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ABSTRACT

Previously, we demonstrated that the efficiency of hepatitis C virus (HCV) E2-p7 processing regulates p7-dependent NS2 local-
ization to putative virus assembly sites near lipid droplets (LD). In this study, we have employed subcellular fractionations and
membrane flotation assays to demonstrate that NS2 associates with detergent-resistant membranes (DRM) in a p7-dependent
manner. However, p7 likely plays an indirect role in this process, since only the background level of p7 was detectable in the
DRM fractions. Our data also suggest that the p7-NS2 precursor is not involved in NS2 recruitment to the DRM, despite its ap-
parent targeting to this location. Deletion of NS2 specifically inhibited E2 localization to the DRM, indicating that NS2 regulates
this process. Treatment of cells with methyl-�-cyclodextrin (M�CD) significantly reduced the DRM association of Core, NS2,
and E2 and reduced infectious HCV production. Since disruption of the DRM localization of NS2 and E2, either due to p7 and
NS2 defects, respectively, or by M�CD treatment, inhibited infectious HCV production, these proteins’ associations with the
DRM likely play an important role during HCV assembly. Interestingly, we detected the HCV replication-dependent accumula-
tion of ApoE in the DRM fractions. Taking into consideration the facts that ApoE was shown to be a major determinant for infec-
tious HCV particle production at the postenvelopment step and that the HCV Core protein strongly associates with the DRM,
recruitment of E2 and ApoE to the DRM may allow the efficient coordination of Core particle envelopment and postenvelop-
ment events at the DRM to generate infectious HCV production.

IMPORTANCE

The biochemical nature of HCV assembly sites is currently unknown. In this study, we investigated the correlation between NS2
and E2 localization to the detergent-resistant membranes (DRM) and HCV particle assembly. We determined that although
NS2’s DRM localization is dependent on p7, p7 was not targeted to these membranes. We then showed that NS2 regulates E2 lo-
calization to the DRM, consistent with its role in recruiting E2 to the virus assembly sites. We also showed that short-term treat-
ment with the cholesterol-extracting agent methyl-�-cyclodextrin (M�CD) not only disrupted the DRM localization of Core,
NS2, and E2 but also specifically inhibited intracellular virus assembly without affecting HCV RNA replication. Thus, our data
support the role of the DRM as a platform for particle assembly process.

Hepatitis C virus (HCV) is a small, enveloped, positive-strand
RNA virus belonging to the Flaviviridae family (1, 2). Glob-

ally, nearly 200 million people are infected with this virus, which
causes severe morbidity and mortality due to its persistent repli-
cation in the liver (3, 4). HCV encodes a single open reading frame
that is processed by host and viral proteases into three structural
proteins, including Core and two envelope proteins (E1 and E2),
and seven nonstructural proteins, including p7, NS2 and NS3-5B
(NS3, NS4A, NS4B, NS5A, and NS5B) (5). The NS3-NS5B pro-
teins are sufficient to form active replicase complexes involved in
viral RNA replication (6). Interestingly, in addition to viral struc-
tural proteins, most of the nonstructural proteins were shown to
affect HCV particle assembly (7–16). However, detailed mecha-
nisms of HCV assembly are still unclear.

It was shown that the HCV Core protein associates with lipid
droplets (LD) following its maturation cleavage by the signal pep-
tide peptidase (17). Core association with the LD is critical for
HCV particle assembly, since disrupting this also inhibited infec-
tious HCV production (18, 19). NS5A protein was also shown to
be targeted to the LD and interacts with Core and through this
interaction promotes virus assembly, at least in part, by recruiting
nonstructural proteins in replication complexes to LD-associated
endoplasmic reticulum (ER) membranes, which are presumably
virus assembly sites (20–22). Recently, we and others have shown

that NS2 interacts with both structural and nonstructural proteins
(11–13, 16, 23). These interactions correlate with NS2 colocaliza-
tion with Core, NS5A, and E2 at the punctate virus assembly sites
near LD and are important for infectious virus production (11–13,
16, 23). NS2 interactions with these viral proteins probably regu-
late envelope protein recruitment to the virus assembly sites, since
mutations that inhibited NS2 localization to these sites also inhib-
ited E2 localization to these sites (12, 16).

p7 is an ion channel protein. Its ion channel activity was shown
to be critical for the release of infectious HCV by potentially pro-
tecting nascent virus particles during the maturation process
while in transit through acidic intracellular compartments (24).
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p7 is also involved in the virus particle assembly process by mod-
ulating capsid assembly and envelopment of viral particles (25).
Although detailed mechanisms of how p7 affects viral assembly
have not been characterized, one of the mechanisms may involve
p7’s regulation of NS2’s subcellular localization (10, 26). As we
have shown recently, E2-p7 processing modulates infectious virus
production by regulating NS2 localization to virus assembly sites,
probably by controlling the release of p7 involved in this process
(10). Interestingly, Tedbury and colleagues showed that the in-
frame expression of p7 in the context of NS2-5B subgenomic rep-
licon induced the NS2 subcellular localization to the punctate sites
near replication complexes and detergent-insoluble fractions
(DIF) (26). This subgenomic system precludes virus assembly due
to the lack of structural proteins. Thus, these results suggest that
p7-mediated NS2 subcellular localization change is a preparticle
assembly event that may be a prerequisite for infectious virus pro-
duction.

In aggregate, these previous findings suggest that p7-depen-
dent NS2 and NS2-dependent E2 localization to the virus assem-
bly sites regulates the HCV assembly process. Thus far, most HCV
proteins, except p7 and NS2, were shown to associate with deter-
gent-resistant membranes (DRM), including NS3-5B, whose
DRM association appears to be critical for efficient HCV RNA
replication (27–30). Currently, the role of DRM in the HCV as-
sembly process is still unclear. However, its potential role in this
process is supported by the following findings. First, all three
structural proteins, including Core, E1, and E2, were shown to
associate with the DRM (29, 30), and second, cholesterol and
sphingolipid, two major components of DRM, are enriched in the
HCV virion envelope and critical for HCV infectivity (29, 31). In
this study, we investigated the DRM localization characteristics of
virus assembly factors, including p7, NS2, and E2, in cells in which
HCV replicates (HCV-replicating cells) and determined the rela-
tionship between their DRM localization and infectious virus pro-
duction by using various well-characterized HCV mutants.

MATERIALS AND METHODS
Cell culture. FT3-7 and Huh7.5 cells (Huh-7 cell derivatives [7, 32]) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Invitro-
gen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS)
(Invitrogen, Carlsbad, CA) at 37°C in 5% CO2 atmosphere.

Plasmids. Construction of HJ3-5 and its derivatives, including
p7(KRAA), E2(AR), E2(AR)/IRES, HAp7, and HAp7/IRES, were described
previously (8, 10, 16). To generate �p7 mutants, the p7 sequence from
HJ3-5/p7/IRES (10) was deleted by using the QuikChange II XL site-
directed mutagenesis kit (Stratagene, La Jolla, CA) with primer pairs en-
coding the C-terminal sequence of E2 and the N-terminal sequence of
encephalomyocarditis virus (EMCV) internal ribosomal entry site
(IRES): 5=-CATATCCCAAGCGGAGGCGTGAGTTTAAACAGACCAC
AACGG-3= and 5=-CCGTTGTGGTCTGTTTAAACTCACGCCTCCGCT
TGGGATATG-3=, respectively. To generate �NS2 mutants, the NS2 se-
quence from HJ3-5/p7/IRES (10) was deleted by using the QuikChange II
XL site-directed mutagenesis kit (Stratagene, La Jolla, CA) with primer
pairs encoding the C-terminal sequence of EMCV and the N-terminal
sequence of NS3: 5=-GAAAAACAGGATAATACCATGGCGCCCATCA
CGGCGTACG-3= and 5=-CGTACGCCGTGATGGGCGCCATGGTATT
ATCCTGTTTTTC-3=, respectively. The sequences of the regions manip-
ulated within each plasmid were verified by DNA sequencing.

In vitro HCV RNA synthesis and transfection. HCV RNA was tran-
scribed from plasmid DNA and transfected into FT3-7 cells. Briefly,
HCV-encoding plasmid DNA was linearized by using restriction enzyme
XbaI (New England BioLabs, Ipswich, MA), then transcribed by using a

T7 MEGAscript kit (Life Technologies, Carlsbad, CA), and subjected to
DNase treatment for 15 min at 37°C followed by RNA purification by
using the RNeasy kit (Qiagen). For electroporation, 10 �g of RNA was
mixed with FT3-7 cells (1 � 106 cells in 500 �l) and electroporated by
using a Gene Pulser system (Bio-Rad, Hercules, CA) once at 270 V and 950
�F in a 0.4-cm-gap width electroporation cuvette (Bio-Rad, Hercules,
CA). The cells were then suspended in prewarmed medium and seeded.

Cell fractionations. Cell fractionations to detergent-soluble and -in-
soluble fractions were performed according to the methods described
previously (26). Briefly, cells grown on 6-well plates were trypsinized,
washed twice with phosphate-buffered saline (PBS), and lysed in 200 �l of
lysis buffer (1% Triton X-100, 120 mM KCl, 30 mM NaCl, 5 mM MgCl2,
10% glycerol [vol/vol]) supplemented with protease inhibitor cocktail
(GenDEPOT, Barker, TX). After incubation on ice for 15 min, a deter-
gent-soluble fraction (supernatant) was collected by centrifugation at
500 � g for 5 min at 4°C. The detergent-insoluble fraction (pellet) was
washed twice in lysis buffer. The proteins in the detergent-soluble and
-insoluble fractions were then analyzed by Western blotting.

Confocal microscopy. Electroporated cells were plated on 8-well
chamber slides (BD Biosciences, Bedford, MA) at a density of 1 � 104 cells
per well. Two days later, the slides were washed with PBS, fixed with 4%
formaldehyde for 20 min at room temperature, and permeabilized with
0.2% Triton X-100 in PBS for 10 min. Fixed and permeabilized cells were
incubated with Huh-7 cell lysate cleared NS2 antibody (1:1,000 dilution)
for 2 h at room temperature, followed by incubation with Alexa Fluor
488-conjugated, goat anti-rabbit antibody (Invitrogen, Carlsbad, CA) (1:
1,000). Lipid droplets were stained with HCS LipidTOX deep red neutral
lipid stain (1:1,000) (Molecular Probes Inc., Eugene, OR) for 30 min at
room temperature. Nuclei were labeled with Hoechst stain (Anaspec Inc.,
Fremont, CA). The slides were examined with a Zeiss LSM 510 Meta
laser-scanning confocal microscope.

Membrane flotation assay. FT3-7 cells electroporated with HCV
RNA were seeded on 60-mm dishes. At 48 h, cells were washed with
ice-cold PBS and then scraped in 0.4 ml of TNE buffer (25 mM Tris-HCl
[pH 7.4], 150 mM NaCl, 5 mM EDTA) containing a protease inhibitor
cocktail mix (GenDEPOT, Barker, TX). The cells were then disrupted by
passing through a 24-gauge needle 30 times and incubated on ice or at
37°C in the absence or presence of 1% Triton X-100 for 30 min. The cell
lysates were then mixed with 0.4 ml of Optiprep (Sigma, St. Louis, MO) to
a final concentration of 40% and placed in an ultracentrifuge tube. This
mixture was overlaid first with 1.2 ml of 30% Optiprep in cell suspension
medium (CSM) (comprising 0.85% NaCl [wt/vol] in 10 mM HEPES [pH
7.4]) and then with 1.2 ml of 26% of Optiprep in CSM, followed by 0.8 ml
of 6% Optiprep in CSM. The Optiprep gradient was centrifuged at 42,000
rpm in a Beckman Coulter Optima L-90K ultracentrifuge with an SW60
rotor for 4 h at 4°C. Following ultracentrifugation, 400-�l fractions were
collected from the top of the gradient, and proteins in each fraction were
precipitated after adding 100 �l of trichloroacetic acid (TCA) (100%,
wt/vol). Subsequently, the precipitates were washed twice with cold ace-
tone and solubilized in 2� sodium dodecyl sulfate (SDS) loading buffer
(125 mM Tris-HCl [pH 6.8], 2% SDS, 0.005% bromophenol blue, 20%
glycerol, 100 mM dithiothreitol [DTT]) before subjecting them to 12%
SDS-polyacrylamide gel electrophoresis (PAGE), followed by Western
blot analysis.

Western blot analysis. Proteins separated on a 12% SDS-polyacryl-
amide gel were transferred to a polyvinylidene difluoride (PVDF) mem-
brane and incubated in Odyssey blocking buffer (Li-COR Biosciences,
Lincoln, NE) for 1 h at room temperature. The membranes were then
probed at 4°C overnight with primary antibodies for Core (monoclonal
mouse anti-Core antibody) (clone C7-50; Thermo Scientific) (1:2,000
dilution), NS2 (polyclonal rabbit anti-NS2 antibody [8]) (1:15,000 dilu-
tion), E2 (polyclonal goat anti-E2 antibody; Virostat, Inc., Portland, ME)
(1:2,000 dilution), NS3 (monoclonal mouse anti-NS3 antibody) (clone
9-G2; ViroGen, Watertown, MA) (1:2,000 dilution), Calnexin (polyclonal
rabbit anticalnexin antibody; Calbiochem) (1:5,000 dilution), Flotilin-1

DRM Association of HCV NS2 and E2

April 2015 Volume 89 Number 8 jvi.asm.org 4563Journal of Virology

http://jvi.asm.org


(monoclonal mouse anti-flotilin-1; BD Transduction Laboratories) (1:
2,000 dilution), SPFH2 (also known as Erlin-2 [endoplasmic reticulum
lipid raft protein 2]; polyclonal goat anti-SPFH2 antibody, Santa Cruz
Biotechnology Inc.) (1:2,000 dilution), and apolipoprotein E (ApoE)
(polyclonal goat anti-ApoE antibody; Chemicon International) (1:3,000
dilution). The membranes were then washed three times in PBS supple-
mented with 0.1% Tween 20 and incubated for 1 h at room temperature
with IRdye 800CW-labeled goat anti-mouse, IRdye 680-labeled goat anti-
rabbit or IRdye 680-labeled donkey anti-goat antibodies (Li-COR Bio-
sciences, Lincoln, NE), followed by imaging with an Odyssey infrared
imaging system (Li-COR Biosciences, Lincoln, NE).

M�CD treatment. At 48 h after electroporation of HCV RNA, cells
grown on the 6-well plates were washed with PBS and preincubated with
serum-free DMEM for 2 h and then incubated with DMEM containing
methyl-�-cyclodextrin (M�CD) at 1, 5, or 10 mM concentrations for 30
min at 37°C in a 5% CO2 atmosphere. M�CD-treated cells were either
directly subjected to membrane flotation analysis after cell lysis in the
presence of 1% Triton X-100 as described above or subjected to virus
titration and HCV RNA quantification as described below after incubat-
ing cells in complete medium (DMEM supplemented with 10% FBS)
for 1 h.

Cholesterol quantification. Cells were labeled with 2 �M TopFluor
cholesterol (Avanti Polar Lipids, Alabaster, AL) for 12 h at 37°C in a 5%
CO2 atmosphere. At the end of the labeling period, the cells were incu-
bated with serum-free DMEM for 2 h. The cells were then either left
untreated or treated with M�CD (10 mM) and harvested for membrane
flotation analysis in the presence of cold Triton X-100 as described above.
The fluorescence intensity of TopFluor cholesterol in the collected frac-
tions was measured by the GloMax discover system (Promega, San Luis
Obispo, CA) with 500- to 550-nm emission and 475-nm excitation filters.

Extracellular and intracellular virus titration. For extracellular virus
titration, culture supernatants of untreated and M�CD-treated FT3-7
cells were harvested and used to infect Huh7.5 cells on 48-well plates
(seeded with 1 � 105 cells/well). After 72 h, cells were fixed with metha-
nol-acetone (1:1) and then immunostained for HCV Core expression by
using anti-HCV Core monoclonal antibody. The nuclei were stained by
using Hoechst (Anaspec Inc., Fremont, CA). For intracellular virus titra-
tion, cells were trypsinized, resuspended in 1 ml medium, and lysed by 4
cycles of freeze-thawing. Clarified cell lysates were used to inoculate
Huh7.5 cells. Infectivity was determined by counting the clusters of Core-
immunostained cells (focus-forming unit [FFU]).

Quantitative real-time RT-PCR. Viral RNA was detected by a quan-
titative TaqMan reverse transcription-PCR (RT-PCR) assay (16). Total
RNA was isolated from cell lysates by using an RNeasy kit (Qiagen, Va-
lencia, CA) in accordance with the manufacturer’s instructions. Quanti-
tative real-time TaqMan RT-PCR analysis was carried out in a Bio-Rad
iQ5 real-time PCR detection system (Hercules, CA) by using primer pairs
and a probe targeting a conserved 221-base sequence within the 5= non-
translated RNA segment of the genome: HCV84FP (FP stands for forward
primer), 5=-GCCATGGCGTTAGTATGAGTGT-3=; HCV303RP (RP
stands for reverse primer), 5=-CGCCCTATCAGGCAGTACCACAA-3=;
and HCV146BHQ (BHQ stands for black hole quencher), 5=-FAM-TCT-
GCGGAACCGGTGAGTACACC-DBH1-3= (FAM stands for 6-carboxy-
fluorescein, and DBH1 stands for dual-labeled probe Black Hole
Quencher 1). Reaction mixtures were incubated as follows: 50°C for 2
min, 60°C for 45 min, 95°C for 2 min, followed by 40 cycles, with 1 cycle
consisting of 95°C for 20 s and 60°C for 1 min.

WST-1 assay. Following M�CD treatment, cells were washed with
PBS and incubated with WST-1 cell proliferation reagent (Roche, India-
napolis, IN) diluted 1:10 in culture medium and further incubated for 1 h
at 37°C in 5% CO2 atmosphere. The absorbance at 440 nm was then
measured by using POLARstar Omega microplate reader (BGM Labtech,
Cary, NC).

Statistical analysis. A Mann-Whitney test was performed by using
GraphPad Prism version 6 software (GraphPad, La Jolla, CA) to deter-

mine whether the level of each protein detected at the DRM fractions is
significantly higher than the background level of non-DRM protein Cal-
nexin (see Fig. 2, 3, and 4). Student’s t test (unpaired, with Welch’s cor-
rection) was performed by using GraphPad Prism version 6 software
(GraphPad, La Jolla, CA) to determine the significance in differences be-
tween paired values of nontreated and M�CD-treated samples (see Fig.
6). A P value of �0.05 was considered statistically significant.

RESULTS
Correlation between NS2 localization to the punctate virus as-
sembly sites near LD and the DIF in HCV-replicating cells. The
results of our recent study suggested that p7 regulates NS2 local-
ization to punctate sites near lipid droplets (punctate LD [see ar-
rows in Fig. 1C]), which are considered putative virus assembly
sites (10, 12, 13, 16, 20), and modulate virus production (10).
However, the biochemical characteristics of these virus assembly
sites are currently unknown. As mentioned above, a previous re-
port showed that p7 targets NS2 to the detergent-insoluble frac-
tion (DIF) in the context of HCV genotype 1b (gt1b) Con1 and
gt2a JFH1 subgenomic replicons that lack viral structural proteins
(26). Since NS2 localization to the DIF was also observed in infec-
tious JFH1-replicating cells in the same study, we hypothesized
that p7-dependent NS2 localization to the DIF and the virus as-
sembly sites might be related. To test this hypothesis, we per-
formed DIF fractionation experiments with highly infectious
HCV (wild-type [wt] HCV, which is a gt1a-2a chimera HJ3-5 [8])
and its p7-defective mutants (Fig. 1).

The organizations of the HCV constructs used in this study are
shown in Fig. 1A. Information regarding the virus production and
NS2’s punctate-LD localization characteristics of three HCV mu-
tants that affected p7 release from the E2-p7 precursor and/or its
ion channel function, including p7(KRAA), E2(AR), and E2(AR)/
IRES, were described previously (10, 24) and summarized at the
top of Fig. 1B. Briefly, the p7(KRAA) mutant was defective in p7’s
ion channeling function and in E2-p7 precursor cleavage (10, 24).
The E2(AR) mutant also showed an E2-p7 processing defect that
blocked p7 release from the E2-p7 precursor. As described in de-
tail previously, these two mutants were defective in both infec-
tious virus production and NS2’s punctate-LD localization (Fig.
1B) (10). Restoring the p7 release from the E2(AR) mutant by
inserting EMCV IRES between E2(AR) and p7, as in E2(AR)/IRES
(Fig. 1A), had led to the restoration of virus production and NS2’s
punctate-LD localization (Fig. 1B) (10). In this study, we addi-
tionally generated a p7 deletion mutant named �p7 to directly
assess the role of p7 on NS2’s subcellular localization (Fig. 1A).
The �p7 mutant was defective not only in infectious virus produc-
tion (data not shown; Fig. 1B, top panel) but also in NS2’s punc-
tate-LD localization (Fig. 1C).

Following the fractionation of cell lysates in the presence of
cold 1% Triton X-100, we verified that a portion of NS2 from
infectious wt HCV was localized to the DIF (Fig. 1B) (10, 26).
Further analyses using HCV mutants showed a remarkable corre-
lation between infectious virus production and NS2’s localization
to the DIF and punctate LD (Fig. 1B). For example, we detected
the lack of NS2 localization to the DIF and punctate LD from
noninfectious p7(KRAA), E2(AR), and �p7 mutants (Fig. 1B and
C) (10). On the other hand, NS2 was clearly detectable in the DIF
from the infectious E2(AR)/IRES mutant, which also showed the
punctate-LD phenotype (Fig. 1B) (10).

Under the same conditions, we did not detect significant alter-
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ation of DIF fractionation characteristics of HCV Core, Flotilin-1
(a marker of detergent-resistant membranes [DRM]), and Cal-
nexin (a non-DRM ER marker) in the wt and mutants (Fig. 1B).
These results indicate that these p7-associated HCV mutants spe-
cifically affected NS2’s DIF localization characteristics.

NS2 associates with the DRM. The presence of significant lev-

els of Flotilin-1 in the DIF suggests that this fraction contains
proteins associated with the DRM. However, it is unlikely that all
the proteins detected in the DIF are associated with the DRM,
since detergent insolubility of the proteins could also be caused by
protein aggregation or cytoskeletal binding (33). Therefore, to
investigate whether NS2 is specifically targeted to the DRM, we

FIG 1 E2-p7 processing and p7-dependent NS2 subcellular localization to the detergent-insoluble fraction (DIF) in HCV-replicating cells. (A) Organization of
wild-type (wt) HCV and various HCV mutants used in this study. Note that the H77 sequence is shaded within this chimeric HCV encoding gt1a H77 Core to
NS2 within the gt2a JFH1 background. (B) Western blots of cold 1% Triton X-100 (1% TX-100) lysates separated into the detergent-soluble (S) and -insoluble
(I) fractions. NS2 localization to the punctate foci near lipid droplets (LD) as described before (10) is indicated in the Punctate-LD row as follows: ���, �80%
of NS2-positive cells with this phenotype; ��, �50% of NS2-positive cells with this phenotype; 	, background level; N/A, not available. Virus titers were 
2 �
10E5 FFU/ml (���), 
2 � 10E4 (��), and undetectable (	). The asterisk at the bottom of NS2 from �p7 indicates the presence of additional bands detectable
by NS2 antibody from this mutant and may represent an aberrant NS2 initiation product by EMCV IRES as described previously (16). (C) Confocal image
analysis by using an Zeiss LSM 510 Meta laser-scanning confocal microscope of cells at day 2 postelectroporation with HCV RNA encoding the indicated
genomes. Anti-NS2 antibody (green) and LipidTOX deep red neutral lipid stain (red) were used to detect NS2 and lipid droplets. Examples of the punctate-LD
phenotype of NS2 are indicated by the white arrows.

DRM Association of HCV NS2 and E2

April 2015 Volume 89 Number 8 jvi.asm.org 4565Journal of Virology

http://jvi.asm.org


performed membrane flotation analysis in the presence of cold
detergent (1% Triton X-100) as described previously (34). First, in
the absence of the detergent, we detected a majority of NS2 from
wt HCV in the top fractions of the membrane flotation gradient

(Fig. 2A, left panel). This result indicates that NS2 is associated
with the membrane in HCV-replicating cells. Next, we detected
�17% of NS2 in the DRM fractions following membrane flota-
tion analysis in the presence of cold 1% Triton X-100 (Fig. 2A,

FIG 2 Detection of NS2 in the detergent-resistant membrane (DRM) fractions in wt HCV-replicating cells. (A and B) Membrane flotation assays were
performed by using cell lysates harvested from cells electroporated with wt HCV RNA (A) and replication-defective GND mutant RNA (B) at 2 days postelec-
troporation. The results obtained in the presence or absence of cold 1% Triton X-100 are shown in the middle and left panels, respectively, and the results found
in the presence of 1% Triton X-100 at 37°C are shown in the right panel. The DRM fractions (fraction 1 to 4) obtained in the presence of cold and 37°C Triton
X-100 were designated DRM and DRM-37, respectively. The percentage of proteins detected in the membrane or DRM fractions is shown below each blot.
ADRP, adipose differentiation-related protein. (C) Percentages of each protein from cells electroporated with wt HCV and GND mutant RNA detected in the
DRM fractions from at least three different experiments. Proteins with values above the dashed line showed a significantly increased DRM association than that
of non-DRM protein Calnexin (the asterisk indicates a P of �0.05 by the Mann-Whitney test).
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middle panel, fractions 1 to 4). This level is significantly higher
than the �5% background level of non-DRM protein Calnexin
and rather close to the �18% level of ER-specific DRM protein
Erlin-2 (endoplasmic reticulum lipid raft protein 2 [35, 36]) de-
tected in the DRM fractions (Fig. 2A, middle panel, and C). How-
ever, only background levels of NS2 were detected at the DRM-37
fractions, which was prepared in the presence of 1% Triton X-100
at 37°C (Fig. 2A, right panel). These results indicate that a signif-
icant portion of NS2 is localized to the DRM in infectious HCV-
replicating cells. We also detected the DRM localization of other
viral proteins, including Core, E2, and NS3, as reported previously
(Fig. 2A, middle panel, and C) (9, 14, 21, 22, 37, 38).

Interestingly, we detected an HCV replication-dependent ac-
cumulation of Apolipoprotein E (ApoE) in the DRM fractions
(compare ApoE levels in the middle panels of Fig. 2A and B de-
rived from wt HCV and replication-defective HCV mutant
[GND] RNA electroporated cells, respectively). We also noted a
significant increase of ApoE level in the membrane fractions ob-
tained in the absence of any detergent in HCV-replicating cells
(compare ApoE levels in the left panels of Fig. 2A and B), which is
probably related to this phenotype. Meanwhile HCV replication
had no effect on the subcellular localization of other host proteins,
including two non-DRM proteins (Calnexin and Caveolin-1), two
DRM proteins (Flotilin-1 and Erlin-2), and LD-associated adi-
pose differentiation-related protein (ADRP) (compare Fig. 2A
and B) (Fig. 2C).

Indirect role of p7 on NS2’s DRM localization. Consistent
with the cell fractionation data shown in Fig. 1B, NS2 from the
�p7 mutant was defective in DRM localization (Fig. 3A and B).
These results suggest that p7 plays a critical role in NS2 localiza-
tion to the DRM. Interestingly, we also detected the lack of E2
localization to the DRM in this p7 deletion mutant. However, it is
unlikely that p7 plays a major role in E2’s DRM association, since
NS2 deletion was sufficient to block E2’s DRM association despite
the presence of p7 (Fig. 4C). Instead, we speculate that E2’s DRM
localization defect in the �p7 mutant was caused by defective NS2.
The DRM associations of other viral and host proteins, including
Core, NS3, ApoE, Erlin-2, and Calnexin, were not affected in the
�p7 mutant (Fig. 3A and B).

Since p7 and NS2 interacted with each other (16, 39) and also
showed partial colocalization (39), we asked whether p7 recruits
NS2 to the DRM by associating with the DRM. Due to the lack of
a suitable antibody to detect p7, we used HCV encoding the hem-
agglutinin (HA) epitope-tagged p7 (HAp7-HCV) that we de-
scribed previously to facilitate its detection (10). First of all, during
our preliminary study, only background levels of HAp7 were de-
tected in the DIF prepared from HAp7-HCV (data not shown).
Consistent with this result, we detected �12% of NS2, but only
background levels of HAp7, in the DRM fractions from HAp7-HCV
(Fig. 3C and E). These results suggest that p7 does not directly
recruit NS2 to the DRM by associating with the DRM. Interest-
ingly, we also detected �8% of HAp7-NS2 precursor, which be-
came prominently detectable in HCV encoding the epitope-
tagged p7 (10, 39) in DRM fractions (Fig. 3C and E). To determine
whether this precursor may have played a role in p7-mediated NS2
recruitment to the DRM, next we performed DRM fractionation
experiments by using HAp7/IRES-HCV that encodes EMCV IRES
at the junction of HAp7 and NS2 and therefore lacks HAp7-NS2
precursor formation as described previously (10). However, a lack
of HAp7-NS2 precursor did not significantly inhibit NS2 localiza-

tion to the DRM (Fig. 3D and E). This result is consistent with
previous findings by Tedbury and colleagues in which they used a
subgenomic replicon and showed that NS2 fractionated to the DIF
regardless of the presence or absence of p7-NS2 precursor (26). In
aggregate, these results suggested that p7 regulates NS2 localiza-
tion to the DRM by an indirect mechanism that does not involve
physical recruitment or p7-NS2 precursor formation. These re-
sults also suggest that p7 and NS2 interaction/colocalization likely
occur at the non-DRM portion of ER. Then how could p7 have
affected NS2 localization to the DRM? One of the potential mech-
anisms could be the p7-mediated NS2 conformational change. In
support of this potential mechanism, p7 mutations altered the
NS2 antibody-mediated immunofluorescence detection of NS2
following the differential permeabilization of HCV-replicating
cells as well as NS2 pulldown efficiency (10, 16). Alternatively, p7
may have affected NS2 interaction with other proteins that pro-
mote NS2’s association with DRM. Further study is necessary to
determine the exact mechanism of p7-dependent NS2 subcellular
localization change.

E2-p7 processing-dependent and NS2-dependent E2 associ-
ation with the DRM. Correlating with the lack of significant NS2
in the DIF in the E2-p7 processing-defective E2(AR) mutant (Fig.
1B) (10), we detected background levels of NS2 and E2 in the
DRM fractions from this HCV mutant (Fig. 4A and D). On the
other hand, reversing the E2-p7 processing defect in the E2(AR)
mutant by introducing EMCV IRES between E2 and p7 [as in
E2(AR)/IRES] also restored the DRM association levels of both
NS2 and E2 similar to those of wt HCV (Fig. 4B and D) (10). The
DRM associations of other viral and host proteins, including
Core, NS3, ApoE, Erlin-2, and Calnexin, were not affected by ei-
ther E2(AR) or E2(AR)/IRES mutants. These results imply that
E2-p7 processing specifically regulates the DRM association of
both E2 and NS2, most likely by controlling the release of p7
involved in this process (10). Interestingly, a previous study
showed that E2 was targeted to the DRM whether it was expressed
ectopically or in the context of infectious HCV (29). Thus, the
defective DRM localization of E2 from E2(AR) could have been
caused by the potential defect in the DRM association of E2-p7
precursor. Alternatively, it could have been caused by the defective
DRM association of NS2 from this mutant that leads to inhibition
of E2’s DRM association, since NS2 was shown to regulate E2’s
subcellular localization (12, 16). To directly test the role of NS2 on
the DRM association of E2, we next generated an NS2 deletion
mutant (�NS2 [Fig. 1A]). As shown in Fig. 4C and D, a lack of NS2
specifically inhibited E2 localization to the DRM without signifi-
cantly affecting DRM localization of other proteins. These results
suggest that NS2 regulates E2’s DRM localization.

Cholesterol-extracting agent specifically displaced Core, E2,
and NS2 from the DRM and reduced infectious virus assembly.
Since the DRM are enriched in cholesterol, cholesterol depletion
agents such as M�CD (methyl-�-cyclodextrin) have been used to
disrupt the DRM to study its function (40, 41). However, although
M�CD efficiently depleted cholesterol and displaced DRM pro-
teins in the plasma membranes, it hardly affected the DRM asso-
ciation of intracellular DRM proteins such as Erlins and Flotilin-1
when used on intact cells (35, 41–43). We confirmed the latter
phenotype upon 10 mM M�CD treatment for 30 min in living
cells, as this treatment had no significant impact on the DRM
localization of Erlin-2 and Flotilin-1 (Fig. 5A). To ensure that
M�CD extracted the cholesterol from the DRM under our exper-
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imental conditions, we determined the cholesterol content of
DRM fractions following 10 mM M�CD treatment. To facilitate
quantification of the cholesterol, we labeled the cells with 2 �M
TopFluor cholesterol for 12 h before M�CD treatment for 30 min
(see Materials and Methods for details). The result shown in Fig.
5B indicates that M�CD treatment significantly reduced the cho-
lesterol content of the DRM (fraction 3), while having little impact
on that of detergent-soluble fractions (fractions 7 to 10). We also

detected moderate reduction of cholesterol content from fraction
6, which likely corresponds to the high-density DRM (DRM-H)
described previously (44) (Fig. 5B).

A previous study showed that M�CD treatment disrupted the
DRM association of ectopically expressed HCV Core protein de-
spite its intracellular localization (30). We confirmed this pheno-
type with Core expressed from the infectious wt HCV genome
following M�CD treatment (Fig. 5A, compare left and right

FIG 3 p7 mediates DRM localization of NS2 despite the lack of its own DRM association. (A, C, and D) Western blots following membrane flotation assay of cell
lysates prepared in the presence of cold 1% Triton X-100 at day 2 postelectroporation of �p7 (A), HAp7 (C), and HAp7/IRES (D). HAp7 encodes an in-frame
hemagglutinin (HA) epitope tag at the N terminus of p7, facilitating the detection of p7 as described previously (10). HAp7/IRES encodes EMCV IRES between
HAp7 and NS2 to eliminate the HAp7-NS2 precursor (10). The asterisk at the bottom of the NS2 blot from the �p7 mutant indicates an additional band detectable
by NS2 antibody (�-NS2) from this mutant, as indicated in the Fig. 1 legend. (B and E) Percentage of each protein from the DRM fractions of cells in which wt
HCV (B) or �p7 or wt HCV, HAp7, or HAp7/IRES (E) can replicate from at least three different experiments. Proteins with values above the dashed line showed
a significantly increased DRM association compared to that of Calnexin (the asterisk indicates a P of �0.05 by the Mann-Whitney test).
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blots). Interestingly, when the same M�CD treatment conditions
were used, we detected a substantial reduction in the DRM asso-
ciation of NS2 and E2, but not NS3 and ApoE. These results sug-
gest that the DRM association of Core, NS2, and E2 is especially
sensitive to cholesterol content in the DRM compared to that of
other proteins. Alternatively, these three viral assembly factors
may be recruited to the specific DRM segments, possibly virus
assembly sites, which are highly sensitive to M�CD treatment. To
understand the significance of the DRM association of Core, NS2,
and E2 during HCV replication, we determined the impact of
M�CD treatment on HCV replication. We measured the level of
viral RNA by using a quantitative RT-PCR assay and intra- and
extracellular virus titers by performing fluorescent-focus forma-
tion assay 1 h after treatment with 1 to 10 mM M�CD for 30 min.
As shown in Fig. 6A and B, M�CD treatment did not affect the cell
viability and viral RNA replication under these experimental con-
ditions. However, we observed a significant reduction in both in-
tracellular and extracellular virus titers to a similar extent (Fig. 6C
and D). These results suggest that the DRM association of Core,
NS2, and E2 is critical for the virus particle assembly step rather
than release.

DISCUSSION

Although the detailed mechanism of HCV assembly is unclear, LD
and/or LD-associated ER membranes are implicated as playing
critical roles in this process. Targeting of viral components in-

volved in virus assembly to these membranes strongly suggest that
these membranes correspond to HCV particle assembly sites.
First, HCV Core protein associates with the LD upon its matura-
tion cleavage (17). Second, NS5A protein is targeted to LD and
interacts with Core (45). Third, the interaction between Core and
NS5A on LD seems critical for infectious HCV production (21,
22), probably by recruiting replication complexes (20). Fourth, p7
mediates NS2 localization to these virus assembly sites by an un-
known mechanism (10), and NS2 recruits envelope proteins to
these sites by scaffolding the interaction between viral envelope
proteins and nonstructural proteins (11–13, 16). In this study, we
showed a strong correlation between NS2 localizations to the
DRM and the putative virus assembly sites near LD (Fig. 1 to 4 and
7) (10, 16). We also showed the defective DRM association of NS2
and E2 in p7- or NS2-deleted HCV mutants that are defective in
infectious virus production (Fig. 3 and 4). In addition, we showed
that short-term treatment with M�CD specifically disrupted
Core, NS2, and E2 association with the DRM and inhibited virus
assembly (Fig. 5 and 6). These results suggest that HCV assembly
process involves the DRM and that the association of Core, NS2,
and E2 with the DRM promotes the virus assembly process
(Fig. 7).

Our study revealed complex regulations governing E2’s DRM
localization. This begins with delayed E2-p7 processing that we
reported previously (10). Once released from E2-p7 precursor

FIG 4 E2-p7 processing and NS2 regulate E2’s association with the DRM. (A to C) Western blotting following membrane flotation assay of cell lysates prepared
in the presence of cold 1% Triton X-100 at day 2 postelectroporation of E2(AR) (A), E2(AR)/IRES (B), and �NS2 (C). (D) Percentage of each protein from wt
HCV, E2(AR), E2(AR)/IRES, and �NS2-replicating cells detected in the DRM fractions from at least three different experiments. Proteins with values above the
dashed line showed significantly increased DRM association compared to that of Calnexin (the asterisk indicates a P of �0.05 by the Mann-Whitney test).

DRM Association of HCV NS2 and E2

April 2015 Volume 89 Number 8 jvi.asm.org 4569Journal of Virology

http://jvi.asm.org


cleavage, p7 will then trigger NS2’s DRM localization (Fig. 3).
Only NS2 capable of localizing to the DRM (with the help of p7)
could promote E2’s DRM localization (Fig. 3 and 4). If there was a
defect in any of these steps, E2’s DRM localization and infectious
virus assembly were inhibited (Fig. 1, 3, 4, and 7). These results
indicate that tight regulation of E2’s DRM localization is critical
for the virus assembly process. One of the purposes of this multi-
step regulation of E2’s subcellular localization could be to ensure
the late onset of the virus assembly process. As described previ-
ously, E2-p7 processing is intrinsically inefficient (10, 46–48). Due
to this, the release of p7 and, consequently, p7-dependent NS2
localization to the virus assembly sites/DRM is expected to be
delayed as well. In fact, it was shown previously that NS2 localiza-
tion to the punctate virus assembly sites was minimal at the early
phase of HCV replication but gradually increased over time with
kinetics that correlate with increased virus production (12, 13). As

NS2 regulates E2 subcellular localization, the delay in NS2 local-
ization to the virus assembly sites/DRM should also delay E2 lo-
calization to these sites. On the basis of this information, we pro-
pose that the late onset of virus particle assembly, which was
observed under one-step HCV growth conditions (49), is trig-
gered at least in part by the delayed E2-p7 processing that would
also delay the p7-mediated NS2 localization, which would, in
turn, regulate the timing of NS2-mediated E2 localization to the
virus assembly sites/DRM. On the other hand, a second purpose of
this complex regulation of E2 subcellular localization could be to
ensure the delivery of E2 near virus RNA replication sites (also
localized at the DRM [27]) by utilizing NS2, which interacts with
both viral replication proteins, including NS3 and NS5A, and en-
velope proteins E1 and E2 (11–13, 16). In other words, by viral
scaffolding protein NS2 interacting with both envelope and non-
structural proteins, HCV may achieve delayed, but specific, re-
cruitment of envelope proteins near the viral RNA replication sites
at the late phase of viral replication cycle to promote effective
assembly of actively replicating viral genome.

Currently, it is unclear whether initiation of the HCV assembly
process begins with HCV RNA transfer from ER-associated repli-
cation complexes to LD-associated Core or Core transfer from LD
to LD-associated ER membranes where actively replicating RNA is
available (Fig. 7) (50). However, recent studies indicate that effi-
cient virus production is likely associated with Core mobilization
from LD to ER membranes. Boson and colleagues showed that the
majority of Core from gt2a JFH1 colocalized with LD, while that
from its derivatives, which produce much higher titers of virus

FIG 5 Effect of cholesterol-extracting agent M�CD treatment on viral and
cellular protein association with the DRM. (A) Huh-7 cells replicating wt HCV
were treated with 10 mM M�CD (�) for 30 min before being lysed in the
presence of cold 1% Triton X-100 and subjected to membrane flotation anal-
ysis. (B) Cholesterol content of each fraction following membrane flotation
analysis in the presence of cold 1% Triton X-100. Cells were labeled with or
without 2 �M TopFluor cholesterol (TF-Cholesterol) for 12 h before treat-
ment with 10 mM M�CD for 30 min before subjecting the cell lysates to
membrane flotation analyses. The fluorescence was measured with a plate
reader at 475-nm excitation (EX) and 500- to 550-nm emission (EM) setting.

FIG 6 Effect of M�CD treatment on HCV RNA replication and virus produc-
tion. (A to D) WST-1 assay to measure the cytotoxicity (A), TaqMan RT-PCR
assay to measure HCV RNA replication (B), and virus titration assays to mea-
sure intracellular (C) and extracellular (D) virus titers were performed at 1 h
posttreatment of wt-HCV-replicating cells with 10 mM M�CD for 30 min.
Values that are statistically significantly different from the no-treatment values
are indicated by an asterisk (P � 0.05 by unpaired Student’s t test with Welch’s
correction).
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than JFH1 does, is mainly detected from the ER (51). Their find-
ings further indicate that p7 is sufficient to induce Core localiza-
tion to the ER and that compatibility between p7 and NS2 regu-
lates this process. Since newly synthesized HCV Core was shown
to localize first to the LD even in high-titer HCV-infected cells by
live-cell imaging analysis (52, 53), efficient mobilization of Core
from LD to ER, rather than direct targeting of Core to ER follow-
ing its translation, is responsible for Core’s ER dominant localiza-
tion phenotype observed during high-titer HCV replication. Since
p7 expression-driven Core mobilization from LD to ER occurred
even in the absence of HCV RNA replication (51), these results
favor the possibility that Core particle assembly occurs at the LD-
associated ER membranes rather than LD. However, more study is
needed to prove this possibility. As for the sites of HCV particle
envelopment, stronger evidence points to LD-associated ER
membranes. Not only do HCV envelope proteins associate with
the ER membranes (54) rather than with LD, but in fact, HCV-like
particle budding was observed from the LD-associated mem-
branes by electron microscopy (20, 55). Thus, our results of NS2-
dependent E2 association with the DRM (Fig. 4C), which correlate
with NS2-regulated E2 localization to virus assembly sites (12, 16),
may imply that HCV particle envelopment occurs at the LD-asso-
ciated ER DRM. To support this notion, the HCV virion is en-
riched with two major lipid components of the DRM, cholesterol
and sphingolipid, which were shown to play critical roles in HCV
infectivity (29, 31). Also, it is interesting that the localization of
Core, NS2, and E2 to the DRM was equally sensitive to short-term
treatment with M�CD, which did not significantly disrupt the
DRM localization of other viral and host proteins (Fig. 5). These
results may indicate that these three viral proteins are targeted to
the same DRM compartment that is potentially more sensitive to

cholesterol extraction than other DRM compartments in the cells
(Fig. 7). If this is the case, this particular DRM compartment could
serve as an ideal location for coordinated Core-particle assembly
and envelopment. In aggregate, these data support the potential
role of the DRM as the platform of HCV assembly and budding.
However, more study is necessary to prove this notion.

ApoE is an essential host factor involved in infectious virus
production (56, 57). ApoE incorporates onto HCV particles (31,
58) and facilitates viral entry (59–62). Interestingly, HCV E1/E2
complexes were shown to interact with ApoE and colocalize with
it only in the ER (63). Since it was shown that the ectodomain of
E1, which localizes to the ER lumen, could interact with ApoE
(60), the interaction of ApoE with HCV E1/E2 complexes likely
occurs at the ER lumen. Therefore, it is reasonable to predict that
the interaction of ApoE and E1/E2 complexes in the ER lumen
contributes to ApoE incorporation into the virus particles. Inter-
estingly, while ApoE deficiency did not prevent HCV particle en-
velopment, this condition inhibited infectious virus production,
secretion of noninfectious virus particles, and cell-to-cell trans-
mission (64). These results suggest that ApoE contributes to HCV
particle assembly at a postenvelopment step (Fig. 7). However,
despite the fact that E1/E2 complexes could interact with ApoE
even in the absence of other viral proteins (63), this interaction
alone may not be sufficient to promote an ApoE-dependent HCV
particle assembly event, since previous reports showed that the
interaction between NS5A and ApoE is the major determinant of
infectious HCV assembly (65, 66). It is interesting that ApoE lo-
calizes to the DRM in a HCV RNA replication-dependent manner
regardless of E2’s DRM localization, since wt level of ApoE was
detected in the DRM fractions of HCV mutants that are defective
in infectious virus production and E2’s DRM localization (Fig. 2

FIG 7 Model for the role of DRM targeting of viral and host proteins during HCV particle assembly. 1Core associates with the DRM (Fig. 1) (30, 34). Core could
be targeted to the DRM directly or indirectly following its initial interaction with LD (11, 20, 53, 68). 2NS2 was targeted to the DRM in a p7 (and therefore E2-p7
processing)-dependent manner (Fig. 3A, 4A, and B). 3E2 was targeted to the DRM in an NS2-dependent manner (Fig. 4C). Defects in p7, NS2, or E2-p7
processing block both NS2 and E2 localization to the DRM and virus assembly (Fig. 1, 3, and 4). 4NS3 and other nonstructural proteins (NS4A, NS4B, NS5A, and
NS5B) comprising the replication complexes (RC) were targeted to the DRM for HCV RNA replication (27, 28). RC are likely enclosed by membrane
invaginations called membranous web (69–71). Positive-strand HCV RNA produced by RC will then interact with Core for encapsidation. Currently, it is unclear
whether HCV RNA interacts with Core on the LD, at the DRM or both (50). Encapsidated Core will then interact with envelope proteins (72), and this interaction
will likely trigger enveloped particle budding at the ER-DRM into the ER-lumen. 5ApoE incorporation to the enveloped particles (31, 58), potentially through its
interaction with envelope proteins (60, 63), is critical for HCV infectivity (62, 64). We speculate that ER-DRM-enriched ApoE facilitates this process. However,
further study will be needed to clarify this issue. Solid arrows indicate the pathways supported by experimental evidence from our data and previous literature.
Dashed arrows indicate potential or undefined pathways. Thick black arrows indicate the driving forces for NS2 or E2 localization to the DRM. The selective
M�CD sensitivity of DRM-associated Core, E2, and NS2 is indicated by a black background box. L-LD, luminal LD.
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and 4). Considering that NS5A interacts with ApoE and was
shown to associate with the DRM whether it was expressed singly
in the context of the subgenomic replicon or infectious virus (28,
67), NS5A is likely responsible to recruit ApoE to the DRM. This
will then allow the interaction of ApoE and E1/E2 complexes at the
DRM, promoting infectious virus assembly. We plan to test this
hypothesis in detail in our future studies.

In conclusion, our data indicate that p7-dependent NS2 local-
ization to the DRM correlates with NS2 localization to the puta-
tive virus assembly sites near LD and infectious virus production.
Our data further indicate that NS2 is responsible for recruiting E2
to the DRM, which correlates with previous reports that suggested
NS2-mediated E2 recruitment to the virus assembly sites (12, 16).
The similar sensitivities of DRM-localized Core, NS2, and E2 to
M�CD treatment suggest the possibility that these viral assembly
factors target the same DRM. Since host-derived virus assembly
factor ApoE was also detected at the DRM in HCV-replicating
cells, we propose that DRM may serve as the HCV particle assem-
bly platform that allows effective coordination of Core particle
envelopment and the ApoE-mediated postenvelopment process.
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