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ABSTRACT

The hepatitis C virus (HCV) life cycle is tightly regulated by lipid metabolism of host cells. In order to identify host factors in-
volved in HCV propagation, we have recently screened a small interfering RNA (siRNA) library targeting host genes that control
lipid metabolism and lipid droplet formation using cell culture-grown HCV (HCVcc)-infected cells. We selected and character-
ized the gene encoding stearoyl coenzyme A (CoA) desaturase 1 (SCD1). siRNA-mediated knockdown or pharmacological inhi-
bition of SCD1 abrogated HCV replication in both subgenomic replicon and Jc1-infected cells, while exogenous supplementa-
tion of either oleate or palmitoleate, products of SCD1 activity, resurrected HCV replication in SCD1 knockdown cells. SCD1
was coimmunoprecipitated with HCV nonstructural proteins and colocalized with both double-stranded RNA (dsRNA) and
HCV nonstructural proteins, indicating that SCD1 is associated with HCV replication complex. Moreover, SCD1 was fraction-
ated and enriched with HCV nonstructural proteins at detergent-resistant membrane. Electron microscopy data showed that
SCD1 is required for NS4B-mediated intracellular membrane rearrangement. These data further support the idea that SCD1 is
associated with HCV replication complex and that its products may contribute to the proper formation and maintenance of
membranous web structures in HCV replication complex. Collectively, these data suggest that manipulation of SCD1 activity
may represent a novel host-targeted antiviral strategy for the treatment of HCV infection.

IMPORTANCE

Stearoyl coenzyme A (CoA) desaturase 1 (SCD1), a liver-specific enzyme, regulates hepatitis C virus (HCV) replication through
its enzyme activity. HCV nonstructural proteins are associated with SCD1 at detergent-resistant membranes, and SCD1 is en-
riched on the lipid raft by HCV infection. Therein, SCD1 supports NS4B-mediated membrane rearrangement to provide a suit-
able microenvironment for HCV replication. We demonstrated that either genetic or chemical knockdown of SCD1 abrogated
HCV replication in both replicon cells and HCV-infected cells. These findings provide novel mechanistic insights into the roles
of SCD1 in HCV replication.

Hepatitis C virus (HCV) is an enveloped virus with a positive-
sense, single-stranded RNA virus that belongs to the genus

Hepacivirus in the family Flaviviridae (1). Approximately 170 mil-
lion people are chronically infected with HCV worldwide. Three
million people are newly infected with HCV annually, and more
than 350,000 individuals die from HCV-related liver diseases ev-
ery year (1, 2). Current standard therapy elicits some side effects
and results in a sustained virological response in only certain ge-
notypes of HCV patients. Recently, the U.S. Food and Drug Ad-
ministration approved various direct-acting antivirals (DAAs),
including boceprevir, telaprevir, sofosbuvir, and simeprevir, for
triple therapy in combination with pegylated interferon and riba-
virin for patients with certain genotypes. Nevertheless, these new
DAAs also have had some limitations in the treatment of HCV
patients (3). An alternative way to develop novel and broadly ac-
tive antivirals is the targeting of host proteins and cellular metab-
olism. However, the development of novel classes of host-targeted
antivirals requires substantial understanding of virus-host inter-
actions that control virus propagation.

The life cycle of HCV is intimately linked to the lipid metabo-
lism and lipid droplets of host cells. HCV infection has a higher
frequency of developing hepatic steatosis than does HBV (4).
Moreover, several studies have demonstrated that HCV altered
the expressions of lipid metabolism-related genes in HCV-in-
fected cells and chimpanzee (5–7). Therefore, targeting host lipid
metabolism could be an effective strategy to develop therapeutic

agents for HCV-mediated liver diseases. Recently, we screened a
small interfering RNA (siRNA) library targeting 114 genes that
control lipid metabolism and lipid droplet formation in cell cul-
ture-grown HCV (HCVcc)-infected cells and identified 10 pools
as candidate hits (8). In the present study, we selected stearoyl
coenzyme A (CoA) desaturase 1 (SCD1) for further characteriza-
tion. SCD1, also known as �-9-desaturase, is a regulatory enzyme
in lipogenesis, catalyzing the rate-limiting step in the biosynthesis
of monounsaturated fatty acids, mainly oleic acid and palmitoleic
acid from stearoyl- and palmitoyl-CoA, respectively (9). Accumu-
lated evidence shows that SCD1 is involved in diverse metabolic
processes, including lipogenesis, fatty acid oxidation, insulin sig-
naling, thermogenesis, and inflammation (10). SCD1 has also
been involved in carbohydrate-induced adiposity and hepatic ste-
atosis in mice (11). SCD1 gene expression and levels of monoun-
saturated palmitoleic acid were increased in aggressive hepatocel-
lular carcinomas (HCCs) (12). Moreover, the proportion of oleic
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acid in triglyceride was significantly increased in livers of HCV
core transgenic mice and HCV chronic patients (13). SCD1 was
activated by HCV core protein, and polyunsaturated fatty acids
counteracted this effect on lipid metabolism (14).

We here show that SCD1 is associated with HCV nonstructural
proteins at the site of HCV replication on the detergent-resistant
membrane. Inhibition of SCD1 gene expression or desaturase en-
zymatic activity effectively impaired HCV replication, and this
inhibition was resurrected by exogenous supplementation of
SCD1 enzyme products, oleic acid or palmitoleic acid. We further
demonstrate that SCD1 enriches both NS5A and NS4B proteins
on the detergent-resistant membrane. Knockdown of SCD1 re-
duces the NS4B-induced intracellular membrane rearrangement,
which is known to be an essential process in the formation of HCV
replication complex. These data suggest that SCD1 is a novel host
factor required for HCV replication and, thus, that SCD1 may be
a potential target for antiviral intervention.

MATERIALS AND METHODS
Plasmids and DNA transfection. Total RNAs were isolated from Huh7.5
cells by using RiboEx (GeneAll), and full-length SCD1 was amplified by a
primer set (sense, ATAAGCTTATGCCGGCCCACTTG; antisense, TGA
ATTCGCTCAGCCACTCTTGTAGTTTC) from cDNA synthesized by
using a cDNA synthesis kit (Toyobo) according to the manufacturer’s
instructions. PCR products were inserted into the HindIII and EcoRI sites
of the plasmid pCMV10-3x Flag (Sigma-Aldrich) or pGFP-C1. pEF6B
Myc-tagged HCV core, NS3, NS4B, NS5A, and NS5B were described pre-
viously (15). siRNA-resistant mutant SCD1 (pCMV10-SCD1-SR) was
constructed by introducing five silent mutations at the siRNA binding site
with a site-directed mutagenesis kit (Enzynomics). To generate an siRNA-
resistant SCD1 enzyme-inactive mutant (pCMV10-SCD1-SR-Hbox2A),
three histidine residues at positions 157H, 161H, and 169H in histidine
box 2 were mutated to alanine residues. All DNA transfections were per-
formed by using polyethyleneimine (Sigma-Aldrich) as described previ-
ously (16).

Cell culture. All cell lines were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum and 1% pen-
icillin-streptomycin in 5% CO2 at 37°C. Huh6 cells harboring sub-
genomic replicon derived from genotype 2a were grown as reported pre-
viously (17).

RNA interference. siRNAs targeting SCD1 of a pool (mixture of 4
sequences), SCD1#1 (5=-GAUAUGCUGUGGUGCUUAA-3=), SCD1#2
(5=-GAGAUAAGUUGGAGACGAU-3=), and 5= nontranslated region
(NTR) of Jc1 (5=-CCUCAAAGAAAAACCAAACUU-3=) were purchased
from Dharmacon. The universal negative-control siRNA was purchased
from Bioneer. siRNA transfection was performed using a Lipofectamine
RNAiMax reagent (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions.

Immunoprecipitation. HEK293T cells were cotransfected with Flag-
tagged SCD1 and Myc-tagged core, NS3, NS4B, NS5A, and NS5B, respec-
tively. Total amounts of DNA were adjusted by adding an empty vector.
At 48 h after transfection, cells were harvested and an immunoprecipita-
tion assay was performed as described previously (15). For subgenomic
replicon cells and Jc1-infected Huh7.5 cells, Flag-tagged SCD1 was trans-
fected and harvested at 48 h after transfection using hypotonic buffer (10
mM Tris-HCl, pH 7.8, 10 mM NaCl). Samples were passed through a
25-gauge needle for 20 times and centrifuged twice at 1,000 � g for 5 min
at 4°C. Supernatants were incubated with either anti-Flag monoclonal
antibody or IgG overnight at 4°C. The immunoprecipitation assay was
performed as described previously (18).

Luciferase reporter assay. For the dual-luciferase reporter assay,
Huh7.5 cells were transfected with 25 nM SCD1 siRNA or negative siRNA
for 48 h and then transfected with pRL-HL plasmid and pCH110 refer-
ence plasmid as described previously (19). For the inhibitor assay, Huh7.5

cells transfected with the indicated plasmids were incubated with various
dosages of SCD1 inhibitor. Following incubation for 48 h, cells were har-
vested and dual-luciferase assays were performed according to the man-
ufacturer’s instructions (Promega). For the HCV reporter assay, Huh7.5
cells were pretreated with inhibitor for 48 h and then electroporated with
10 �g of in vitro-transcribed JFH1-Luc RNA or JFH1-GNN-Luc RNA and
were further treated with either dimethyl sulfoxide (DMSO) (vehicle) or
SCD1 inhibitor for 48 h. Luciferase assays were performed at the indicated
time points.

Immunoblot analysis. Immunoblot analysis was performed as de-
scribed previously (20) using the following antibodies: rabbit anti-SCD1
(a gift from Jean-Baptiste Demoulin, Université Catholique de Louvain,
Louvain, Belgium), rabbit anti-NS5A, rabbit anti-NS3, rabbit anti-core,
rabbit anti-glyceraldehyde3-phosphate dehydrogenase (anti-GAPDH),
mouse anti-Myc (Santa Cruz), rabbit anticalnexin (Abcam), and mouse anti-
Flag (Sigma-Aldrich). Either horseradish peroxidase-conjugated goat anti-
rabbit antibody or goat anti-mouse antibody (Jackson ImmunoResearch
Laboratories, West Grove, PA) was used as a secondary antibody.

Immunofluorescence assay. Huh7.5 cells grown on cover slides were
fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 15
min and then permeabilized with 0.5% Triton X-100 in PBS for 10 min at
37°C. After three washes with PBS, fixed cells were blocked with 1% bo-
vine serum albumin (BSA) in PBS for 1 h at room temperature. The cells
were then incubated with a rabbit anti-NS5A antibody, a rabbit anti-NS3
antibody, a mouse anti-NS5B antibody, a mouse anti-double-stranded
RNA (anti-dsRNA) antibody (J2; English and Scientific Consulting), and
a rabbit anti-SCD1 antibody, respectively. After three washes with PBS,
cells were incubated with either tetramethylrhodamine isothiocyanate
(TRITC)-conjugated donkey anti-rabbit IgG or fluorescein isothiocya-
nate (FITC)-conjugated goat anti-mouse IgG for 1 h at room tempera-
ture. Cells were counterstained with 4=,6-diamidino-2-phenylindole
(DAPI) to label nuclei. After three washes with PBS, cells were analyzed
using the Zeiss LSM 700 laser confocal microscopy system (Carl Zeiss,
Inc., Thornwood, NY).

MTT assay. Approximately 1.5 � 104 cells seeded on 24-well plates
were transfected with the indicated siRNAs. Host cell viability was
determined by using a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) (Sigma) according to the manufacturer’s
protocol.

Preparation of detergent-soluble and detergent-resistant mem-
branes and flotation assay. Detergent-soluble and -resistant membranes
were prepared as reported previously (21). Briefly, cells were lysed in TNE
buffer (25 mM Tris-HCl [pH 7.6], 150 mM NaCl, 5 mM EDTA, 1%
Triton X-100) with protease and phosphatase inhibitors. The cell lysates
were triturated by 10 passes through a 23-gauge needle and kept on ice for
1 h. The samples were centrifuged at 14,000 � g for 30 min at 4°C, and the
supernatants were collected as the detergent-soluble membrane fractions.
To perform a membrane flotation assay using the detergent-resistant pel-
lets, pellets were further treated with the same lysis buffer supplemented
with 0.5% SDS and 2 mM dithiothreitol (DTT) and sonicated for 5 s. The
detergent-resistant membrane fractions were then subjected to a flotation
assay as described previously (22) with modifications. Detergent-resistant
membrane fractions were mixed with 60% OptiPrep (Sigma-Aldrich) so-
lution to yield 0.5 ml 40% detergent-resistant membrane-OptiPrep solu-
tion and transferred to an ultracentrifuge tube (Hitachi). The sample was
overlaid with 3.5 ml 30% OptiPrep solution, followed by 0.5 ml 5%
OptiPrep solution on top of it. The samples were then centrifuged at
45,000 rpm for 4 h at 4°C. Half-milliliter fractions were collected from top
to bottom and numbered as fractions 1 to 9. Protein concentrations of
each fraction were determined by the Bradford method (Bio-Rad). Equal
amounts of protein from each fraction were separated by 12% SDS-PAGE
and analyzed by immunoblot analysis.

Protease protection assay. The protease protection assay was per-
formed as reported previously (23, 24) with some modifications. Briefly,
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Huh7.5 cells were either mock infected or infected with Jc1 for 48 h. Cells
were washed twice with cold PBS and resuspended in 500 �l ice-cold PBS
containing 1 mM phenylmethylsulfonyl fluoride (PMSF). Cells were then
disrupted by passage through a 25-gauge needle 15 times with occasional
vortexing, and the cell lysate was centrifuged at 1,000 � g for 10 min to
remove the nuclei and cell debris. The protein concentration in post-
nuclear supernatant (PNS) was determined using a protein assay kit (Bio-
Rad) according to the manufacturer’s instructions. Equal amounts of pro-
tein in 1 ml of PBS were centrifuged at 5,000 rpm for 1 h at 4°C. Membrane
pellets were resuspended in ice-cold hypotonic buffer (10 mM Tris-HCl
[pH 7.5], 10 mM NaCl). Samples from each experimental setting were
equally divided into 4 tubes. Samples were either left untreated or treated
with 1% NP-40 for 20 min on ice and then incubated with 1 �g/ml pro-
teinase K at room temperature for 15 min. Proteinase K was inactivated by
addition of 4 mM PMSF. The samples were analyzed by immunoblot
analysis.

Focus-forming assay. The infectious HCV release from the superna-
tant of HCVcc-infected cells was determined by a focus-forming assay as
described previously (20). Briefly, Huh7.5 cells seeded at 2 � 104 cells in
4-well chamber culture slides (Millipore) were inoculated with serial di-
lutions of cell culture medium harvested from HCVcc-infected cells. At 2
days after inoculation, indirect immunofluorescence was performed for
the presence of intracellular NS5A antigen to determine the numbers of
focus-forming units (FFU)/ml.

SCD1 inhibitor and fatty acid treatments. An SCD1-specific inhibi-
tor, 3-[4-(2-chloro-5-fluorophenoxy)-1-piperidinyl]-6-(5-methyl-1,3,4-
oxadiazol-2-yl)-pyridazine, was purchased from Santa Cruz and dis-
solved in DMSO, and aliquots were stored at �20°C. Oleic acid (18:1),
palmitoleic acid (16:1), and palmitic acid (16:0) were purchased from
Sigma-Aldrich, and each fatty acid was conjugated to 10% BSA as de-
scribed previously (25). Huh7.5 cells were infected with Jc1 for 4 h, and
complete medium containing the indicated concentrations of SCD1 in-
hibitor was incubated with or without fatty acids. At 48 h or 72 h postin-
fection, cells were harvested and then protein and RNA levels were ana-
lyzed.

Transmission electron microscopy. Cells were fixed in 4% parafor-
maldehyde and PBS-buffered 2.5% glutaraldehyde (0.1 M, pH 7.4) for 2 h
at 4°C. Postfixation was done in 1% osmium tetroxide buffered with 0.1 M
sodium phosphate buffer for 1.5 h at 4°C. Cells were then washed three
times with 0.1 M sodium phosphate buffer and centrifuged at 150 � g for
5 min at 4°C. The pellet was dehydrated through a graded ethanol series
and embedded in Epon 812 resin. Ultrathin sections (75 nm) were cut
with an RMC MTXL ultramicrotome (Tucson, Arizona, USA) and then
stained with uranyl acetate and lead citrate. The ultrathin sections were
observed with a transmission electron microscope (JEM-1011; JEOL, Ja-
pan). For immunogold electron microscopy, nickel grids with epoxy-
embedded ultrathin sections for etching were immersed in target retrieval
solution, pH 9.0 (Dako, Glostrup, Denmark), and then incubated at
110°C for 15 min. The sections of cells were blocked with 0.5% BSA in PBS
for 20 min and then incubated with mouse anti-Myc (9E10) monoclonal
antibody (Santa Cruz Biotechnology, USA) (1:100) in blocking solution
(0.5% BSA in PBS [pH 7.4], 0.5 M NaCl) for 90 min at 50°C. After washes
in blocking solution containing 0.1% gelatin and 0.05% Tween 20, bound
antibodies were labeled with a goat anti-mouse IgG conjugated to 15-nm
gold particles (Electron Microscopy Sciences, Hatfield, PA) diluted 1:50 in
blocking solution for 90 min at 50°C. After washes in blocking solution
containing 0.1% gelatin and 0.05% Tween 20, samples were counter-
stained with uranyl acetate. The sections were examined by using a trans-
mission electron microscope.

Statistical analysis. Data are presented as means � standard devia-
tions (SDs). Student’s t test was used for statistical analysis. The asterisks
in the figures indicate significant differences (*, P � 0.05; **, P � 0.01; ***,
P � 0.001; ns, not significant).

RESULTS
SCD1 is required for HCV replication. By employing an siRNA
library screening in HCVcc-infected cells, we have recently iden-
tified 10 host genes that might control lipid metabolism and lipid
droplet formation (8). Of these, we selected SCD1 and investi-
gated the functional involvement of SCD1 in HCV propagation.
Silencing of SCD1 expression led to significant reduction of intra-
cellular HCV RNA (Fig. 1A) and protein (Fig. 1B) levels. More-
over, the extracellular HCV RNA level was also significantly de-
creased in SCD1 knockdown cells (Fig. 1C). To further clarify
these results, we used two independent siRNAs (SCD1#1 and
SCD1#2) targeting SCD1. In Jc1-infected Huh7.5 cells, silencing
of SCD1 inhibited HCV protein expression (Fig. 1D) and HCV
RNA level (Fig. 1E) with no effects on cell viability (Fig. 1F). Viral
release was also significantly decreased compared to scrambled
siRNA-treated cells (Fig. 1G). The silencing effect of SCD1 on
HCV replication was verified in HCV subgenomic replicon cells
derived from both genotype 1b (Fig. 1H) and genotype 2a (data
not shown). Since knockdown of SCD1 significantly inhibited
HCV replication in both subgenomic replicon cells and HCV-
infected cells, these data indicate that SCD1 may be an important
host factor required for HCV replication.

SCD1 enzyme activity is crucial for HCV replication. Phar-
macological manipulation of SCD1 activity has recently been
investigated in diabetes and obesity (10, 11, 26). Liu et al. demon-
strated that 3-[4-(2-chloro-5-fluorophenoxy)-1-piperidinyl]-6-
(5-methyl-1,3,4-oxadiazol-2-yl)-pyridazine specifically inhibited
SCD1 activity in both HepG2 cells and mice (27). We asked
whether this SCD1 inhibitor exerted any effect on HCV propaga-
tion. For this purpose, Huh7.5 cells were infected with Jc1 for 4 h
and then incubated with medium containing either DMSO or
various concentrations of SCD1 inhibitor for 72 h. As shown in
Fig. 2A, HCV protein levels were decreased by SCD1 inhibitor in a
dose-dependent manner. Next, we treated subgenomic replicon
cells with similar doses of SCD1 inhibitor for 72 h. We showed that
HCV protein levels in replicon cells were also inhibited in a dose-
dependent manner (Fig. 2B). Nevertheless, the inhibition in rep-
licon cells was less efficacious than that in Jc1-infected cells. To
further clarify these observations, we treated both Jc1-infected
cells and HCV replicon cells derived from both genotype 1b and
genotype 2a with various doses of SCD1 inhibitor and analyzed
HCV RNA levels. As shown in Fig. 2C, SCD1 inhibitor signifi-
cantly inhibited HCV RNA levels in both Jc1-infected cells and
subgenomic replicon cells (Fig. 2C). We also noticed that the in-
hibitory activities of SCD1 inhibitor on HCV RNA replication in
replicon cells were less effective than those in Jc1-infected cells. Of
note, 0.5 to 1 �M SCD1 inhibitor significantly inhibited HCV
RNA replication in subgenomic replicon cells (Fig. 2C) with no
discernible effect on cell proliferation (Fig. 2D). We further veri-
fied that HCV protein levels were similarly inhibited by the SCD1
inhibitor in HCV replicon cells (Fig. 2E) with no significant effect
on cell viability (Fig. 2F). Finally, we demonstrated that HCV in-
fectivity was significantly reduced by SCD1 inhibitor in a dose-
dependent manner (Fig. 2G). These data indicate that SCD1 ac-
tivity is essential for HCV replication. SCD1 is an endoplasmic
reticulum (ER) membrane-bound protein containing three
highly conserved histidine boxes (eight histidine residues) (28,
29). These histidine residues were reported to be crucial for SCD1
activity, and thus, any one mutation of eight conserved histidine
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residues caused the loss of SCD1 enzyme activity (28). We there-
fore asked whether SCD1 enzyme activity was involved in HCV
replication. We first constructed an SCD1 siRNA-resistant mu-
tant (SCD1-SR). Using this construct, we mutated three histidine
residues in histidine box 2 to alanines (SCD1-SR-Hbox2A). As
demonstrated in Fig. 2H (left panel), overexpression of the SCD1
siRNA-resistant mutant fully recovered the HCV replication in
SCD1 knockdown replicon cells (lane 4). However, the siRNA-
resistant histidine mutant was unable to restore the HCV replica-
tion (Fig. 2H, lane 5). The band intensity of HCV NS3 protein
normalized to GAPDH is depicted as a graph (Fig. 2H, right

panel). These data strongly indicate that SCD1 activity is crucial
for HCV replication.

SCD1 enzymatic products rescue HCV replication in SCD1-
enervated cells. It has been previously reported that oleic acid
could induce HCV RNA replication in replicon cells (30). We
therefore hypothesized that supplementation of SCD1 products
might resurrect the HCV replication in SCD1 knockdown cells.
To test this hypothesis, either oleic acid (C18:1) or palmitoleic acid
(C16:1) or both fatty acids were supplemented in SCD1 knock-
down cells and then the HCV replication was analyzed. As shown
in Fig. 3A, knockdown of SCD1 impaired HCV protein levels

FIG 1 SCD1 is required for HCV replication. (A) Huh7.5 cells were transfected with 10 nM siRNA pool targeting four different sites of SCD1 mRNA for 48 h
and then infected with Jc1 for 4 h. At 2 days postinfection, intracellular RNA levels of both HCV and SCD1 were quantified by quantitative PCR. (B) Total cell
lysates were immunoblotted with the indicated antibodies. (C) Extracellular RNAs isolated from the culture supernatant were quantified by qPCR. Negative,
scrambled siRNA; positive, HCV-specific siRNA. (D) Huh7.5 cells were transfected with the indicated siRNAs for 48 h and then infected with Jc1 for 4 h. At 2 days
postinfection, total cell lysates were immunoblotted with the indicated antibodies. Suffixes #1 and #2 refer to different SCD1 siRNA sequences. (E) Huh7.5 cells
were treated as described for panel D, and intracellular RNAs were quantified by quantitative PCR. (F) Cell viability was determined by MTT assay. (G) Huh7.5
cells were transfected with the indicated siRNAs for 48 h and then infected with Jc1 for 4 h. At 2 days postinfection, culture supernatant was harvested and was
used to infect naive Huh7.5 cells. HCV infectivity was determined by FFU/ml. Experiments were performed in triplicate. Error bars indicate the standard
deviations of the means. (H) Huh7 cells harboring HCV replicon derived from genotype 1b were transfected with the indicated siRNAs. At 3 days after
transfection, total cell lysates were immunoblotted with the indicated antibodies. Data represent averages from at least three independent experiments for panels
A, C, E, F, and G. The asterisks indicate significant differences (*, P � 0.05; **, P � 0.01; ***, P � 0.001) from the value for the negative control.
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FIG 2 SCD1 activity is essential for HCV replication. (A) Huh7.5 cells were infected with Jc1 for 4 h and then incubated with medium containing either DMSO or
various concentrations of SCD1 inhibitor. At 3 days postinfection, total cell lysates were immunoblotted with the indicated antibodies. (B) Subgenomic replicon cells
derived from genotype 2a were treated with either DMSO or various concentrations of SCD1 inhibitor. Total cell lysates were immunoblotted with the indicated
antibodies. Protein band intensities of HCV proteins/calnexin were analyzed by ImageJ. (C) Huh7.5 cells infected with Jc1 and subgenomic replicon cells derived from
either genotype 1b or 2a were treated with either DMSO or various concentrations of SCD1 inhibitor. At 3 days after treatment, intracellular HCV RNA levels were
quantified by quantitative PCR. Data represent average from at least three independent experiments. The asterisks indicate significant differences (*, P � 0.05; **, P �
0.01; ***, P � 0.001) from the value for the DMSO control. (D) Huh7.5 cells were treated with either DMSO or the indicated amounts of SCD1 inhibitor. Cell
proliferations at the given time points were determined by MTT assay. Data represent averages from at least three independent experiments. (E) HCV subgenomic
replicon cells (1b) were treated with the indicated concentrations of SCD1 inhibitor. At 3 days after treatment, total cell lysates were immunoblotted with the indicated
antibodies. (F) HCV subgenomic replicon cells derived from genotype 1b were treated with various concentrations of SCD1 inhibitor for 72 h. Cell viability was assessed
by MTT assay. Data represent averages from at least three independent experiments. ns, not significant compared to the value for the DMSO control. (G) Huh7.5 cells
infected with Jc1 were treated with increasing amounts of SCD1 inhibitor. At 2 days postinfection, relative FFU from culture supernatants were determined compared
to the value for the DMSO control. Data represent averages from at least three independent experiments. The asterisks indicate significant differences (**, P � 0.01; ***,
P � 0.001) from the value for the DMSO control. (H) Huh7 cells harboring HCV subgenomic replicon were transfected with either vector or various constructs of SCD1.
At 24 h after transfection, cells were further transfected with the indicated siRNAs. Total cell lysates harvested at 72 h after transfection were immunoblotted with the
indicated antibodies (left panel). SCD1-SR, siRNA-resistant mutant SCD1; SCD1-SR-Hbox2A, siRNA-resistant mutant SCD1 with mutations in three histidine residues
to alanine at histidine box 2. (Right panel) Quantification of NS3/GAPDH band intensity by ImageJ.
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FIG 3 SCD1 enzymatic products resurrect HCV replication in SCD1-enervated cells. (A) Huh7.5 cells were transfected with the indicated siRNAs. At 4 h after
transfection, BSA, oleic acid, and palmitoleic acid, respectively, or a combination of oleic and palmitoleic acids was supplemented at a final concentration of 50
�M. At 2 days after siRNA transfection, cells were washed twice with PBS and infected with Jc1 for 4 h. Following incubation with the same supplement for 48
h, total cell lysates were immunoblotted with the indicated antibodies. (B) Huh7.5 cells infected with Jc1 were incubated with either DMSO or SCD1 inhibitor
(1 �M) containing the same supplement as described above. At 2 days postinfection, total cell lysates were immunoblotted with the indicated antibodies. (C)
Huh6 cells harboring HCV subgenomic replicon were either left untreated (DMSO control) or treated with SCD1 inhibitor (1 �M) in the presence of either oleic
acid or palmitoleic acid alone or both acids as indicated. At 72 h after treatment, total cell lysates were immunoblotted with the indicated antibodies. Protein band
intensities of HCV proteins/GAPDH were analyzed by ImageJ. (D) (Top panel) Huh7.5 cells were transfected with the indicated siRNAs. At 4 h after transfection,
BSA or palmitic acid, respectively, was supplemented at a final concentration of 50 �M. At 2 days after siRNA transfection, cells were infected with Jc1 for 4 h.
At 2 days postinfection, total cell lysates were immunoblotted with the indicated antibodies. (Bottom panel) Huh7.5 cells were infected with Jc1 for 4 h and then
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(lane 5). As expected, HCV protein expression was recovered by
supplementation with monounsaturated fatty acid (Fig. 3A, lanes
6 to 8) and thus reversed the negative effect of SCD1 knockdown.
However, cotreatments of the two fatty acids showed no additive
effect. This indicates that either oleic acid or palmitoleic acid may
function in a similar mechanism for HCV replication. We further
investigated the effect of SCD1 product on HCV replication in
SCD1 inhibitor-treated cells. We have demonstrated that the in-
hibitory effect of SCD1 inhibitor on HCV replication was also

overcome by exogenous supplementation with either oleic acid or
palmitoleic acid in HCV-infected cells (Fig. 3B) and HCV sub-
genomic replicon cells (Fig. 3C). We noted that treatment of
monosaturated fatty acid (palmitic acid, C16:0) did not reverse the
negative effects of either siRNA-mediated knockdown of SCD1
(Fig. 3D, top) or SCD1 inhibitor (Fig. 3D, bottom) on HCV prop-
agation. We also demonstrated that HCV RNA levels were recov-
ered by supplementation with palmitoleic acid (C16:1) but not
with palmitic acid (C16:0) in SCD1 inhibitor-treated cells (Fig. 3E).

incubated with either DMSO or SCD1 inhibitor (1 �M) containing the same supplement as described in the left panel. At 2 days postinfection, total cell lysates
were immunoblotted with the indicated antibodies. (E) Huh7.5 cells infected with Jc1 were incubated with either DMSO or SCD1 inhibitor (1 �M) containing
BSA, palmitoleic acid, and palmitic acid, respectively, at a final concentration of 50 �M. At 2 days postinfection, HCV RNA levels were quantified by qPCR. Data
represent averages from at least three independent experiments. The asterisks indicate significant differences (*, P � 0.05; **, P � 0.01) from the value for the
DMSO control and from the value for the BSA control. ns, not significant compared to the value for the BSA control. (F) (Left) Huh7.5 cells plated on glass slides
were infected with Jc1 for 4 h and then treated with either DMSO or SCD1 inhibitor (1 �M) containing the same supplement as described for panel A. Following
incubation with the same supplement for 48 h, cells were stained for indirect immunofluorescence assay. Bars, 100 �m. (Right) The percentage of infected cells
(NS5A-positive red cells) per total cells (DAPI) was determined from 15 randomly picked microscope fields by ImageJ. Data represent averages from 15
microscope fields for each. The asterisks indicate significant differences (**, P � 0.01; ***, P � 0.001).

FIG 4 SCD1 is involved in the genome replication step in the HCV life cycle. (A) Huh7.5 cells were either transfected with the indicated siRNAs or treated with
SCD1 inhibitor. At 48 h after transfection, cells were further cotransfected with 0.5 �g of pRL-HL reporter plasmid (upper panel) and 0.5 �g of pCH110 reference
plasmid. Cell lysates harvested at 48 h after transfection were used to determine luciferase activity and normalized using �-galactosidase activity. CMV,
cytomegalovirus; BGH, bovine growth hormone. (B) Huh7.5 cells were incubated with either DMSO or SCD1 inhibitor for 36 h and then electroporated with 10
�g of either JFH1-luc GNN RNA (left panel) or JFH1-luc wild-type RNA (right panel). Cells were harvested at the indicated time points, and then luciferase
activities were determined. Data represent averages from at least three independent experiments. The asterisks indicate significant differences (**, P � 0.01) for
the indicated time points from the activity of DMSO control. Error bars indicate the standard deviations of the means. EMCV, encephalomyocarditis virus; UTR,
untranslated region.
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We further verified the effect of monounsaturated fatty acid on
SCD1 inhibitor-treated cells using an immunofluorescence assay
(Fig. 3F, left), and the results are summarized by ImageJ (Fig. 3F,
right). These data indicate that monounsaturated fatty acids, the
products of SCD1 enzyme activity, but not monosaturated fatty
acids, are specifically required for HCV replication.

SCD1 is not required for HCV IRES-mediated translation.
Since knockdown of SCD1 reduced HCV replication significantly
in subgenomic replicon cells, we asked whether SCD1 was in-
volved in HCV internal ribosome entry site (IRES)-mediated

translation. To address this question, Huh7.5 cells transfected
with siRNAs were cotransfected with pRL-HL (19) and �-galac-
tosidase plasmid, and then luciferase activity was determined. We
showed that siRNA-mediated knockdown of SCD1 showed no
effect on HCV IRES-dependent translation (Fig. 4A, bottom left).
Likewise, treatment of SCD1 inhibitor also showed no effect on
HCV IRES-dependent translation (Fig. 4A, bottom right). These
data indicated that SCD1 might be involved in the genome repli-
cation step of the HCV life cycle. To verify this, we used JFH1-luc
reporter plasmid, whose gene expression was driven by HCV

FIG 5
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IRES-dependent translation. Using this construct, translation of
the genome can be monitored prior to genomic RNA replication.
As shown in Fig. 4B, the initial translation of input HCV genomic
RNA reached a peak at 6 h postelectroporation and then decreased
when RNA decay started. Luciferase activities were indistinguish-
able between control (DMSO) and SCD1 inhibitor-treated cells
(Fig. 4B, bottom panels), indicating that the SCD1 inhibitor ex-
erted no effect on HCV IRES-dependent translation. Upon longer
treatment with either DMSO or SCD1 inhibitor, luciferase activity
was significantly increased in DMSO-treated cells due to HCV
RNA replication (24 h to 48 h after electroporation). However,

luciferase activity was significantly decreased in SCD1 inhibitor-
treated cells compared to DMSO-treated cells (Fig. 4B, bottom
right). This result showed that HCV RNA replication was signifi-
cantly inhibited by SCD1 inhibitor. It was obvious that luciferase
activity continued to collapse in cells transfected with the replica-
tion-defective GNN mutant regardless of the absence or presence
of SCD1 inhibitor (Fig. 4B, bottom left). Collectively, these data
indicate that SCD1 is involved in the genome replication step but
not in the translation step of the HCV life cycle.

SCD1 is associated with HCV replication complex. To fur-
ther characterize the functions of SCD1 in HCV replication, we

FIG 5 SCD1 is associated with HCV replication complex. (A) SCD1 interacts with HCV nonstructural proteins but not core protein. HEK293T cells were
cotransfected with Flag-tagged SCD1 and each of Myc-tagged core, NS3, NS4B, NS5A, and NS5B. At 48 h after transfection, total cell lysates were immunopre-
cipitated (IP) with anti-Myc antibody and bound proteins were analyzed by immunoblot (IB) analysis using anti-Flag antibody (right, upper panel). Protein
expressions of input plasmids were confirmed with either anti-Flag (left, upper panel) or anti-Myc (left, lower panel) antibody. The efficiency of immunopre-
cipitation of Myc antibody was verified by immunoblot analysis using anti-Myc antibody (right, lower panel). The arrows indicate HCV proteins immunopre-
cipitated with anti-Myc antibodies. The arrowhead denotes IgG. (B) Huh7.5 cells were infected with Jc1 for 4 h and then transfected with Flag-tagged SCD1
plasmid. At 48 h after transfection, total cell lysates were immunoprecipitated with either control IgG or an anti-Flag antibody, and then bound proteins were
analyzed by immunoblot analysis using the indicated antibodies. (C) Huh6 cells harboring HCV subgenomic replicon were transfected with Flag-tagged SCD1
plasmid. At 48 h after transfection, cell lysates were immunoprecipitated as described above. (D, left, upper panel) Huh7.5 cells were either mock infected or
infected with Jc1, and then cells were transfected with plasmid expressing GFP-tagged SCD1. At 48 h after transfection, cells were fixed and further processed for
immunofluorescence staining using a Zeiss LSM 700 laser confocal microscope. Cells were counterstained with 4=,6-diamidino-2-phenylindole (DAPI) to label
nuclei. Bars, 10 �m. White squares are enlarged and shown as inset panels. (D, left, lower panel) HCV subgenomic replicon cells were fixed and incubated with
the SCD1 (green) and NS5B (red) antibody to analyze endogenous colocalization. Enlarged selections marked by white squares are shown as inset panels. (D,
right panels) Colocalizations of SCD1 and HCV RNA/proteins were quantified by both Pearson’s and Manders’ overlap coefficients. More than 10 cells were
applied to ImageJ for quantification of overlap coefficient in each experiment, and error bars indicate the standard deviations of the means. (E) Huh7 cells were
either mock infected or infected with HCV Jc1 for 3 days. After two washes with PBS, cells were lysed in TNE buffer and subjected to centrifugation to separate
supernatants (detergent soluble [DS]) from pellets as described in Materials and Methods. Total cell lysates and detergent-soluble fractions were loaded as input
controls. The pellets were further treated with lysis buffer containing 0.5% SDS and 2 mM DTT and sonicated for 5 s, and then supernatant fractions were saved
as the detergent-resistant membrane fractions. Detergent-resistant membrane fractions were subjected to flotation assay as described in Materials and Methods.
Nine fractions from light to heavy (top to bottom, 1 to 9, respectively) were collected and immunoblotted with the indicated antibodies. (F) Cellular membranes
of either mock-infected or Jc1-infected Huh7.5 cells were either left untreated (lanes 1 and 5) or treated with 1% NP-40 (lanes 2, 4, 6, and 8). For proteinase K
treatment, samples were treated with proteinase K in the absence (lanes 3 and 7) or presence (lanes 4 and 8) of NP-40. The indicated samples were immunoblotted
with anti-NS5A, SCD1, and calnexin antibody, respectively. Protein band intensities (%) normalized by proteinase K-treated/untreated samples (lane 3 versus
lane 1; lane 7 versus lane 5) were analyzed by ImageJ.
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investigated whether SCD1 could be associated with any viral pro-
tein. HEK293T cells were cotransfected with Flag-tagged SCD1
and each of the Myc-tagged HCV proteins, including core, NS3,
NS4B, NS5A, and NS5B. Total cell lysates were immunoprecipi-
tated with anti-Myc antibody, and then, coprecipitated proteins
were immunoblotted with anti-Flag antibody. As shown in Fig.
5A, SCD1 was coprecipitated with HCV nonstructural proteins
but not with core protein. To further confirm this result in the
context of HCV replication, Huh7.5 cells were infected with HCV
Jc1 and then transfected with Flag-tagged SCD1. Cell lysates har-
vested at 36 h postinfection were immunoprecipitated with either
control IgG or anti-Flag antibody, and then bound proteins were
immunoblotted with the indicated antibodies. Figure 5B shows
that SCD1 specifically interacted with HCV nonstructural pro-
teins, whereas SCD1 failed to interact with HCV core and the ER
marker calnexin. We further confirmed that SCD1 was associated
with NS3 and NS5A in the HCV subgenomic replicon cells (Fig.
5C). These data suggest that SCD1 may be a component of HCV
replication complex. To determine this possibility, we performed
an immunofluorescence assay. We showed that green fluorescent
protein (GFP)-tagged SCD1 colocalized with not only HCV non-
structural proteins but also dsRNA in HCVcc-infected cells (Fig.
5D, left, upper panel). We further demonstrated that endogenous
SCD1 colocalized with NS5B protein in HCV replicon cells (Fig.
5D, left, lower panel). We confirmed the colocalization of SCD1
with dsRNA and HCV nonstructural proteins by determining the
Pearson and Manders coefficients using ImageJ (NIH) with the
JaCoP plugin (31) (Fig. 5D, right panels). These data clearly indi-
cate that SCD1 is colocalized with HCV nonstructural proteins at
the site of viral replication. Since SCD1 is associated with both
dsRNA and HCV nonstructural proteins, we further analyzed
whether SCD1 was able to cofractionate with the HCV replication
complex which was reported to be located at the detergent-resis-
tant membrane (32). We first prepared detergent-soluble and de-
tergent-resistant membrane fractions from either mock-infected
or Jc1-infected Huh7 cells as described in Materials and Methods.
Using detergent-resistant membrane fractions, a membrane flo-
tation assay was performed, and then nine fractions were collected
from the top to the bottom of the centrifuge tube (from light to
heavy). As shown in Fig. 5E, with the treatment with 0.5% SDS
and a brief sonication, both NS5A and SCD1 were not completely
solubilized and were floated at the top (fractions 1 to 3) together
with lipid raft marker Cav-2 in Jc1-infected cells. In contrast, cal-
nexin, the ER marker, was solubilized and only a small amount
settled at the bottom (fractions 7 to 9). It was noteworthy that the
amount of SCD1 increased at the top (fractions 1 to 3) in Jc1-
infected cells compared to mock-infected cells. These data firmly
support the idea that SCD1 level is increased at the detergent-
resistant membranes in HCV-infected cells.

Previous studies showed that HCV replication takes place at
the detergent-resistant membrane, which protects replication ma-
chinery from degradation by protease or nuclease treatments (23,
24). Intracellular membranes prepared from either mock- or Jc1-
infected cells were processed for protease protection assay. Con-
sistent with the enrichment of SCD1 at the detergent-resistant
membrane in Jc1-infected cells (Fig. 5E), SCD1 in Jc1-infected
cells was more resistant to proteinase K than SCD1 in mock-in-
fected cells (Fig. 5F, lane 3 versus lane 7). This indicates that SCD1
in the HCV replication complex is more resistant to proteinase K
than SCD1 in the absence of HCV replication. These data firmly

revealed that endogenous SCD1 was enriched and associated with
the replication complex on the lipid raft in HCV-replicating cells.

SCD1 enriches both NS5A and NS4B proteins on the deter-
gent-resistant membrane. SCD1 has been reported as a key en-
zyme to control and regulate desaturation of phospholipids and
triglycerides which are important for the maintenance of mem-
brane fluidity (33, 34). It has been also reported that membrane
fluidity supported by oleic acid can facilitate HCV replication
(30). We therefore asked whether SCD1 contributed to HCV-
mediated membrane rearrangement, which served as the platform
for HCV replication. It is well known that NS4B induces a specific
membrane rearrangement that functions as a scaffold for the HCV
replication complex (35). Recently, it has been reported that
NS5A induces double membrane vesicles which may hold the ac-
tive viral replication machinery in the membranous web (36, 37).
HCV nonstructural proteins showed a highly detergent-resistant
characteristic and presented on the lipid raft in subgenomic rep-
licon cells and nonstructural NS3-5B-overexpressing cells. How-
ever, when HCV proteins were individually expressed, only NS4B
and NS5A were localized to detergent-resistant membrane frac-
tions (38). We therefore asked whether SCD1 was involved in
localization of NS4B and NS5A to the detergent-resistant mem-
brane fraction. Huh7.5 cells transfected with either negative
siRNA or siRNA targeting SCD1 were further transfected with
Myc-tagged NS5A, and then cell lysates were separated into deter-
gent-sensitive and detergent-resistant membrane fractions as de-
scribed in Materials and Methods. As shown in Fig. 6A, knock-
down of SCD1 remarkably reduced NS5A protein level in the
detergent-resistant membrane fraction (lane 6) without altering
NS5A expression level (lane 2). We further confirmed that knock-
down of SCD1 decreased NS4B protein level in the detergent-
resistant fraction (data not shown). We then examined the effect
of SCD1 inhibitor on detergent sensitivity of NS4B protein. Figure
6B shows that NS4B in the detergent-resistant fraction was prom-
inently decreased with the treatment of SCD1 inhibitor (lane 6). It
was noteworthy that neither knockdown of SCD1 nor pharmaco-
logical inhibition of SCD1 disrupted lipid rafts, since caveolin-2
levels in detergent-resistant fractions were not altered (lanes 6 in
Fig. 6A and B). These data suggest that SCD1 recruits both NS5A
and NS4B proteins and enriches them on the detergent-resistant
membrane fraction.

Knockdown of SCD1 impairs NS4B-induced membrane re-
arrangement. We investigated the effect of knockdown of SCD1
on NS4B subcellular localization in intact cells by immunofluo-
rescence assay. Huh7.5 cells were transfected with the indicated
siRNAs and further transfected with Myc-tagged NS4B. As shown
in Fig. 7A, NS4B proteins form large foci at the perinuclear region
in negative siRNA-treated cells, which is consistent with previous
reports (39, 40). Meanwhile, NS4B proteins appear as small foci
dispersed in the cytoplasm in SCD1 knockdown cells (Fig. 7A,
upper panel). The staining phenotypes of NS4B from negative-
control cells and SCD1 knockdown cells were quantitated and
presented as percentages in a graph (Fig. 7A, lower left panel). We
noted that knockdown of SCD1 showed no effect on the protein
expression level of NS4B (Fig. 7A, lower right panel). Together,
these data indicate that knockdown of SCD1 alters the subcellular
localization of NS4B.

We next evaluated the membrane alterations in NS4B-express-
ing cells by transmission electron microscopy. Huh7.5 cells were
transfected with either negative-control siRNAs or SCD1 siRNAs.
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Cells were further transfected with either empty vector or NS4B
plasmid and then processed for electron microscopy analysis. As
shown in Fig. 7B, transient expression of NS4B protein induced
membrane rearrangements with specific single membrane vesicles
in negative siRNA-transfected cells. Membrane rearrangements
did not occur in vector-transfected cells (data not shown). How-
ever, knockdown of SCD1 remarkably abrogated membrane al-
teration compared to the negative siRNA-transfected cells. To
specify NS4B-mediated membrane rearrangement structures, we
employed immunogold electron microscopy to label NS4B pro-
tein. As shown in Fig. 7C, we further verified that NS4B-mediated
membrane rearrangements were impaired in SCD1 knockdown
cells. These data indicate that SCD1 is essentially involved in
NS4B-induced intracellular membrane rearrangement that serves
as a platform for the HCV replication complex.

DISCUSSION

The life cycle of HCV is intimately tied to the lipid metabolism and
lipid droplets of host cells. Here, we showed that siRNA-mediated
knockdown of SCD1, a rate-limiting enzyme catalyzing the bio-
synthesis of the monounsaturated fatty acids oleate and palmi-
toleate, resulted in significant decreases of intracellular and extra-
cellular HCV RNA levels, HCV protein expression level, and virus
titers in HCV-infected cells. We further verified that pharmaco-
logical inhibition of SCD1 impaired HCV replication and that the
inhibitory effect was more potent in HCV-infected cells than in
subgenomic replicon cells. This suggests that SCD1 may be in-
volved in an additional step as well as a replication step of the viral
life cycle. Indeed, it has been reported previously that cyclophilin
A inhibitors target multiple steps of the HCV life cycle and inhibit
JFH1-derived full-length HCV more efficiently than subgenomic
replicons (41, 42). We also confirmed that SCD1 was not involved
in HCV IRES-mediated translation. By using an enzyme-defective
histidine mutant, we demonstrate that HCV replication is depen-
dent on SCD1 enzyme activity. It has been previously reported
that fatty acids can either stimulate or inhibit HCV replication,
depending on the degree of saturation (30). In the present study,
we proved that the supplementation of monounsaturated fatty

acids (palmitoleic and oleic acids), products of SCD1 enzyme ac-
tivity, but not monosaturated fatty acid (palmitic acid) rescued
the HCV replication in SCD1-enervated cells. It was noteworthy
that cotreatment with both oleic acid and palmitoleic acid showed
no additive effects on HCV replication, indicating that either oleic
acid or palmitoleic acid may function in a similar pattern but not
in additive action for HCV replication. In a previous study, the
deletion of the OLE1 gene, encoding �-9 fatty acid desaturase,
which produces oleic and palmitoleic acids in the yeast Saccharo-
myces cerevisiae, inhibited brome mosaic virus (BMV) RNA rep-
lication by more than 95% (43). This inhibition of viral RNA
replication was overcome by supplementing yeast culture me-
dium with oleic and palmitoleic acids. It was suggested that the
local intracellular desaturase index, controlled by �-9 fatty acid
desaturase, could contribute to cellular membrane curvature
properties which are required for specific shaped vesicular mem-
brane formation (44). Indeed, it has been shown that oleic acid
and its derivatives can incorporate into cell membranes and mod-
ulate biophysical properties of membrane structure (45). Simi-
larly to BMV, HCV may hijack �-9 fatty acid desaturase to induce
the proper membrane platform for RNA replication. Taken to-
gether, these data indicate that membrane fluidity and plasticity
supported by monounsaturated fatty acids are critical for the
membrane association of RNA virus replication.

We next verified the physical association of SCD1 with HCV
nonstructural proteins by immunoprecipitation. Moreover,
SCD1 colocalized with HCV dsRNA as well as with nonstructural
proteins. The membrane flotation assay and protease protection
assay further confirmed that SCD1 is cofractionated with HCV
replication complex on the lipid raft, indicating that SCD1 is in-
deed involved in HCV replication. Although SCD1 appeared to be
more resistant to detergent than calnexin, SCD1 was enriched in
the detergent-resistant membrane fraction in HCV-infected cells
(Fig. 5E). We further demonstrated that both siRNA-mediated
knockdown and pharmacological inhibition of SCD1 remarkably
reduced both NS5A and NS4B protein levels in detergent-resistant
membrane fractions (Fig. 6). Indeed, knockdown of SCD1 signif-

FIG 6 SCD1 recruits both NS5A and NS4B proteins and enriches them on the detergent-resistant membrane fraction. (A) Huh7.5 cells were transfected with
either negative siRNA or siRNA targeting SCD1 for 24 h. Cells were then further transfected with Myc-tagged NS5A for 48 h. Total cell lysates were separated into
either detergent-soluble or detergent-resistant membrane fractions as described in Materials and Methods. Cell lysate, detergent-soluble (DS), and detergent-
resistant (DR) membrane fractions were analyzed by immunoblot analysis with the indicated antibodies. (B) Huh7.5 cells were treated with SCD1 inhibitor for
24 h. Cells were then transfected with Myc-tagged NS4B and incubated for 48 h in the presence of SCD1 inhibitor. Cell lysate, detergent-soluble (DS), and
detergent-resistant (DR) membrane fractions were analyzed as described for panel A.
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icantly reduced NS4B-mediated membrane rearrangements (Fig.
7). Recently, it has been reported that the overexpression of NS5A,
but not NS4B, induced double membrane vesicles which could
harbor the active HCV replication complex (36, 37). Membra-
nous webs are complex heterogeneous structures, and although
NS5A-induced double membrane vesicles appear to be sites of
HCV replication, the NS4B-induced single membrane vesicles are
part of the membranous web and may contribute to biogenesis of
double membrane vesicles and HCV replication. Indeed, the C-
terminal domain in NS4B played a crucial role in self-interaction
and the formation of the functional HCV membranous web; thus,
mutations on this conserved C-terminal domain caused defective
replication (46). Moreover, the kinetic study of nonstructural
NS3-5B-overexpressing cells showed that early membrane rear-
rangement might serve as a platform for the later formation of
double membrane vesicles (46). This observation is in agreement
with our finding that SCD1 plays an essential role in NS4B-in-
duced membrane rearrangements. It has been also reported that
oleic acid could enhance the protein-membrane association in
vivo (47), and membrane fluidity contributed by unsaturated
chains of phospholipids modulated protein-protein interaction

(48). Thus, membrane fluidity and plasticity supported by enzyme
products of SCD1 might facilitate heterotypic interactions be-
tween NS4B and other HCV nonstructural proteins or host cellu-
lar proteins to induce proper membrane rearrangements which
are essential for the formation of HCV replication complex. How-
ever, detailed mechanisms at the molecular level may merit fur-
ther investigations.

While the present work was in review, Lyn et al. (49) reported
that inhibition of SCD1 disrupted the integrity of membranous
HCV replication complexes and rendered HCV RNA susceptible
to nuclease-mediated degradation. In their report, the authors
examined a series of SCD1 inhibitors as probes for HCV-induced
membrane alterations. Together with their findings, we showed
that unsaturated fatty acids play an important role in membrane
curvature and fluidity and thus that inhibition of SCD1 negatively
modulates HCV replication. Moreover, we extensively analyzed
the functional roles of SCD1 in HCV propagation by both genetic
and chemical interference. We verified that SCD1 enriched HCV
NS4B and NS5A proteins on the lipid raft. Meanwhile, HCV in-
fection increased the SCD1 protein level at detergent-resistant
membranes, providing a suitable microenvironment for HCV

FIG 7 Knockdown of SCD1 impairs NS4B-induced membrane rearrangement. (A) Huh7.5 cells were transfected with the indicated siRNAs. At 24 h after
transfection, cells were further transfected with Myc-tagged NS4B for 48 h. Cells were then fixed and processed for immunofluorescence assay with Myc-tagged
NS4B antibody (green). Cells were counterstained with DAPI to label nuclei (blue) (upper panel). Bars, 5 �m. (Lower left panel) NS4B staining pattern of either
cytoplasmic dispersed foci or perinuclear large foci was quantitated in 30 randomly selected NS4B-positive cells and presented as percentage. (Lower right panel)
Protein expressions were confirmed by immunoblot analysis with the indicated antibodies. (B) Huh7.5 cells were transfected with either negative siRNAs or
SCD1 siRNAs. At 48 h after transfection, cells were further transfected with Myc-tagged NS4B expression plasmid for 36 h. Cells were then fixed and processed
for electron microscopy analysis. The dark square boxes from upper panels are enlarged with higher magnification and presented in lower panels. N, nucleus; M,
mitochondria; ER, endoplasmic reticulum; SMV, single membrane vesicle. Bars, 2 �m (upper) and 500 nm (lower), respectively. (C) Immunogold electron
microscopy was performed to verify the presence of NS4B in the membranous web structures as described in Materials and Methods. Arrows indicate
immunogold particles of NS4B. N, nucleus; M, mitochondria; ER, endoplasmic reticulum; SMV, single membrane vesicle; LD, lipid droplet. Bars, 1 �m.
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replication. We further showed that enzyme activity of SCD1 was
required for HCV propagation. Indeed, an siRNA-resistant histi-
dine mutant was unable to resurrect the HCV replication in SCD1
knockdown cells. Meanwhile, HCV replication in SCD1 knock-
down cells was recovered by supplementation with the product of
SCD1. These data indicate that the activity or product of SCD1
mainly contributes to the HCV replication. However, we cannot
rule out the importance of physical function of SCD1. We specu-
late that HCV nonstructural proteins may tether SCD1 to the
HCV replication complex, where desaturase activity of SCD1 con-
tributes to rearrangements of intracellular membranes to serve as
a scaffold for efficient HCV replication. Indeed, we showed that
knockdown of SCD1 significantly reduced NS4B-mediated mem-
brane rearrangements. Taken together, we demonstrate that
SCD1 is an essential host factor required for HCV propagation
and, thus, that modulation of SCD1 activity could be an alterna-
tive strategy to develop a novel host-targeted antiviral agent for
the treatment of HCV infection.
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