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Hepatitis C virus (HCV) genome replication is thought to occur in a membranous cellular compartment derived from the endo-
plasmic reticulum (ER). The molecular mechanisms by which these membrane-associated replication complexes are formed
during HCV infection are only starting to be unraveled, and both viral and cellular factors contribute to their formation. In this
study, we describe the discovery of nonopioid sigma-1 receptor (S1R) as a cellular factor that mediates the early steps of viral
RNA replication. S1R is a cholesterol-binding protein that resides in lipid-rich areas of the ER and in mitochondrion-associated
ER membranes (MAMs). Several functions have been ascribed to this ER-resident chaperone, many of which are related to Ca2�

signaling at the MAMs and lipid storage and trafficking. Downregulation of S1R expression by RNA interference (RNAi) in
Huh-7 cells leads to a proportional decrease in susceptibility to HCV infection, as shown by reduced HCV RNA accumulation
and intra- and extracellular infectivity in single-cycle infection experiments. Similar RNAi studies in persistently infected cells
indicate that S1R expression is not rate limiting for persistent HCV RNA replication, as marked reduction in S1R in these cells
does not lead to any decrease in HCV RNA or viral protein expression. However, subgenomic replicon transfection experiments
indicate that S1R expression is rate limiting for HCV RNA replication without impairing primary translation. Overall, our data
indicate that the initial steps of HCV infection are regulated by S1R, a key component of MAMs, suggesting that these structures
could serve as platforms for initial RNA replication during HCV infection.

It is estimated that 170 million humans are chronically infected
with hepatitis C virus (HCV). Chronic HCV infection is associ-

ated with persistent liver inflammation, fibrosis, cirrhosis, and
hepatocellular carcinoma (1). Recently, combination therapy, in-
cluding pegylated alpha 2a interferon (IFN-�2a), ribavirin, and
specific HCV protease inhibitors, has been approved for the treat-
ment of HCV-infected patients, with high cure rates compared
with pegylated IFN-�2a and ribavirin alone, the previous stan-
dard of care (2, 3). However, adverse effects and cost consider-
ations limit the implementation of these new treatment regimens.

HCV is an enveloped RNA virus with a single 9.6-kb positive-
strand RNA genome that encodes a single open reading frame of
approximately 3,000 amino acids flanked by 5= and 3= untrans-
lated regions (UTR) that regulate translation and replication of
the viral genome. The 5= UTR contains an internal ribosomal en-
try site (4) that cooperates with the 3= UTR regions for efficient
viral polyprotein translation and RNA replication. Individual viral
proteins are produced as a result of the sequential proteolysis of
the HCV polyprotein by cellular and viral proteases, which pro-
duce structural proteins (core, E1, and E2) that are major compo-
nents of the viral particles and p7 and NS2, which mediate infec-
tious-particle assembly in coordination with the nonstructural
proteins (NS3, NS4A, NS4B, NS5A, and NS5B), which are suffi-
cient for viral RNA replication (reviewed in references 5 and 6).

HCV enters target cells in a multistep process that involves
several cellular receptors that recognize viral and cellular proteins,
as well as lipid components present in the incoming infectious
particles (reviewed in reference 7). Internalization of the infec-
tious virions occurs by receptor-mediated endocytosis, followed
by fusion of the viral and cellular membranes and release of the
viral genome into the cytosol (reviewed in reference 8). Transla-
tion of the incoming HCV genomes (primary translation) leads to
expression of the viral polyprotein and establishment of replica-

tion complexes, which produce progeny viral RNA that will be
either translated or encapsidated to assemble infectious progeny
virions (reviewed in reference 5). HCV assembly takes place in
specialized areas of the endoplasmic reticulum (ER) in close prox-
imity to cytoplasmic lipid droplets (9) and strongly depends, not
only on the viral structural and nonstructural proteins, but also on
cellular factors, including those required for the production of
hepatic lipoproteins (10), some of which are incorporated into
HCV virions (11–13).

A common feature of plus-strand RNA viruses is that viral
replication occurs in specialized compartments derived from
modified host membranes (14, 15). HCV RNA replication is
thought to occur in modified ER membranes condensed in the
form of a membranous web (16). It has been shown that HCV
replication occurs at specific ER locations within detergent-resis-
tant membrane subdomains rich in cholesterol and specific sub-
sets of sphingolipids (17–20). While all the viral components of
the replicase complex are directly or indirectly bound to the ER
membrane, only NS4B (21) and NS5A (22) have been shown to be
capable of modifying the architecture of the membranes where
they are inserted, and this property is essential for efficient HCV
RNA replication (21, 22). Other viral proteins promote mem-
brane remodeling by recruiting specific lipids (20) or cellular en-
zymes capable of producing a specific lipid environment (23, 24).
These modifications and others derived from the direct interac-
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tion of viral proteins with multiple cellular factors (25, 26) lead to
the construction of specialized structures that bear the viral repli-
case (22).

HCV infection causes mitochondrial dysfunction and oxida-
tive stress in patients (27) and in cell culture models (28). Expres-
sion of viral proteins triggers Ca2� flux from the ER into the mi-
tochondria, which leads to alterations in the mitochondrial
metabolism and production of reactive oxygen species (ROS)
(29). ER Ca2� export is carried out in mitochondrion-associated
ER membranes (MAMs) (30), which are areas of physical interac-
tion that enable bidirectional communication between the two
organelles and regulate physiological processes, like mitochon-
drial energy and lipid metabolism (reviewed in reference 31). A
major player in the regulation of Ca2� transition from the ER to
the mitochondria is the intracellular nonopioid sigma-1 receptor
(S1R), a chaperone that modulates Ca2� transition and cell sur-
vival under stress conditions by interaction with inositol 1,4,5-
phosphate receptors (IP3R) (32). S1R also binds cholesterol and
sphingolipids, and this capacity determines its localization into
detergent-resistant lipid rafts in the ER and MAMs (33) and its
role in the redistribution of cellular lipids throughout intracellular
compartments (34). Screening of a drug-like library for anti-HCV
compounds revealed the antiviral activity of known S1R ligands
(35). Thus, we set out to determine whether S1R plays a role in the
HCV life cycle. In the present study, we describe the discovery of
S1R as a cellular factor that mediates early steps of viral RNA
replication downstream of translation of the incoming viral ge-
nomes, suggesting that HCV uses elements of the MAMs as plat-
forms for the initial steps of HCV RNA replication.

MATERIALS AND METHODS
Viruses and cells. JFH-1 and a cell culture-adapted JFH-1 variant, D183,
viruses have been described previously (36, 37). Huh-7 (38) and Huh-
7.5.1 (36) human hepatoma cells and HEK293T cells (39) were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 100 mM
HEPES, nonessential amino acids (Gibco), penicillin/streptomycin
(Gibco), and 10% fetal calf serum, as previously described (36). JFH-1-
derived intergenotypic chimeric viruses were produced by electropora-
tion of the in vitro-transcribed genomic RNA, as described previously
(40). Influenza A virus (A/WSN/33) was obtained from Juan Ortín (Cen-
tro Nacional de Biotecnología [CNB], Madrid, Spain). Vesicular stoma-
titis virus (Indiana) was obtained from the ATCC (Manassas, VA).

Plasmids. JFH-1 cDNA was obtained from Apath (Brooklyn, NY).
Mission short hairpin RNA (shRNA) plasmids pLKO-Puro and those
expressing shRNAs targeting SIGMAR1 (S1R) were purchased from
Sigma-Aldrich (St. Louis, MO). Control shRNA plasmid expressing a se-
quence from Thermotoga sp. was generated by insertion of the adaptor
primer pair (5= CCGGTAATTCTCCGAACGTGTCACGTTTCAAGAGA
ACGTGACACGTTCGGAGAATTTTTTTG and 5= AATTCAAAAAAAT
TCTCCGAACGTGTCACGTTCTCTTGAAACGTGACACGTTCGGAG
AATTA) immediately after the U6 promoter in the AgeI/EcoRI-digested
pLKO-puro vector. A similar strategy was used for insertion of the HCV
internal ribosome entry site (IRES) targeting shRNA (41) using the
primer pair 5= CCGGTACCTCAAAGAAAAACCAAATTCAAGAGATT
TGGTTTTTCTTTGAGGTTTTTTG and 5= AATTCAAAAAACCTCAAA
GAAAAACCAAATCTCTTGAATTTGGTTTTTCTTTGAGGTA. Plas-
mids necessary for vesicular stomatitis virus G protein (VSV-G)-
pseudotyped lentivirus production, pMDLg/pRRE (Addgene ID12251),
pM2.G (Addgene ID12259), and pRSV-Rev (Addgene ID12253), were
kindly provided by Didier Trono (Ecole Polytechnique Federale de Laus-
anne) (42). The genomic lentiviral plasmid sinPPTCMV-PREU3Nhe,
kindly provided by Inder Verma (Salk Research Institute), was used to
clone S1R cDNA produced by real-time (RT)-PCR from total RNA ex-

tracted from Huh-7 cells using the following primers: 5= GCAGCAGGA
TCCATGCAGTGGGCCGTGGGC and 5= GCAGCAGTCGACTCAAGG
GTCCTGGCCAAAGAG). The product was digested and cloned into the
BamHI and SalI sites of the lentiviral vector. The shRNA4-resistant S1R
mutant was generated by introducing 4 silent mutations in the target
sequence of S1R cDNA by PCR-mediated recombination using the mu-
tagenic primers 5= GTGGAGTGGGGCCCTAATACTTGGATGGTCGA
GTACGGCCGG and 5= CCGGCCGTACTCGACCATCCAAGTATTAG
GGCCCCACTCCAC and the S1R primers described above. Plasmids
required for murine leukemia virus-based hepatitis C virus pseudotype
(HCVpp) production were kindly provided by Francois Loic Cosset
(INSERM, Lyon, France) and have been previously described (43).
Plasmids pFKi389Luc-EI/NS3-3=_JFH1_dg, pWPI-CE1-BSD, and
pWPI-SpE2p7NS2-BSD, permitting the production of defective reporter
HCV virions by transcomplementation (HCVtcp) (44), and the genotype
2a and 1a subgenomic replicons JFH-1 and Con1Luc, bearing adaptive
mutations E1202G and T1280I, were kindly provided by Ralf Barten-
schlager (University of Heidelberg) (45).

Antibodies. Goat (S-18) and mouse monoclonal F5 anti-S1R antibod-
ies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Rabbit monoclonal antibody against caveolin-2 was purchased from
Epitomics (Burlingame, CA). Mouse monoclonal anti-NS3 and anti-
NS5A were purchased from Biofront Technology (Tallahassee, FL).
Mouse monoclonal antibody against human beta actin (ab8226) was pur-
chased from Abcam (Cambridge, United Kingdom). Rabbit sera against
NS3, NS4B, and NS5A were kindly provided by R. Bartenschlager and
have been previously described (22). Human monoclonal anti-E2 (AR3A)
was provided by Mansun Law (Scripps Research Institute). Antibodies
against influenza virus NP and VSV N were kindly provided by Juan Ortín
and Dolores Rodriguez (CNB-CSIC, Madrid, Spain), respectively. Rabbit
antibodies against mitochondria (TOMM22) and endoplasmic reticulum
(PDI) were purchased from Sigma (St. Louis, MO).

Lentiviral particle production and Huh-7 cell transduction. Lentivi-
ral particles were produced in HEK-293T cells by cotransfection of plas-
mids pMDLg/pRRE, pM2.G, and pRSV-Rev, together with each of the
pLKO-based shRNA vectors or the genomic vector encoding S1R cDNA,
as described previously (46). Supernatants were collected 36 to 48 h post-
transfection, filtered through a 0.45-�m filter, and used to inoculate
Huh-7 cells. For shRNA-expressing lentiviral vectors, which confer resis-
tance to puromycin, the smallest amount of supernatant sufficient to con-
fer resistance to puromycin (2.5 �g/ml) on 100% of the cells was used.
Silencing was verified by Western blotting, typically at days 3 and 6 post-
transduction for Huh-7 and subgenomic replicon cells and days 6 and 9 in
persistently infected cultures, as the latter proliferate slowly compared
with Huh-7 cells. Once S1R downregulation was verified, cell growth was
monitored by counting control and S1R-silenced cell suspensions, plating
equal cell numbers, and counting the cells again 3 and 5 days later. shRNA
constructs that led to differences of more than 25% were discarded.

Western blot analysis. Total protein samples were prepared by lysis of
the cells in 1� Laemmli loading buffer. Samples were subjected to SDS-
PAGE and transferred into a polyvinylidene difluoride (PVDF) mem-
brane. The membranes were blocked with either 5% nonfat milk or 3%
bovine serum albumin in PBS-0.25% Tween 20 for 1 h at room tempera-
ture and subsequently incubated with primary antibody dilutions in the
same buffer for an additional hour (except for goat anti-S1R S-18, which
was incubated for 5 h). The membranes were washed for 1 h in PBS-0.25%
Tween 20, incubated with appropriate dilutions of the corresponding sec-
ondary antibody, washed for 1 h in PBS-0.25% Tween 20, and developed
using enhanced chemiluminescence (ECL). Nonsaturated films were
scanned, and relative density values were measured using Image J software
(47).

Preparation of virus stocks. JFH-1 and D183 viruses were propagated
in Huh-7.5.1 clone 2 cells by inoculation at low multiplicity (multiplicity
of infection [MOI] � 0.01) (11). Cell supernatants were collected at dif-
ferent times postinoculation (p.i.), and the titers were determined using
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endpoint dilution and immunofluorescence microscopy as previously de-
scribed (46).

Infection experiments. For single-cycle infection experiments, Huh-7
cells expressing different lentiviral constructs were plated at a density of
5 � 104 cells per well in 12-well plates (Corning, Lowell, MA). The next
day, the cells were inoculated with D183 virus stocks at an MOI of 10 and
incubated at 37°C. Five hours later, the inoculum was removed and the
cells were washed twice with warm phosphate-buffered saline (PBS).
Twenty-four and 48 h later, samples of the cells and the supernatants were
collected for infectious-virus titer analysis (see above) and HCV RNA
quantitation (by RT-quantitative PCR [qPCR]). Intra- and extracellular
HCV infectivity titers were determined as previously described (46). Per-
sistently infected cell cultures were generated by inoculation of Huh-7
cells with JFH-1 virus (MOI � 0.01). The cells were cultured until infec-
tion was propagated to nearly 100% of the population as revealed by
immunofluorescence microscopy, typically at days 12 to 14 postinocula-
tion (36).

Influenza virus and vesicular stomatitis virus infections were per-
formed by inoculating Huh-7 cells at an MOI of 10 with a virus diluted
in PBS with 5 �g/ml bovine serum albumin (BSA) for 30 min at room
temperature. The inoculum was removed, and the cells were replen-
ished with complete growth medium. Protein samples were collected
at different time points and analyzed by Western blotting using spe-
cific antibodies.

Analysis of viral entry using HCVpp. HCVpp bearing the JFH-1 en-
velope were produced in HEK293T cells as previously described (43). As a
control, cells were transfected with the genomic plasmid but without the
plasmid expressing the viral envelope (no env). Target Huh-7 cells (2 �
104 cells per well) were plated on a 96-well plate. The next day, the cells
were inoculated with HCVpp and vesicular stomatitis virus pseudotype
(VSVpp) preparations diluted to produce similar luciferase activities. For-
ty-eight hours later, the cells were lysed and the luciferase activity was
detected and quantitated in a luminometer using a commercial kit (Lu-
ciferase Assay Kit; Promega, Madison, WI). Relative infection values were
calculated as percentages of cells transduced with an empty vector. For
most HCVpp experiments, parallel cultures were infected with HCVtcp
(see below) to verify the reduced susceptibility of S1R-deficient cells to
HCV infection.

In vitro transcription and HCV RNA transfection. Plasmids contain-
ing the sequence corresponding to wild-type and replication-deficient
mutant (D318N) subgenomic JFH-1 replicons bearing a luciferase re-
porter gene have been described previously (44, 48). After digestion with
the restriction enzyme MluI or XbaI, respectively, the linearized plasmids
were in vitro transcribed using a commercial kit (Megascript T7; Ambion,
Paisley, United Kingdom). The resulting products were digested with
DNase and precipitated with LiCl. The pelleted RNA was washed with
75% and 100% ethanol and resuspended in nuclease-free water. In vitro-
transcribed RNA was transfected with Lipofectamine 2000 (Life Technol-
ogies, Carlsbad, CA) using the manufacturer’s recommendations. Lucif-
erase activities were measured in the sample using a commercial kit (Dual
Luciferase Assay System; Promega, Madison, WI) at different times post-
transfection.

Genotype 1b subgenomic replicon electroporation. S1R-deficient
Huh-7 cells and control cells expressing an irrelevant shRNA were elec-
troporated with in vitro-transcribed HCV genotype 1b (Con1-ET)-luc
replicon RNA as previously described (45). Twenty thousand cells per well
were plated in 96-well plates and cultured for 4, 24, and 48 h before
collection for luciferase activity analysis. Parallel cultures were treated
with high doses (10 �M) of the specific NS5B polymerase inhibitor 2=-C-
methyladenosine (2mAde) (BOC Sciences, Shirley, NY) to determine the
luciferase activity derived from primary translation of the transfected viral
genome in the absence of replication. Luciferase activity values in the
presence of 2mAde were subtracted at different time points, and replica-
tion was calculated as the ratio of the luciferase values at the given time
point and the values 4 h postelectroporation, which derive exclusively

from primary translation (45). Comparable transfection efficiencies were
monitored by RT-qPCR of HCV RNA and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA on samples collected from the different
cell lines 4 h postelectroporation.

HCVtcp production and infection. Infectious replication-defective
HCV virions (HCVtcp) were produced by trans-encapsidation using us-
ing Huh-7.5.1 clone 2 cells and the methodology described previously
(44). HCVtcp are infectious HCV particles that bear genomes lacking the
coding region proteins required for viral assembly. Thus, these viruses can
only deliver subgenomic replicons into target cells and cannot produce
infectious particles, unless they infect cells expressing in trans the viral
proteins required for virus assembly. Packaging cells were produced by
transducing Huh-7.5.1 clone 2 cells with lentiviral vectors bearing
genomic constructs that express HCV genotype 2a (J6CF) core-E1 and
E2-NS2 regions. This cell line was subsequently electroporated with an in
vitro-transcribed dicistronic subgenomic JFH-1 replicon bearing the lu-
ciferase gene. Supernatants of the electroporated packaging cells were col-
lected after 24, 48, and 72 h and used to inoculate naive Huh-7 cells to
determine the presence of infectious HCVtcp using luciferase as the read-
out. For infection experiments, target cells (2 � 104 cells per well) were
plated onto a 96-well plate. The next day, HCVtcp preparations (typically
200 �l) were used to inoculate the cells. Luciferase activity was measured
24, 48, or 72 h postinfection as described above.

RNA extraction and real-time quantitative PCR. RNA was extracted
using the GTC extraction method (49). Reverse transcription of total
RNA was performed using random hexamers and the Multiscribe Reverse
Transcription Kit (Life Technologies, Carlsbad, CA). cDNA was quanti-
fied by qPCR using previously described primers for HCV and GAPDH
(50) and Power SYBR Green Mix (Life Technologies, Carlsbad, CA).

Confocal immunofluorescence microscopy. Huh-7 cells were grown
on glass coverslips and infected at a high MOI (MOI � 10) with D183
virus. Sixteen, 48, and 72 h postinfection, the cells were fixed for 20 min at
�20°C with methanol, washed twice with PBS, and incubated with a
buffer containing 2% BSA in PBS for 1 h. Antibodies were diluted in 0.1%
BSA in PBS and incubated with the cells for 1 h, after which the cells were
washed with PBS and subsequently incubated with a 1:500 dilution of a
goat anti-mouse antibody conjugated to Alexa 488 or Alexa 594 (Invitro-
gen, Carlsbad, CA). Nuclei were counterstained with DAPI (4=,6-di-
amidino-2-phenylindole). The cells were washed with PBS and mounted
on glass slides with Prolong (Invitrogen, Carlsbad, CA).

Confocal microscopy was performed with a Leica TCS SP5 laser scan-
ning system (Leica Microsystems). Images of 1,024 by 1,024 pixels at eight
bit gray scale depth were acquired sequentially every 0.13 to 0.3 �m
through a 63�/1.40-numerical-aperture (NA) immersion oil lens, em-
ploying LAS AF v 2.6.0 software (Leica Microsystems). Image analysis was
performed using Image J (47) and the Jacop software plug-in (51) to
determine Pearson’s and Mander’s coefficients of at least 15 individual
cells (8 to 10 stacks). The statistical significance of the colocalization was
analyzed for NS3/S1R, NS4B/S1R, and NS5A/S1R using the Costes et al.
randomization (52) and the methods of Van Steensel et al. (53), which
confirmed that colocalization occurred in a nonrandom manner. Colo-
calized pixel maps were generated using the “colocalization threshold”
tool of the Image J package.

Detergent-resistant membrane flotation assay. The protocol of the
detergent-resistant membrane flotation assay is similar to that described
by Hayashi and Fujimoto (54). HCV-infected and naive cells (2 � 106)
were lysed by adding 1 ml of TNE buffer (50 mM Tris-HCl, pH 7.5, 150
mM NaCl, and 2 mM EDTA) containing 0.5% Triton X-114 and protease
inhibitors (Complete; Roche, Basel, Switzerland). The lysates were incu-
bated for 2 h on ice before applying them on top of a 10 to 40% discon-
tinuous sucrose-TNE gradient. Samples were spun for 16 h at 120,000
rpm. Fourteen fractions were collected from the top and analyzed by
SDS-PAGE and Western blotting for the presence of S1R, NS3, caveolin-2,
and beta-actin.
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RESULTS
Sigma-1 receptor is required for efficient HCV infection in cell
culture. Since we have previously identified putative S1R ligands
(haloperidol, rimcazole, lofepramine, methyl paroxetine, pro-
chlorperazine, fluphenazine, cyproheptadine, trifluoperazine,
azelastine, desloratadine, salmeterol, carvedilol, amiodarone, and
benproperine) (35, 55) as HCV infection inhibitors, we postulated
that S1R might be involved in HCV infection. In order to investi-
gate the potential role of S1R in the HCV life cycle, we generated
S1R-deficient cell populations by transducing human hepatoma
(Huh-7) cells with lentiviral vectors expressing four different
shRNAs against S1R mRNA or an irrelevant sequence, as de-
scribed previously (46). Analysis of total cell extracts by Western
blotting at day 6 posttransduction revealed reduced expression of
the S1R to different extents in the S1R shRNA-transduced cells
compared with the control population (Fig. 1A). It is noteworthy
that S1R protein silencing was maximal 5 to 6 days after lentiviral
transduction, probably due to its relatively long half-life (approx-
imately 48 h) (32). Once S1R downregulation was verified, the
different S1R-deficient cell lines were subsequently inoculated at a
high multiplicity of infection (MOI � 10) with a cell-culture-
adapted HCV (D183v) (37), and their susceptibilities to infection
were evaluated by measuring progeny virus production, as well as
intracellular viral RNA accumulation in a single cycle of infection.
Analysis of intra- and extracellular infectivity 24 and 48 h postin-
fection revealed a reduction in the progeny viral titer that was

proportional to that of the intracellular S1R protein expression in
all cases (Fig. 1B and C), suggesting that intracellular S1R levels are
rate limiting for HCV infection. Intracellular HCV RNA levels
measured by RT-qPCR at 5 h p.i. were comparable in control and
S1R-deficient cells, indicating that the inoculum size and virus
adsorption to the target cells were similar in all cell lines (Fig. 1D).
Remarkably, at 24 and 48 h p.i., S1R-deficient cells displayed re-
duced intracellular HCV RNA content compared to the controls
(Fig. 1D), in parallel with their infectivity titers (Fig. 1B and C)
and intracellular S1R expression levels (Fig. 1A), suggesting that a
step in HCV infection that leads to accumulation of intracellular
HCV RNA is dependent on the sigma-1 receptor. Similar results
were obtained with defective HCV virions produced by trans-en-
capsidation (HCVtcp) (44), which can produce only a single
round of infection (Fig. 2A) (44). Using this system, extended
kinetic studies revealed that luciferase levels in S1R-deficient cells
were proportionally reduced 24 and 48 h postinfection but that
they were partially (S1R-2) or completely (S1R-4) restored to con-
trol levels 72 h postinfection (Fig. 2B), supporting the notion that
early steps of HCV infection leading to HCV RNA accumulation
are limited by S1R expression. For the sake of simplicity, subse-
quent experiments aimed at determining which step of the infec-
tion is S1R dependent were carried out using shRNA4 (S1R-4) and
-2 (S1R-2), because they provided consistent and prolonged S1R
downregulation without any overt impact on cell viability (data
not shown).

FIG 1 Cellular levels of S1R are limiting for HCV infection. Huh-7 cells were transduced with lentiviral vectors expressing an irrelevant sequence or shRNAs
targeting S1R mRNA and infected at an MOI of 10 with D183v. (A) Western blot analysis performed on total cell extracts showing reduced S1R expression in
shRNA-expressing cell lines at the time of inoculation (6 days posttransduction) and a loading control (�-actin). (B and C) Intracellular (B) and extracellular (C)
infectivity titers (FFU/ml) in HCV-infected cells expressed as averages and standard deviations (n � 3). (D) Normalized HCV RNA levels were determined at 5,
24, and 48 h postinfection by RT-qPCR as described in Materials and Methods and are expressed as averages and standard deviations (n � 3). Normalized S1R
expression in panels B and C was quantified from panel A. The statistical significance of the differences with the control data set was determined using Student’s
t test (*, P � 0.05; **, P � 0.01).
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In order to demonstrate that S1R expression downregulation is
responsible for the reduced susceptibility to HCV infection, an
S1R cDNA carrying silent mutations conferring resistance to
shRNA4 was overexpressed in shRNA4-expressing cells and
Huh-7 cells using lentiviral vectors. As expected, nontransduced
S1R-deficient cells displayed reduced susceptibility to HCV infec-
tion compared with cells expressing an irrelevant shRNA or the
parental Huh-7 cells, as shown by the reduced extracellular infec-
tivity titers after single-cycle HCV infection (MOI � 10) (Fig. 3).
Remarkably, increasing doses of S1R cDNA rescued susceptibility
to HCV infection to normal levels but marginally increased the
infectivity titers in parental Huh-7 cells (Fig. 3). These results con-
firm that reduced S1R expression is indeed responsible for the
reduced susceptibility of S1R-deficient cells to HCV infection. In
order to extend our observations to other HCV genotypes, we
infected S1R-deficient cells, expressing shRNA2 and -4 with JFH-1
and chimeric recombinant viruses bearing the structural region
from genotypes 1a (H77) and 1b (Con1) (40). Infection with
JFH-1 and the chimeric viruses paralleled S1R expression levels
(data not shown), indicating that HCV S1R dependence is not
restricted to JFH-1. In order to determine if S1R-deficient cells

were refractory to infection by other RNA viruses, we performed
single-cycle infection studies (MOI � 10) of S1R-deficient Huh-7
cells with unrelated viruses, such as influenza A virus and VSV. As
shown in Fig. 4, analysis of viral nucleoprotein (VSV N and influ-
enza virus NP) accumulation at different times postinfection did
not reveal any significant difference between control and S1R-

FIG 2 Cellular levels of S1R are limiting for HCVtcp infection. Huh-7 cells
were transduced with lentiviral vectors expressing irrelevant sequences or
shRNAs targeting S1R mRNA and infected with HCVtcp. (A) Twenty-four
hours postinfection, cell lysates were used to measure luciferase activity and
S1R expression. The data are shown as average percentages of the empty vector
and standard deviations (n � 9). (B) Extended kinetics of HCVtcp infection at
24, 48, and 72 h postinfection. The data are shown as average percentages of the
control vector and standard deviations for a representative experiment (n �
3). The statistical significance of the differences with the control data set was
determined using Student’s t test (*, P � 0.05; **, P � 0.01).

FIG 3 Expression of S1R cDNA restores susceptibility to infection of S1R-
deficient cells. Mock-treated Huh7 cells and S1R shRNA4-expressing cells
were transduced with a lentiviral vector expressing an shRNA-resistant S1R
cDNA. The cells were subsequently infected at an MOI of 10 with D183v.
Extracellular infectivity titers were determined at 24 h postinfection. The data
are shown as averages and standard deviations of two independent experi-
ments performed in triplicate (n � 6) and are represented as percentages of the
mock-treated cells. The statistical significance of the differences with the con-
trol data set was determined using Student’s t test (*, P � 0.05; **, P � 0.01).
WB, Western blot; � S1R, anti-S1R; �, transduction with lentiviral vector;
��, transduction with higher dose of vector; �, no transduction.

FIG 4 S1R is not rate limiting for other RNA virus infections. Huh-7 cells were
transduced with lentiviral vectors expressing irrelevant sequences or shRNAs
targeting S1R mRNA. (A) Western blot analysis against S1R and a loading
control (�-actin). (B and C) The cells were subsequently infected (MOI � 10)
with VSV (B) or influenza virus (C). Protein samples were collected at 4 and 6
h postinfection and analyzed by Western blotting against VSV N (B) or influ-
enza virus NP (C).
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deficient cells, indicating that S1R expression is not limiting for
influenza A virus or VSV infection.

Persistent HCV infection is not dependent on S1R expres-
sion levels. In order to further characterize the role of S1R in HCV
infection, we set out to determine the impact of S1R expression
downregulation in persistently infected cells. In order to generate
persistently infected cultures, Huh-7 cells were inoculated at low
multiplicity with JFH-1 virus and cultured for 2 weeks, at which
time the infection had spread to virtually all the cells (36). Persis-
tently infected cell cultures are characterized by constant viral
RNA replication, protein expression, and progeny virus produc-
tion (37). In order to investigate the role of S1R during persistent
HCV infection, lentiviral vectors expressing a control shRNA and
two shRNAs directed against the S1R mRNA were used to trans-
duce persistently infected cultures. Maximum silencing was ob-
served typically at day 9 posttransduction in these cells (data not
shown). Figure 5 shows that S1R expression was effectively re-
duced by approximately 60% (S1R-4) and 80% (S1R-2) compared
with the controls (Fig. 5A and B). Despite this notable reduction in
S1R expression, these cells expressed NS3 levels comparable to
those of the control cells (Fig. 5A and B). These results suggest that
intracellular S1R levels are not rate limiting for steady-state HCV
RNA replication. In order to test this hypothesis, we performed
similar silencing experiments using two additional controls: a po-
tent and specific polymerase inhibitor (2mAde) and an shRNA
targeting the HCV IRES, to be used as positive controls of agents

that actively perturb HCV replication. As expected, treatment of
persistently infected cells with 10 �M 2mAde resulted in a pro-
found reduction of intracellular HCV RNA levels and undetect-
able extracellular-infectivity titers (Fig. 5C and D, 2mAde). In
addition, transduction of persistently infected cells with a lentivi-
ral vector expressing an shRNA targeting the viral RNA resulted in
a marked parallel reduction of intracellular HCV RNA levels and
extracellular-infectivity titers (Fig. 5C and D, HCV shRNA).
However, S1R-deficient cells displayed intracellular HCV RNA
levels that were comparable to those in the control cells, albeit
slightly higher (Fig. 5C, S1R-4 and -2 shRNAs), as were the extra-
cellular-infectivity titers (Fig. 5D, S1R-4 and -2 shRNAs). These
results reinforce the notion that intracellular S1R levels are not
rate limiting for steady-state HCV RNA replication or infectious-
particle assembly and secretion. These results also rule out the
possibility that the deficient HCV infection observed in S1R-defi-
cient cells is due to a general, nonspecific effect on cell viability and
proliferation, as persistent HCV RNA replication is very sensitive
to these changes (56).

Identical results were obtained in Huh-7 cells harboring a sub-
genomic JFH-1 replicon (Fig. 6). Marked S1R downregulation by
shRNA-induced silencing did not significantly affect viral protein
or RNA accumulation (Fig. 6). As expected, lentivirus-mediated
HCV shRNA expression and treatment with the polymerase in-
hibitor 2mAde led to a marked reduction in HCV NS3 protein
abundance, as determined by Western blotting (Fig. 6A), as well as

FIG 5 S1R downregulation does not interfere with persistent HCV infection. Persistently infected Huh-7 cells were untreated (Mock) or transduced with
lentiviral vectors expressing an irrelevant shRNA (Control), an HCV-targeting shRNA (shRNA-HCV), or S1R-targeting (S1R-4 and S1R-2) shRNAs. Parallel
cultures were treated with a specific HCV polymerase inhibitor (2mAde; 10 �M). Samples of the cells and supernatants were collected at day 9 posttransduction.
(A) Western blotting against HCV NS3 protein (NS3), S1R, and loading control (�-actin) from one representative experiment of two. (B) Quantitation of S1R
and NS3 protein expression normalized to the loading control. (C) Normalized intracellular HCV RNA levels determined by RT-qPCR. (D) Extracellular HCV
infectivity titers. The data in panels C and D are shown as averages and standard deviations for two independent experiments performed in triplicate (n � 6) and
are represented as percentages of the mock-treated cells. The statistical significance of the differences with the control data set was determined using Student’s t
test (**, P � 0.01).
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to a reduction in HCV RNA accumulation compared with the
control cells measured by RT-qPCR (Fig. 6B). These results, to-
gether with those obtained in persistently infected cells (Fig. 5)
suggest that HCV infection can persist in S1R-deficient cells and
indicate that S1R is likely rate limiting at an early step of the infec-
tion that leads to viral RNA accumulation.

S1R downregulation does not affect viral entry. The results
obtained in single-cycle infection experiments indicate that HCV
RNA accumulation is reduced in S1R-deficient cells (Fig. 1C).
Since HCV RNA replication per se does not appear to be depen-
dent on S1R expression (Fig. 5 and 6), it is possible that the re-
duced HCV RNA accumulation observed after infection of S1R-
deficient cells is due to deficient viral entry. Many aspects of HCV
entry have been studied using HCV-pseudotyped retroviral vec-
tors (HCVpp) (43). Therefore, we used retroviral particles pseu-
dotyped with the JFH-1 envelope glycoproteins (HCVpp) or with
the vesicular stomatitis virus G protein as a control to test their
abilities to infect S1R-deficient cells. HCVpp and VSVpp infection
efficiencies were comparable in all cell lines despite the differential
expression of S1R (Fig. 7), suggesting that S1R is not rate limiting
for viral entry and that either primary translation (translation of

the incoming genomes) or establishment of HCV RNA replication
is dependent on S1R expression. Thus, we set out to determine if
initial steps of viral infection downstream of viral entry are af-
fected by reduced S1R expression.

S1R protein expression downregulation impairs initiation of
HCV RNA replication without affecting primary translation. In
order to study primary translation and establishment of viral rep-
lication complexes, we bypassed the entry step by transfection of
an in vitro-transcribed HCV subgenomic replicon (genotype 2a;
JFH-1) RNA bearing a luciferase reporter into S1R-deficient and
control Huh-7 cells. Luciferase accumulation was measured at
different times posttransfection to determine the ability of S1R-
deficient cells to support HCV RNA translation and replication. In
order to specifically study primary translation, a point mutation
was introduced in the catalytic site of the NS5B polymerase (57).
Thus, all the signal detected 5 h posttransfection reflects the trans-
lation efficiency in the different cell lines. Translations of the rep-
lication-deficient subgenomic replicon were comparable in con-
trol and S1R cells (Fig. 8), except for the unexpected increase in
S1R shRNA2-expressing cells and the expected decrease in the
cells expressing the shRNA targeting viral RNA (Fig. 8). Overall,
these results suggest that S1R expression levels are not limiting for
the translation of incoming HCV genomes.

In order to study HCV RNA replication, we transfected a rep-
lication-competent subgenomic JFH-1 replicon into control and
S1R-deficient cell lines. As expected from the results in Fig. 8, we
found no significant differences in luciferase accumulation at 5 h
posttransfection (Fig. 9), since early luciferase accumulation de-
rives predominantly from primary translation (48, 58). When
measured at 24 and 48 h, luciferase levels were reduced in the two
S1R-deficient cell lines (Fig. 9A and B). It is noteworthy that the
degree to which viral replication is reduced parallels the reduction
of S1R expression in the target cells, with cells expressing shRNA
S1R-4 displaying a moderate decrease and those expressing
shRNA S1R-2 a more pronounced reduction both in S1R expres-

FIG 6 S1R downregulation does not interfere with steady-state subgenomic
JFH-1 replication. Huh-7 cells bearing a subgenomic JFH-1 replicon were
transduced with an empty vector or with lentiviral vectors expressing an irrel-
evant shRNA (Control), an HCV-targeting shRNA (HCV), or S1R-targeting
(S1R-4 and S1R-2) shRNAs. Parallel cultures were treated with a specific HCV
polymerase inhibitor (2mAde; 10 �M). Samples of the cells were collected at
day 6 posttransduction. (A) Western blotting against HCV NS3 protein (NS3),
S1R, and loading control (�-actin). (B) Normalized intracellular HCV RNA
and S1R mRNA levels determined by RT-qPCR. The data are shown as aver-
ages and standard deviations of triplicate (n � 3) samples from a representa-
tive experiment and are represented as percentages of the cells treated with an
empty vector.

FIG 7 HCV entry is not altered by S1R downregulation. Huh-7 cells were
transduced with lentiviral vectors expressing an empty vector (Vector), an
irrelevant shRNA (Control) or S1R-targeting (shRNA4 and shRNA2) shRNAs.
Once downregulation was verified by Western blotting (black bars), the cells
were inoculated with pseudotyped retroviruses bearing JFH-1 (HCVpp) or
VSV (VSVpp) envelope glycoproteins. Luciferase activity levels were deter-
mined at 48 h in total cell extracts. Normalized S1R expression levels were
determined by Western blotting against S1R and �-actin. The data are shown
as averages and standard deviations (n � 12) for four independent experi-
ments performed in triplicate and are represented as percentages of cells trans-
duced with an empty vector. The statistical significance of the differences with
the control data set was determined using Student’s t test (**, P � 0.01).

Sigma-1 Mediates Hepatitis C Virus Infection

June 2013 Volume 87 Number 11 jvi.asm.org 6383

http://jvi.asm.org


sion and in luciferase accumulation. Similar results were obtained
after electroporation of a genotype 1b (Con1) subgenomic repli-
con RNA bearing a luciferase reporter into S1R-deficient Huh-7
cells (Fig. 10), indicating that HCV S1R dependence is not re-
stricted to the JFH-1 replicase. Overall, these results suggest that
the reduced accumulation of HCV RNA in S1R-deficient cells in
single-cycle infection experiments (Fig. 1) is due to a defect in the
establishment of HCV RNA replication during HCV infection,
downstream of primary translation.

Similar experiments were carried out in Huh-7.5.1 cells, which
have been shown to be highly permissive for HCV infection and
RNA replication (36). S1R-deficient Huh-7.5.1 cells show compa-
rable primary translation, measured by luciferase accumulation 5
h posttransfection, compared with control cells (Fig. 9C and D).
As expected, Huh-7.5.1. cells display more rapid and efficient
HCV RNA replication than Huh-7 cells, with a clear increase in
luciferase accumulation 24 h after transfection in the control cells.
During this initial phase, S1R expression levels appear to be rate
limiting for HCV RNA replication (Fig. 9C and D), while once
luciferase accumulation stalls after 24 h in control Huh-7.5.1 cells,
replication in S1R-deficient cells appears to reach levels that are
comparable to those in control cells at 48 h, supporting the notion
that S1R expression is rate limiting early after primary translation
but is dispensable once replication reaches steady-state levels, as
observed in persistently infected cells (Fig. 5).

FIG 8 S1R expression levels are not limiting for primary translation. Huh-7
cells were transduced with lentiviral vectors expressing an irrelevant shRNA
(Control), an HCV-targeting shRNA (HCV), or S1R-targeting (S1R-4 and
S1R-2) shRNAs. S1R-deficient and control cells were transfected with a sub-
genomic JFH-1 replicon bearing a luciferase reporter gene and a polymerase
activity-inactivating (GND) mutation. Luciferase activity was measured 5 h
posttransfection. The data are shown as averages and standard deviations (n �
6) for two independent experiments performed in triplicate and are repre-
sented as percentages of cells transduced with the control vector. The statistical
significance of the differences with the control data set was determined using
Student’s t test (**, P � 0.01).

FIG 9 S1R expression levels are limiting for initiation of HCV RNA replication. S1R-deficient cells were transfected with a subgenomic JFH-1 replicon bearing
a luciferase reporter gene. Luciferase activity was measured at the indicated time points. S1R expression was quantitated by Western blotting. (A) Representative
transfection experiment. Data are shown as averages and standard deviations (n � 3) of the measured light units. (B) Averages and standard deviations for three
independent transfection experiments performed in triplicate (n � 9) represented as percentages of the cells transduced with an empty vector. (C and D) Similar
experiments were conducted in Huh-7.5.1. cells (n � 6). The statistical significance of the differences with the control data set was determined using Student’s
t test (**, P � 0.01).
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S1R colocalizes with nonstructural HCV proteins. Since S1R
appears to modulate the establishment of viral replication, we set
out to determine whether S1R and components of the viral repli-
case colocalize during HCV infection. Huh-7 cells were infected at
high multiplicity (MOI � 10) with D183 virus and incubated for
16, 48, and 72 h, after which the cells were fixed and processed for
immunofluorescence microscopy. In mock-infected Huh-7 cells,
immunofluorescence staining against S1R reveals two distinct
patterns of subcellular distribution. Most cells display discrete cy-
toplasmic punctae that are juxtaposed to mitochondria when
stained with antibodies against TOMM22, an outer mitochon-
drial membrane protein (Fig. 11). The rest of the cells display a
diffuse cytoplasmic pattern that colocalizes with endoplasmic re-
ticulum markers, such as protein disulfide isomerase (PDI) (Fig.
11). This dual distribution has been described previously (59) and
is due to the fact that S1R shuttles between MAMs and peripheral
ER areas, even under normal culture conditions. In HCV-infected
cells, viral antigens were only reliably detectable 48 h postinfection
using this fixation procedure (Fig. 11B), at which time more than
70% (72 	 14; n � 430) of the infected cells display a diffuse
perinuclear pattern (32, 33). In order to determine whether S1R
and HCV replication complexes colocalize, infected cells were
stained with antibodies directed against components of the viral
replicase, NS3, NS4B, and NS5A (22). Interestingly, our data in-
dicate that NS3, NS4B, and NS5A display partial perinuclear co-

FIG 10 S1R expression is rate limiting for early genotype 1b HCV RNA
replication. Control and S1R-deficient Huh-7 cells were prepared by len-
tiviral transduction of Huh-7 cells. S1R-deficient and control cells were
electroporated with an in vitro-transcribed dicistronic HCV subgenomic
replicon RNA from genotype 1b (Con1) bearing a luciferase reporter gene.
Samples were collected at the indicated time points, and relative replication
was determined as described in Materials and Methods. The data are shown
as averages and standard deviations for two independent experiments per-
formed in triplicate (n � 6). The statistical significance of the differences
with the control data set was determined using Student’s t test (*, P � 0.05;
**, P � 0.01).

FIG 11 S1R is associated with MAMs. (A) Confocal immunofluorescence microscopy of S1R in Huh-7 cells displaying two different subcellular patterns. (B and
C) Higher-magnification images showing S1R (green) colocalization with mitochondria (TOMM22; red) in discrete cytoplasmic punctae (B) (the boxed area in
the merged image is shown enlarged in the inset) and with ER markers (PDI; red) in a diffuse cytoplasmic staining (C). Nuclei were stained with DAPI and are
shown in blue.
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localization with endogenous S1R 48 h postinfection (Fig. 12A).
The calculated averages (	 standard deviations; n 
 25) of the
Mander’s overlap coefficient for S1R is 60 	 18 with NS3, 69 	 18
with NS4B, and 65 	 14 with NS5A 48 h postinfection. These
results suggest that S1R is relocalized to ER-derived membranes
that are also targeted by HCV NS proteins during early steps of
viral infection (Fig. 11B). Interestingly, later during infection (72
h), more than 60% of the infected cells (63 	 10; n � 320) display
discrete cytoplasmic punctae that do not clearly colocalize with
the bulk NS protein signal (Fig. 12B), suggesting that a fraction of
S1R shuttles back to the original punctate pattern and that the
general S1R perinuclear relocalization observed at 48 h is tran-
sient. Overall, these results suggest that S1R is recruited to areas of

the ER where HCV proteins accumulate at early stages of viral
infection.

In HCV replicons, most of the HCV RNA and HCV replicase
activity is associated with detergent-resistant, cholesterol- and
sphingolipid-rich intracellular membranes that display a charac-
teristic low density in isopycnic sucrose gradients (60). Since S1R
is also associated with lipid-rich detergent-resistant ER membrane
(DRM) structures that are particularly resistant to Triton X-114
treatment, we set out to study whether S1R-containing and viral
replicase DRMs have similar biophysical properties after treat-
ment with this detergent. JFH-1-infected and control Huh-7 cells
were lysed on ice in a buffer containing 0.5% Triton X-114. Clear
cell lysates were subjected to flotation using discontinuous sucrose

FIG 12 S1R colocalizes with HCV NS proteins. Confocal immunofluorescence microscopy of HCV-infected Huh-7 cells (MOI � 10) at 48 (A) and 72 (B) h
postinfection. S1R is shown in green, and NS3, NS4B, and NS5A are shown in red. Representative images from three independent experiments are shown.
Colocalization masks (overlap) are shown in grayscale.
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(10 to 40%) gradients as described previously (54). Gradient frac-
tions were then subjected to Western blot analysis for S1R, NS3,
NS5A, and beta-actin. In addition, we used caveolin-2, a lipid
raft-associated protein, as a marker of DRMs, because it had been
previously reported to cofractionate with isolated HCV replicase
complexes (60) and S1R (54). Western blot analysis of the sucrose
gradient fractions indicated that caveolin-2 floated in the low-
density fractions (Fig. 13A and B, fractions 1 to 5), as expected. In
contrast, beta-actin, which was used as a marker of detergent-
soluble proteins, migrated to higher-density fractions (Fig. 13A
and B, fractions 9 to 11). S1R-specific Western blot analysis in
mock- and HCV-infected cells showed that most S1R protein is
associated with DRMs in fractions 1 to 5 (Fig. 13A and B), cofrac-
tionating with caveolin-2, as previously reported (54), suggesting
that in HCV-infected cells, S1R remains associated with DRMs. In
lysates from HCV-infected cells, most NS3 and NS5A is associated

with DRMs and cofractionates with S1R and caveolin-2 (Fig. 13B).
These results suggest that, during HCV infection, a substantial
fraction of the NS proteins target intracellular Triton X-114-resis-
tant membranes, similar to previously characterized S1R-contain-
ing DRMs (54). These results reinforce the notion that S1R and
components of the HCV replicase target similar cholesterol- and
sphingolipid-rich membrane environments during HCV infec-
tion, where S1R likely exerts its proviral functions at the onset of
the infection.

DISCUSSION

The data presented in this study suggest a role for S1R in the
hepatitis C virus life cycle. S1R silencing led to a proportional
reduction of HCV infection efficiency, as shown by the reduced
progeny infectious-virus production in single-cycle infection ex-
periments (Fig. 1). This reduction is due to the decreased accumu-
lation of viral RNA observed after infection of S1R-deficient cells
(Fig. 1). Mechanistic studies using surrogate models for HCV en-
try and RNA replication indicate that S1R is rate limiting for the
initial steps of HCV RNA replication immediately after transla-
tion of the incoming genomes, since viral entry (Fig. 7) and pri-
mary translation (Fig. 8) appear to be normal in S1R-deficient
cells. These results could be demonstrated for subgenomic repli-
cons from genotype 2a (Fig. 9) and 1b (Fig. 10), indicating that
S1R dependence is not restricted to the genotype 2a JFH-1 strain.
Interestingly, downregulation of S1R expression does not affect
steady-state HCV RNA replication in persistently infected cells
(Fig. 5) or in a subgenomic replicon model (Fig. 6). These results
suggest that downregulation of S1R expression does not affect
HCV RNA replication per se in persistent infections, but rather,
plays a role in establishing HCV RNA replication early after infec-
tion. This hypothesis is similar to that postulated for autophagy-
related ATG4B and Beclin genes, whose expression was shown to
be rate limiting for primary translation but not for translation of
viral genomes derived from viral replication (48). Alternatively,
these results could indicate that the downregulation achieved by
shRNA expression is not sufficient to reveal a role for these genes
in persistent infections. Taken together, these results suggest that
the virus takes advantage of infection-induced cellular stress-re-
lated genes, e.g., S1R- and autophagy-related genes, to deploy a
cellular program that favors its early colonization of the target cell.
Since early steps in the formation of replicase complexes in in-
fected cells occur in an environment where viral protein expres-
sion levels are low, it is conceivable that expression of cellular
genes that initiate the formation of HCV replicase complexes are
limiting in this situation, but not once the infection has taken over
the cell metabolism to set in a proviral state. Interestingly, we have
observed a clear relocalization of S1R to perinuclear areas of the
infected cells, where viral NS proteins start accumulating during
HCV infection (Fig. 12A). It is noteworthy that such transient S1R
relocalization has been described during ER stress and has been
proposed to be a mechanism by which S1R contributes to the
cellular response to stress by chaperoning ER membrane proteins
(32, 59). One of the key cellular substrates for S1R chaperone
activity is the calcium channel formed by the IP3R, which modu-
late Ca2� transition from the ER to the mitochondria at the
MAMs, promoting cell survival under stress conditions (32).
HCV proteins have been shown to induce Ca2� transition to the
mitochondria, leading to mitochondrial dysfunction and ROS
production (reviewed in reference 61). It is conceivable, although

FIG 13 S1R cofractionates with HCV NS proteins in detergent-resistant
membranes. Cell lysates were produced by incubating HCV-infected Huh-7
cells in TNE-0.5% Triton X-114. The cleared lysates were placed onto a dis-
continuous 10 to 40% sucrose-TNE gradient and centrifuged at 120,000 � g
for 16 h. Gradient fractions were collected from the top and analyzed by West-
ern blotting for the presence of NS3, NS5A, S1R, �-actin, and caveolin-2. (A)
Western blot analysis of gradient fractions in mock-infected cells. (B) (Top)
Western blot analysis of the gradient fractions in HCV-infected cells. (Bottom)
Quantitation of S1R, NS3, and NS5A in the top blot. The values are shown as
relative abundance per fraction relative to the maximum signal. Detergent-
resistant membrane fractions containing caveolin-2 are marked as DRM.
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we have no evidence for S1R binding to HCV proteins during
HCV infection, that accumulation of HCV proteins in the ER
triggers S1R relocalization, as shown in Fig. 12, to mitigate ER
stress. Interestingly, it has been proposed that HCV protein-in-
duced changes in mitochondrial metabolism could lead to an
increase in the production of certain lipid species during HCV
infection (28), as well as to increased local ATP production re-
quired for efficient HCV replication (28, 61, 62, 63). Thus, it is
possible that S1R downregulation leads to a different initial cellu-
lar response to infection-induced stress caused by a differential
regulation of ER-mitochondria Ca2� transition, and this situation
might not satisfy the bioenergetic and metabolic needs for effi-
cient initial HCV RNA replication.

Many studies have shown a strong dependence of HCV infec-
tion on cellular lipid metabolism, at the levels of viral entry, HCV
RNA replication, and virion assembly (reviewed in reference 10).
It is noteworthy that S1R-deficient primary hippocampal cultures
display significant changes in the levels of expression of cellular
genes related to cholesterol and fatty acid metabolism (64). More-
over, a recent study shows that steroid biosynthesis, which de-
pends on the immediate availability of cholesterol at the outer
mitochondrial membrane, is defective in S1R-deficient MA-10
cells (65). These data, together with the recognized ability of S1R
to modulate cholesterol homeostasis in different cellular com-
partments (66) and the ability of S1R to bind cholesterol and
sphingolipids (33), raise the possibility that S1R provides these
and other lipids to the nascent replication complexes through
nonvesicular transport to specific areas of the ER where viral pro-
teins accumulate, a notion that is supported by our confocal mi-
croscopy data (Fig. 12A). In fact, it has been recently shown that
efficient viral RNA replication requires the recruitment of specific
subsets of phospho- and sphingolipids to HCV replication com-
plexes (20, 23). During HCV infection, S1R and NS proteins ap-
pear to colocalize in specialized cholesterol- and sphingolipid-rich
membranes that are resistant to Triton-X114 treatment (Fig. 12
and 13). Moreover, it has been shown that a fraction of HCV NS
proteins are copurified with S1R in MAMs from Huh-7 cells (67)
and that the viral replicase colocalizes with both ER and mito-
chondrial markers (22), supporting the notion that a fraction of
the viral replication complexes is associated with MAMs.

It has been shown that NS3 exerts an important proviral func-
tion in MAMs, where it specifically cleaves mitochondrial antiviral
signaling proteins (MAVS) in order to blunt the innate host re-
sponse at very early stages of HCV infection (67). However, S1R
dependence appears to be independent of the RIG-I-mediated
innate immune response, since early HCV replication is also defi-
cient in S1R-deficient Huh-7.5.1 cells (Fig. 9C and D), which lack
a functional RIG-I (68). These precedents and our data suggest
that MAMs could constitute an ideal platform for HCV to initiate
active replication while inhibiting innate immune responses at the
onset of the infection. Initiating HCV RNA replication at MAMs
would be advantageous for the virus, since viral RNA and protein
would initially accumulate in an environment rich in enzymes
involved in cholesterol, triglyceride, fatty acid, and phospholipid
metabolism (69), all of which are intimately involved in HCV
infection (10). As viral RNA replication commences, small
amounts of NS3/4A could blunt innate immune responses locally
soon after replication is initiated by targeting MAVS at the MAM,
where it is functionally relevant for HCV (67). This local inactiva-

tion of MAVS could pave the road for efficient viral replication
throughout the ER.

The finding that S1R plays a role in HCV infection is of partic-
ular interest because, in addition to endogenous ligands, S1R ac-
tivity can be modulated in vivo by a large number of drug-like
ligands (70), some of which have been proven to be useful in the
treatment of pain (71) and in experimental models for pathologies
of the central nervous system (55). Although we have previously
shown that putative S1R ligands inhibit HCV infection, most of
these compounds selectively and efficiently inhibit viral entry
(35), a process that is not altered by S1R downregulation (Fig. 7),
probably due to their lysosomotropic properties as weak amines, a
structural feature that appears to be important for synthetic li-
gands to bind S1R (72). Thus, in view of the evidence presented in
this study and the reported ability of putative S1R ligands to mod-
ulate cellular processes in an S1R-independent manner (73), we
suspect that the antiviral activity of the putative S1R ligands that
prompted this study is not mediated by S1R. Nevertheless, our
findings support the notion that modulation of S1R by synthetic
S1R ligands capable of specifically inhibiting S1R activity in cell
culture and in the liver may be therapeutically effective.
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