about the route followed by HCV virions during
their egress. The involvement of the Golgi secretory pathway in HCV egress, similar to
the secretory route followed by VLDL particles, has been amply described (31-33). We
have previously shown the role of oxysterol-binding protein (OSBP), phosphatidylino-
sitol 4-phosphate (PI4P), and its binding partner the GOLPH3 protein, all connected
with Golgi trafficking, in HCV secretion in sufficient detail (32, 33). Inhibition of HCV
secretion by RNA silencing of GOLPH3 or inhibition of PI4P formation did not entirely
affect VLDL secretion. We reasoned that the fraction of VLDL committed to the
formation of LVPs is so minute that overall VLDL secretion may not be affected even if
viral secretion is inhibited. This reasoning also applies to a recent study by Mankouri et
al., in which they conclude that the inhibition of Rab GTPase did not affect VLDL
secretion and therefore that VLDLs are not associated with HCV secretion (28). Some
studies implicated noncanonical secretion in HCV egress involving the endosomal
compartments, autophagosomes, endocytic machinery, and ESCRT proteins (35-37, 49).
The presence of complex glycans on virus-associated glycoproteins substantiates that
HCV virions traverse through the Golgi apparatus (43). In agreement with this view, our
study indicates the transport of LVPs from the ER to the Golgi complex in COPII vesicles
via the Golgi secretory route (Fig. 2, 3, and 5A to D). Further substantiating these
observations, immunogold EM of the cis- and trans-Golgi stacks confirmed the presence
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of HCV particles in the Golgi compartment (Fig. 5F to 5H). However, we note that the
intricacies of intracellular transport have not been completely understood and involve
major cross talk between the Golgi complex and endosomal and autophagy machinery.
Therefore, it is plausible that HCV particles exit the Golgi secretory route and enter
another secretory module prior to exiting through the plasma membrane. While the
role of the exchangeable apolipoprotein ApoE in HCV maturation and postenvelop-
ment processing is widely accepted (51), there is considerable disagreement over the
role of ApoB in HCV maturation and egress. The interaction of the HCV envelope
glycoproteins E1 and E2 with ApoB and ApoE at the ER hints that the glycoprotein-
apolipoprotein complex could initiate the formation of hybrid lipoviroparticles (50). The
presence of ApoB, along with other exchangeable apolipoproteins such as ApoE,
ApoA-ll, ApoC-ll, and ApoC-lil, on HCV virions emphasizes its role in HCV maturation
and egress (18, 48). In correlation, immunogold electron microscopy clearly indicated
the presence of ApoB, although in small amounts, and ApoE along with the HCV
structural proteins in COPII vesicles, suggesting that the viral particles that bud from the
ER are associated with ApoB and ApoE (Fig. 5B, C, E, and F), as was also previously noted
on HCV virions (18). To verify that HCV coopts VLDL secretion for its egress, we targeted
VLDL transport from the ER to the Golgi complex and through the Golgi complex by
silencing CideB, KLHL12, and sortilin (44-46). Although VLDL secretion, as judged by
the extracellular levels of ApoB and ApoE (Fig. 6F), was dramatically affected by the
silencing of CideB, KLHL12, and sortilin, the effect on HCV egress was significant but
moderate (Fig. 6B and D). We observed a concomitant increase in intracellular virus
titers with the silencing of CideB and KLHL12, which is suggestive of an inhibition of
virion secretion. However, sortilin silencing affected both the extracellular and intra-
cellular virus titers, suggesting that it is involved in both HCV maturation and egress
(Fig. 6B and C). Several reports suggest a complex role for sortilin in hepatic lipid
metabolism (52), which may explain the effect of sortilin on both HCV egress and
morphogenesis. Only a limited proportion of the VLDL secretory machinery may drive
HCV egress, justifying the moderate effect on HCV egress due to perturbed VLDL
secretion (Fig. 6). Alternatively, after morphogenesis, LVPs may be secreted completely
independent of VLDL secretion. In summary, this study clearly establishes that LVP
morphogenesis occurs in the ER and that LVPs bud off from the ER in COPII vesicles and
traffic through the Golgi secretory pathway.

MATERIALS AND METHODS

Cell culture and HCV infection. Huh7-derived Huh7.5.1 human hepatoma cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin,
and 100 pg/ml streptomycin (Invitrogen, Carlsbad, CA) at 37°C in 5% CO,. The HCVcc JFH D183 mutant
of genotype 2a used in this study was propagated and prepared as described previously (32). JFH D183
is a chronic-phase virus that was collected on day 183 after transfection of the JFH genome and harbors
a G451R mutation in the E2 region responsible for rapid viral expansion kinetics and high infectious titers
(42). Both Huh7.5.1 cells and JFH D183 virus are generous gifts from F. Chisari (The Scripps Institute, La
Jolla, CA). Huh7.5.1 cells were infected at an MOI of 1 for all experiments in this study.

Cytosol preparation and iodixanol gradient fractionation. At 72 h postinfection, JFH D183-
infected Huh7.5.1 cells were scraped into ice-cold phosphate-buffered saline (PBS) and centrifuged at
2,000 rpm for 3 min to pellet the cells. The cell pellet was resuspended in isotonic medium (250 mM
sucrose, 25 mM KCl, 10 mM HEPES [pH 7.2], 1T mM EGTA, and protease inhibitors) and subjected to
nondenaturing cell lysis in a nitrogen gas-pressurized pressure bomb at 1,000 Ib/in? for 25 min. This
nondenaturing cell lysis method was adopted to retain intracellular transport vesicle (COPII vesicle)
integrity. The cell lysate obtained was subjected to centrifugation at 1,000 rpm for 10 min to obtain the
postnuclear supernatant, which was then subjected to centrifugation at 12,000 rpm for 20 min to obtain
the postmitochondrial supernatant (PMS). The PMS was subsequently ultracentrifuged at 100,000 X g for
1 h to obtain the cytosol fraction. The cytosol was concentrated 10- to 20-fold by using 3-kDa-cutoff
Amicon filters. The concentrated cytosol was overlaid on a 6 to 30% continuous iodixanol gradient and
ultracentrifuged at 100,000 X g for 6 h. The resolved gradient was fractionated into 20 500-ul fractions
from top to bottom by using an ISCO density gradient fractionator.

Immunoprecipitation of COPII vesicles. The 500-ul cytosol fractions obtained after density gradient
fractionation were diluted in equal volumes of isotonic buffer and subjected to preclearing with 50 ul of
protein G-Sepharose beads (GE Healthcare) according to the manufacturer’s protocols. The precleared
cytosol was subjected to immunoprecipitation with mouse monoclonal anti-Sec31 antibody (Santa Cruz
Biotech Inc.) overnight at 4°C under rotary agitation. Next, the immune complex was allowed to bind to
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protein G-Sepharose by incubation of the cytosol-antibody conjugate mixture with 100 ul of beads at 4°C
under rotary agitation for 4 h. The cytosol-antibody-bead mixture was washed three times in isotonic
buffer to remove nonspecific binding. The immune complex bead mixture was resuspended in 400 ul
isotonic buffer. One hundred microliters of the resuspension was used for RNA isolation and focus-
forming unit assays, and the remaining 200 ul was used for Western blot analysis.

HCV titration. To determine the levels of HCV RNA, quantitative real-time PCR analysis using
HCV-specific primers and probe was performed as described previously (53). The virus titer in the culture
medium and cells was determined by an FFU assay as described previously (20, 32). Briefly, log fold
dilutions of the infectious cell culture medium were used to infect naive Huh7.5.1 cells. At 72 h
postinfection, the cells were fixed and immunostained for the HCV E2 protein, and the number of
HCV-positive foci was counted. For intracellular infectivity, the cell pellet was resuspended in complete
medium and subjected to 3 to 4 cycles of freeze-thawing. The clarified cell lysate was used to perform
FFU assays as described previously (20, 32).

Immunofluorescence. Cells grown on glass coverslips were fixed in 4% paraformaldehyde, washed,
and then permeabilized with 50 uM digitonin. The cells were blocked in 1% bovine serum albumin
(BSA)-PBS-Tween (PBST) for 1 h and then probed with primary antibody in blocking buffer overnight at
4°C. After 3 washes in PBS, the cells were stained with the respective Alexa Fluor secondary antibodies,
raised in donkey (Invitrogen, Carlsbad, CA), for 1 h at room temperature. The antibody dilutions used
were those recommended by the manufacturer. After the final wash, the coverslips were mounted onto
ProLong Gold Antifade (Invitrogen, Carlsbad, CA). Images were visualized with an Olympus FluoView
1000 confocal microscope.

Immunoelectron microscopy. Huh7-derived Huh7.5.1 cells were infected at an MOI of 1 with the
JFH D183 virus, and at 72 h postinfection, the cells were fixed in 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4) overnight at 4°C. Fixed cells were washed with 0.15 M glycine-phosphate
buffer, embedded in 10% gelatin-phosphate buffer, and infused with 2.3 M sucrose-phosphate buffer
overnight at 4°C. One-cubic-millimeter cell blocks were mounted onto specimen holders and snap-frozen
in liquid nitrogen. Ultracryomicrotomy was carried out at —100°C on a Leica Ultracut UCT with EM FCS
cryoattachment (Leica, Bannockburn, IL) using a Diatome diamond knife (Diatome US, Hatfield, PA).
Seventy- to ninety-nanometer frozen sections were picked up with a 1:1 mixture of 2.3 M sucrose and
2% methylcellulose (15 cP) as described previously by Liou et al. and Tokuyasu (54, 55) and transferred
onto Formvar- and carbon-coated copper grids. Immunolabeling was performed by using a slight
modification of the “Tokuyasu technique” (55). Briefly, grids were placed onto 2% gelatin at 37°C for 20
min and rinsed with 0.15 M glycine-PBS, and the sections were blocked by using 1% cold-water fish skin
gelatin. Primary antibodies were diluted in 1% BSA-PBS. Incubation with primary antibodies for 2 h at
room temperature was followed by incubation with the respective secondary antibodies (12- or 18-nm
gold-conjugated goat anti-mouse IgG at a 1:20 dilution, 12- or 18-nm gold-conjugated goat anti-rabbit
1gG at a 1:15 dilution, 6-nm gold-conjugated goat anti-human at a 1:10 dilution, 6-nm gold-conjugated
donkey anti-mouse at a 1:15 dilution, and 18-nm gold-conjugated donkey anti-goat at a 1:15 dilution)
from Jackson ImmunoResearch (West Grove, PA) diluted in 1% BSA-PBS at room temperature for 45 min.
Grids were viewed by using a JEOL 1200EX Il transmission electron microscope (JEOL, Peabody, MA) and
photographed by using a Gatan digital camera (Gatan, Pleasanton, CA).

siRNA transfection and HCV infection. siRNA pools used in this study were siGENOME SMARTpool
for CideB, KLHL12, and sortilin and nontargeting siRNA 1 (Dharmacon). Huh7.5.1 cells were infected with
the JFH D183 virus at an MOI of 1. At 24 h postinfection, the cells were transfected with siRNA (30 nM)
by using Lipofectamine RNAiMax transfection reagent (Invitrogen) according to the manufacturer’s
instructions. At 72 h posttransfection, the cell culture supernatant and cells were collected to determine
extracellular and intracellular HCV titers and HCV RNA levels as described previously (56).

Antibodies. The following primary antibodies were used in this study: mouse monoclonal anti-
Sec31A, anti-Sec13, anti-Sec24, anti-Sec22b, and anti-CideB; antitransferrin and anticalnexin (Santa Cruz
Biotech); rabbit polyclonal anti-Sec31A and anti-GAPDH (Santa Cruz Biotech); rabbit polyclonal anti-
Sec23b, anti-Sec24a, anti-ApoB, antisortilin, and anti-mannosidase Il antibodies (Abcam); rabbit mono-
clonal anti-ApoE (Abcam); rabbit monoclonal anti-ApoE, rabbit polyclonal antialbumin, rabbit polyclonal
anti-B-actin, and mouse monoclonal anti-KLHL12 (Cell Signaling Tech); goat polyclonal anti-ApoB
(Chemicon Inc.); Rabbit polyclonal anti-TGN46 (Sigma); mouse monoclonal anti-dsRNA J2 antibody
(Scicons, Hungary); mouse monoclonal anti-HCV core (Thermo Scientific); and human monoclonal
anti-HCV E2 antibody AR3A (57) (a gift from Mansun Law, The Scripps Research Institute, CA). The
secondary antibodies used for immunofluorescence were donkey anti-mouse, donkey anti-rabbit, and
goat anti-human antibodies labeled with Alexa Fluor 488, 594, or 647 (Invitrogen, CA). The gold
particle-conjugated goat anti-mouse, goat anti-rabbit, and goat anti-human antibodies were obtained
from Jackson Laboratories.
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