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ABSTRACT Some plus-stranded RNA viruses generate double-membrane vesicles
(DMVs), one type of the membrane replication factories, as replication sites. Little is
known about the lipid components involved in the biogenesis of these vesicles.
Sphingomyelin (SM) is required for hepatitis C virus (HCV) replication, but the mech-
anism of SM involvement remains poorly understood. SM biosynthesis starts in the
endoplasmic reticulum (ER) and gives rise to ceramide, which is transported from
the ER to the Golgi by the action of ceramide transfer protein (CERT), where it can
be converted to SM. In this study, inhibition of SM biosynthesis, either by using
small-molecule inhibitors or by knockout (KO) of CERT, suppressed HCV replication
in a genotype-independent manner. This reduction in HCV replication was rescued
by exogenous SM or ectopic expression of the CERT protein, but not by ectopic ex-
pression of nonfunctional CERT mutants. Observing low numbers of DMVs in stable
replicon cells treated with a SM biosynthesis inhibitor or in CERT-KO cells transfected
with either HCV replicon or with constructs that drive HCV protein production in a
replication-independent system indicated the significant importance of SM to DMVs.
The degradation of SM of the in vitro-isolated DMVs affected their morphology and
increased the vulnerability of HCV RNA and proteins to RNase and protease treat-
ment, respectively. Poliovirus, known to induce DMVs, showed decreased replication
in CERT-KO cells, while dengue virus, known to induce invaginated vesicles, did not.
In conclusion, these findings indicated that SM is an essential constituent of DMVs
generated by some plus-stranded RNA viruses.

IMPORTANCE Previous reports assumed that sphingomyelin (SM) is essential for
HCV replication, but the mechanism was unclear. In this study, we showed for
the first time that SM and ceramide transfer protein (CERT), which is in the SM
biosynthesis pathway, are essential for the biosynthesis of double-membrane
vesicles (DMVs), the sites of viral replication. Low numbers of DMVs were ob-
served in CERT-KO cells transfected with replicon RNA or with constructs that
drive HCV protein production in a replication-independent system. HCV replica-
tion was rescued by ectopic expression of the CERT protein, but not by CERT
mutants, that abolishes the binding of CERT to vesicle-associated membrane
protein-associated protein (VAP) or phosphatidylinositol 4-phosphate (PI4P), indi-
cating new roles for VAP and PI4P in HCV replication. The biosynthesis of DMVs
has great importance to replication by a variety of plus-stranded RNA viruses.
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Understanding of this process is expected to facilitate the development of diag-
nosis and antivirus.

KEYWORDS sphingomyelin, ceramide transfer protein, double-membrane vesicles,
hepatitis C virus, phosphatidylinositol 4-phosphate, replication, vesicle-associated
membrane protein-associated protein

Hepatitis C virus (HCV) is among the most important human pathogens and is
capable of causing chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma

(HCC) (1). Worldwide, HCV prevalence is estimated at 2.5% of the general population,
given that the virus is believed to infect 177 million people around the globe (2). HCV
is a plus-stranded RNA virus that is classified into 7 recognized genotypes (3). The virus
belongs to the genus Hepacivirus of the Flaviviridae family, a family that includes
flaviviruses (such as Zika virus, dengue virus [DENV], yellow fever virus, and tick-borne
encephalitis virus), and animal pestivirus genera (such as bovine viral diarrhea virus) (4).

Plus-stranded RNA viruses depend on cellular membranes in all steps of the viral life
cycle (5). These viruses, including HCV, share the characteristic of remodeling intracel-
lular membranes in order to create membrane replication factories or replication
organelles, which are vesicles where viral RNA replication occurs (6–8). These vesicles
not only represent the site of viral replication but also act as one of the strategies of
viral immune evasion mechanisms, shielding the viral RNA from cellular innate immune
sensors (9–11). Electron microscopic investigations have defined the membrane repli-
cation factory or vesicle as a complex structure of remodeled membranes with negative
and positive curvatures; these vesicles exhibit little similarity to the parental organelles
from which the factories are remodeled (5, 12–14). Almost all of the intracellular
membranes in eukaryotic cells, including the endoplasmic reticulum (ER), the Golgi, the
outer membrane of the mitochondria, and the peroxisomal membranes, represent
substrates for the biosynthesis of membrane replication factories induced by plus-
stranded RNA viruses (5). These vesicles exist in two different morphological types, the
invaginated vesicle/spherule type and the double-membrane vesicle (DMV) type. In-
fection by HCV, picornaviruses, and coronaviruses leads to the formation of DMVs,
whereas infection by DENV and West Nile virus (WNV) induces the formation of
invaginated vesicles (15). The differences from their parental organelles reflect changes
in both structure and in protein and lipid composition (5).

Lipids represent the major macromolecule responsible for the unique physical
properties of different membranes, which include permeability, fluidity, and bending
characteristics (16). Sphingomyelin (SM) is among the most common sphingolipids in
many mammalian cells and tissues; SM plays significant structural and functional roles
in mammalian cells through the generation of lipid rafts, participation in cell signaling
pathways, and membrane homeostasis and curvature (17–19). SM is also involved in
many viral infections, such as those by Ebola virus (20), human immune deficiency virus
(HIV) (21), Japanese encephalitis virus (22), rabies virus (23), and bovine viral diarrhea
virus (24). SM plays several roles in the HCV infection cycle, including in the replication,
morphogenesis, and egress steps (25, 26). As indicated in Fig. 1A, SM is biosynthesized
in the ER by two different pathways, the de novo and salvage pathways. Both pathways
yield ceramide. The ceramide transfer protein (CERT) is responsible for extracting
ceramide from the ER and carrying this compound to the Golgi apparatus in a
nonvesicular manner; the efficient CERT-mediated trafficking of ceramide occurs at
membrane contact sites between the ER and the Golgi apparatus (27). In the Golgi,
ceramide is converted to SM by the sphingomyelin synthase (SGMS) enzyme. Within
the CERT protein, three sites are known to be important for CERT’s ability to transfer
ceramide from the ER to the Golgi. The START domain is responsible for extracting
ceramide from the ER membrane and transferring the compound to membranes of the
Golgi. Two other CERT domains contribute to START function. The first, the FFAT motif,
directs CERT to the ER by binding to the ER-resident vesicle-associated membrane
protein-associated protein (VAP); the second, the PH domain, targets ceramide to the
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Golgi membrane by binding to phosphatidylinositol 4-phosphate (PI4P) on the surface
of the Golgi apparatus (27, 28). While the function of CERT in SM synthesis, including
the involvement of SM in binding and activation of RNA-dependent RNA polymerase of
some HCV genotypes (29), has been detailed in multiple reports, the role of CERT
and/or SM in HCV replication remains unclear.

Despite extensive progress in the molecular characterization of HCV replication and
the accumulation of an increasing list of host factors necessary for HCV replication, the
structure of the membrane replication factories or vesicles and the cooperative action
between HCV proteins and host factors to remodel the ER membranes, the parental
organelle of DMVs, remain poorly characterized (6, 8, 12, 15, 30). Although the impor-
tant requirement of SM in HCV replication has been reported previously, it remains
unclear whether SM is an essential component of the functional membrane replication
factories. In the present study, we sought to analyze the importance of SM in the
biogenesis of the functional membrane replication factories. Specifically, we provide

FIG 1 (Continued)
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FIG 1 Treatment with small-molecule inhibitors of SM biosynthesis decreases HCV replication in SGR cells
and HCV-infected cells. (A) Schematic representation of SM biosynthesis pathways. SM biosynthesis starts
in the ER and proceeds by either of two pathways, the de novo pathway or the salvage pathway. Both

(Continued on next page)
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several lines of evidence demonstrating the essential role of SM in the biosynthesis of
DMVs induced by HCV infection. We also show that SM is required for the replication
of poliovirus, which is known to generate DMVs. This investigation will serve as a
cornerstone for the future analysis of a lipid host factor in the biogenesis of membrane
replication factories induced by various plus-stranded RNA viruses. Based on our
findings, we suggest that the DMV, a structure unique to cells infected by positive-
stranded RNA viruses, may serve as a target for viral diagnosis, prognosis, and thera-
peutics.

RESULTS
SM biosynthesis inhibitors reduce HCV replication in concentration-dependent

and genotype-independent manners. We and others have previously shown that
HCV replication occurs in lipid raft-like membranes enriched for cholesterol and SM
(31–34). To analyze the importance of SM in HCV replication and the biogenesis of
membrane replication factories, we used two different methods to inhibit the SM
biosynthesis pathways, either by using well-known small-molecule inhibitors of SM
biosynthesis pathways or by establishing CERT knockout (CERT-KO) cells.

We used three different inhibitors of SM biosynthesis pathways (including myriocin,
fumonisin B1, and D609) to assess the importance of SM to HCV replication, as in
previous studies (25, 35). Myriocin, a well-known inhibitor of the serine palmitoyltrans-
ferase enzyme that inhibits the de novo pathway (36), reduced HCV replication, as
analyzed using the luciferase assay, in Huh7.5.1-8 human hepatocellular carcinoma cells
(37) harboring the genotype-1b subgenomic replicon (SGR) (LucNeo#2; here desig-
nated LN#2) (38), in a dose-dependent manner (Fig. 1B, left). The effect of myriocin on
HCV replication, analyzed by luciferase assay, was confirmed by quantification of HCV
RNA copy number (Fig. 1B, middle) and was further shown to have no significant effect
on cell viability (Fig. 1B, right). Fumonisin B1, a potent inhibitor of (dihydro) ceramide
synthases that inhibits both the de novo and salvage pathways (39), suppressed HCV
replication as measured by luciferase activity (Fig. 1C, left). This reduction in HCV
replication was comparable to that observed with D609 (Fig. 1D, left), the only
commercially available compound that directly inhibits SGMS. As with myriocin, the
effects of fumonisin B1 and D609 on replication were confirmed by quantification of
HCV RNA copy number using real-time reverse transcription-PCR (RT-PCR) (Fig. 1C and
D, middle panels), and the effect exerted by both compounds was not due to cellular
toxicity (Fig. 1C and D, right panels). Lovastatin, a known inhibitor of both cholesterol

FIG 1 Legend (Continued)
pathways yield ceramide, which then is transported from the ER into the Golgi by the CERT. Within the
Golgi, ceramide is converted to SM by the activity of the SM synthases. The steps blocked by each of the
following three SM biosynthesis inhibitors tested in the present study (to analyze the role of SM in HCV
replication) are indicated: myriocin (inhibitor of the de novo pathway), fumonisin B1 (inhibitor of both the
de novo and salvage pathways), and D609 (a direct, and the sole commercially available, inhibitor of SM
synthases). (B to E) LN#2 cells were treated for 72 h with vehicle (indicated as zero) or the indicated
concentrations of (B) myriocin, (C) fumonisin B1, (D) D609, or (E) lovastatin (a known inhibitor of cholesterol
biosynthesis; used here as a control); the effects on replication then were determined by measurement of
luciferase activities (left panels) and by quantification of HCV-RNA copy number by real-time RT-PCR
(middle panels), in which the HCV-RNA copy number was normalized to 1 �g total RNA. Fold changes in
HCV replication were calculated by dividing relative luciferase unit (RLU) values at 72 h by those at 4 h; the
results were normalized to those of the control. Cell viability was evaluated using a Cell TiterGlo lumines-
cent cell viability assay (right panels). (F and G) JFH1/SGR were treated for 96 h with the indicated
concentrations of (F) fumonisin B1 or (G) D609, and the effects on replication were then determined by
measurement of luciferase activities (left panels) and by quantification of HCV-RNA copy number by
real-time reverse transcription-PCR (RT-PCR) (middle panels), in which RNA copy number was normalized to
1 �g of total RNA. Cell viability was evaluated using a Cell TiterGlo luminescent cell viability assay (right
panels). (H) Huh7.5.1-8 cells were infected with cell culture-derived infectious HCVcc at a multiplicity of
infection (MOI) of 0.1 after pretreatment for 24 h with the indicated concentrations of the various SM
biosynthesis inhibitors, including myriocin (left), fumonisin B1 (right), and D609 (right). Intracellular HCV
RNA copy number then was analyzed by real-time RT-PCR and normalized to 1 �g total RNA. HCV protein
levels were analyzed by Western blot (WB) using anti-NS5A rabbit polyclonal antibodies (H, lower panels).
Values were obtained from quadruplicate wells in at least three independent experiments and are
presented as means � standard deviations (SDs). ***, P � 0.005; *, P � 0.05 (two-sided Student’s t test).

Sphingomyelin Is Essential for the HCV Replication Factory Journal of Virology

December 2020 Volume 94 Issue 23 e01080-20 jvi.asm.org 5

https://jvi.asm.org


biosynthesis (specifically of 3-hydroxy-3-methylglutaryl coenzyme A [HMG-CoA] reduc-
tase) and HCV replication, as it is required for the stability of DMVs (15, 40), was used
as a positive control. As expected, lovastatin yielded a dose-dependent decrease in HCV
replication when assessed by luciferase activity or real-time RT-PCR (Fig. 1E, left and
middle), again with no significant effect on cell viability (Fig. 1E, right). To further
confirm these results and to test if the compounds have pangenotypic suppression
activity of HCV replication the effects of fumonisin B1 and D609 on replication were
tested using Huh7.5.1-8 cells (37) harboring the genotype-2a SGR derived from HCV
strain JFH1 (SGRlucneo; designated JFH1/SGR) (41). Fumonisin B1 and D609 yielded a
decrease in luciferase activity (Fig. 1F and G, left panels) and in HCV RNA copy number
(Fig. 1F and G, middle panels), without showing significant toxic effects on the cells (Fig.
1F and G, right panels). To confirm the effects of myriocin (Fig. 1H, left), fumonisin B1
(Fig. 1H, middle), and D609 (Fig. 1G, right) on HCV-infected cells, JFH1-infected
Huh7.5.1-8 cells were treated with each of the inhibitors starting at 24 h before
infection, and the effect on HCV replication was monitored by real-time RT-PCR (Fig. 1H,
upper panels) and Western blotting (WB) (Fig. 1H, lower panels). The results of the
infection experiments of infectious cell culture-produced HCV/JFH1 (HCVcc) were
consistent with those seen with the replicon cell lines.

CERT-KO cells show significant decreases in both SM level and HCV replication.
To further analyze the role of SM in HCV replication, a CRISPR/Cas9 system was used to
generate CERT-KO cells. Five different CERT-KO clones were obtained, either by inser-
tion or deletion of sequences in exon 1 or 2; frameshift mutations were detected in
both CERT alleles of each clone (Fig. 2A). All five CERT-KO clones showed significant
reductions of SM levels as detected using 14C-serine metabolic labeling and thin-layer
chromatography (TLC) (Fig. 2B) and complete disappearance of CERT protein expres-
sion as assessed by WB analysis (Fig. 2C, lower). Replication of HCV in the five different
CERT-KO clones was analyzed by both measurement of luciferase activities (Fig. 2C,
upper) and WB analysis (Fig. 2C, lower) after transfection of these cells with in
vitro-transcribed JFH1/SGR. HCV replication was significantly reduced in all CERT-KO cell
clones compared that in to Huh7.5.1-8 cells (the parental cell line from which CERT-KO
cell clones were derived). To ensure that the observed effect was not due to differences
in transfection efficiencies, we quantified firefly luciferase and Renilla luciferase activity
at 4 h posttransfection. No significant effect on luciferase activities was observed,
suggesting similar transfection efficiencies in different cells used in this experiment (Fig.
2D and E).

Since different CERT-KO clones gave similar results and to simplify the experimental
setup, clone 7 was selected for further analysis and will be referred to here as “CERT-KO
cells.” To follow the kinetics of HCV replication in CERT-KO cells, we monitored HCV
replication at different time points after electroporation with in vitro-transcribed JFH1/
SGR RNA. Measurement of luciferase activity showed a decrease in HCV replication at
all tested time points compared to that in parental Huh7.5.1-8 cells (Fig. 2F, left) with
no significant effect on cell viability (Fig. 2F, right). The reduction in HCV replication was
further confirmed by infection of both cell lines, CERT-KO clone 7 cells and Huh7.5.1-8
cells, with HCVcc and by subsequently following HCV-RNA over time by real-time
RT-PCR (Fig. 2G, left); again, no significant effects on cell viability were observed
(Fig. 2G, right).

Ectopic expression of CERT protein and exogenous SM supply rescue replica-
tion in CERT-KO cells. It has been reported that ectopic expression in CERT-defective
cells of CERT mutant proteins (harboring mutations in either the FFAT or PH domains)
at levels matching the endogenous expression results in impairment of ER-to-Golgi
trafficking of ceramide (28) while enhancing the frequency of random ceramide transfer
(27). To test whether impairment of ceramide trafficking to the Golgi would affect HCV
replication, we generated mutant CERT genes encoding proteins harboring either of
the following two mutations in CERT: ΔFFAT (d321-327), a deletion mutation that
abolishes the binding of CERT to the ER-resident protein VAP, and the G67E mutation,
which abolishes the PI4P-binding capacity of the PH domain, consequently impairing
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ER-Golgi transport of ceramide (27). First, CERT-KO cells were transfected with CERT-wt
(that is, the wild-type protein), the G67E, or the ΔFFAT (d321-327) mutant with the G418
resistance gene, and were cultured in G418-containing medium to establish cell lines
that stably express wild or mutant CERT (Fig. 3A). CERT expression levels in these
CERT-KO cells were much higher than those of endogenous CERT expression. HCV
replication was fully restored in wild-type and mutant (d321-327) CERT cells. CERT
mutants, when strongly overexpressed, are known to substantially support ceramide
transport from the ER to sphingomyelin production (28). Therefore, the expression
levels of wild or mutant CERT had to match that of endogenous CERT. As shown in

FIG 2 (Continued)
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Fig. 3A, establishing such cell lines by G418 selection was difficult. Then, various
concentrations of lentivirus were used to establish cell lines with different levels of
wild/mutant CERT expression (data not shown). Cell lines with CERT expression levels
similar to that of endogenous CERT were selected for subsequent experiments (Fig. 3B).
CERT-KO cells expressing CERT-wt showed significant restoration of HCV replication
compared to a CERT-KO cell line transformed with an empty vector, while expression
of the G67E and ΔFFAT (d321-327) mutant genes did not rescue viral replication (Fig.
3B, left). Notably, infection with lentivirus alone restored HCV replication (Fig. 3B, left).
It was confirmed that overexpression of CERT-wt rescued SM biosynthesis (Fig. 3B,
right). We also analyzed the rescue of HCV replication in CERT-KO cells grown in
medium supplemented with various types of SM. Supplementation of CERT-KO cells

FIG 2 HCV replicates at significantly lower levels in CERT-KO cells. (A) Using a CRISPR/Cas9 system, two different
sequences were used to generate CERT-KO cells from Huh7.5.1-8 parent cells. CRISPR-CERT v1 and its PAM sequence
targeted exon 2 (upper), while CRISPR-CERT v2 and its PAM sequence targeted exon 1 (lower). The sequence alignments
show exon 2 of the gene encoding the wild-type protein (CERT-wt) aligned with the gene sequences recovered
from CERT-KO clones 1, 5, 7, and 11 (upper) and exon 1 of the gene encoding CERT-wt aligned with the gene
sequences recovered from CERT-KO clone 2 (lower panel). The observed nucleotide insertions (gray letters or �
signs) or deletions (frame shifts; gray � signs) in either both CERT alleles (clones 1, 5, and 7) or one CERT allele
(clones 11 and 2) are indicated. (B) The levels of SM were analyzed by TLC after 14C-serine metabolic labeling in
each of the CERT-KO clones and in the parental Huh7.5.1-8 cells (Cont). The bands corresponding to SM and other
labeled lipid species, including glucosylceramide (GlcCer), phosphatidylethanolamine (PE), and phosphatidylserine
(PS), are indicated. (C to E) The parental Huh7.5.1-8 cells (Cont) and the five CERT-KO clones each were
electroporated with the combination of 10 �g of in vitro-transcribed JFH1/SGR RNA and 1 �g of in vitro-transcribed
Renilla luciferase-encoding RNA (as an internal control); HCV replication was then analyzed by measuring luciferase
activities at 4 and 72 h posttransfection. Fold changes in HCV replication were calculated by dividing RLU values
at 72 h by those at 4 h; the results were normalized to those of the control (Cont; upper). In parallel, HCV replication
was analyzed in transfected Huh7.5.1-8 and CERT-KO cells by measuring HCV protein expression by analysis with
WB with anti-NS5A antibodies. CERT protein expression levels also were analyzed using anti-CERT antibodies
(lower). Blotting with anti-�-actin antibodies was performed to normalize protein loading. At 4 h postelectropo-
ration, (D) firefly luciferase activities and (E) Renilla luciferase activities in the cell lysates were measured to assess
transfection and translation efficacies. (F) Both Huh7.5.1-8 and CERT-KO clone 7 were electroporated with 10 �g
JFH1/SGR RNA, and luciferase activities were measured at 4, 24, 48, and 72 h posttransfection; fold changes (left)
were calculated as in panel C. Cell viability was evaluated using a Cell TiterGlo luminescent cell viability assay
(right). (G) Both Huh7.5.1-8 and CERT-KO clone 7 were infected with HCVcc at a multiplicity of infection (MOI) of
0.1; intracellular HCV RNA levels then were analyzed by real-time RT-PCR at 24, 48, and 72 h postinfection. RNA copy
numbers were normalized to 1 �g total RNA (left). Cell viability was evaluated using a Cell TiterGlo luminescent cell
viability assay (right). Values were obtained from quadruplicate wells in at least three independent experiments and
are presented as means � SDs. ***, P � 0.005 (two-sided Student’s t test).
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with N-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-sphingosine-1 phospho-
choline (C6-SM) partially restored HCV replication, while supplementation with milk and
egg SMs, supplied as mixtures of SMs that are purified from milk and egg, respectively,
did not significantly restore replication (Fig. 3C, left); none of these SM sources had
significant effects on cell viability at the used concentrations (Fig. 3C, right). Note that
egg-SM has a mixture of SMs with fatty acid compositions of 16:0, 18:0, 22:0, and 24:1,
while milk-SM has a mixture of SMs with fatty acid compositions of 16:0, 22:0, 23:0, 24:0,

FIG 3 (Continued)
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FIG 3 Analyzing HCV replication after production of CERT protein or exogenous SM supplementation in CERT-KO
cells. (A) CERT-KO cells were transfected with CERT as the intact protein (CERT-wt), as a mutant lacking PI4P binding

(Continued on next page)
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and 24:1. Use of N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3 pen-
tanoyl) sphingosyl phosphocholine (SM-BODIPY) restored the replication of the HCV
replicon RNA in CERT-KO cells as assessed by luciferase levels (Fig. 3D, left), NS5A
protein accumulation (Fig. 3E), and double-stranded RNA (dsRNA; a mediator and
indicator of HCV replication) signal (Fig. 3F), and also permitted us to show that SM was
colocalized with both NS5A and dsRNA (Fig. 3E and F, respectively) in both Huh7.5.1-8
cells and CERT-KO cells. In contrast, HCV replication was difficult to detect in untreated
CERT-KO cells.

Inhibition of SM biosynthesis in CERT-KO cells decreases the number of repli-
cation vesicles. In the above-described work, we showed that SM is necessary for HCV
replication. In previous work, we and others have reported that HCV replication occurs
in lipid raft-associated membranes enriched for cholesterol and SM (31, 32). Several
previous reports hypothesized that cholesterol, the partner of SM in lipid rafts, is
required for the stability of DMVs, a major site of viral replication (15, 40). Other papers
have shown that inhibition of SM biosynthesis by serine palmitoyltransferase inhibitors
suppresses HCV replication (29, 35, 42, 43), but there is no evidence of the importance
of SM for the biosynthesis of membrane replication factories. To investigate the
importance of SM for DMV formation, we performed analysis using a transmission
electron microscope (TEM). The numbers and sizes of DMVs in JFH1/SGR cells treated
with D609 were determined and compared to the same parameters in untreated
control cells. As shown in Fig. 4A, the numbers of DMVs were significantly decreased in
D609-treated cells compared to those in cells subjected to the control treatment.
Similar results were obtained in CERT-KO cells compared to control cells (Fig. 4B). As
shown in Fig. 4C, the numbers of DMVs of various sizes, especially those of 100 to
200 nm in diameter, were significantly decreased in CERT-KO cells compared to control
cells.

To confirm that the reduced numbers of DMVs are a direct result of SM inhibition
and not a consequence of the suppression of HCV replication, a replication-
independent system for HCV protein expression was used to induce DMV formation. As
shown in Fig. 4D, Huh7.5.1-8 cells and CERT-KO cells showed comparable levels of

FIG 3 Legend (Continued)
(CERT-G67E), or as a mutant lacking VAP binding [CERT-(d321-327)], and with pEF321swxneo containing the G418
resistance gene, and were cultured in G418-containing medium. Cells were seeded in 24-well plates and trans-
fected with JFH1/SGR RNA, and luciferase activities were measured at 4 h and 72 h. Fold changes in HCV replication
were calculated as in Fig. 2C, and the results were plotted as a percentage of control. CERT expression was analyzed
by WB using anti-CERT antibodies. (B) Lentiviruses were constructed in 293T cells either as empty virus (mock
control) or encoding CERT-wt, CERT-G67E, or CERT-(d321-327). Spent medium from each line (i.e., containing each
of the viruses) was collected and titrated for viral number; equalized titers were used to infect Huh7.5.1-8 (empty
virus only) and CERT-KO cells (empty and CERT protein-encoding viruses). The infected cells were selected on G418
for approximately 2 weeks. Then, cells were seeded in 24-well plates and transfected with JFH1/SGR RNA, and
luciferase activities were measured at 4 h and 72 h. Fold changes in HCV replication were calculated as in Fig. 2C,
and the results were plotted as a percentage of control. CERT expression was analyzed by WB using anti-CERT
antibodies (left). The levels of SM were analyzed by TLC after 14C-serine metabolic labeling in the indicated
conditions (right panel). (C) Huh7.5.1-8 cells and CERT-KO cells were incubated for 48 h with ethanol (indicated as
zero) or with the indicated SM types, including milk-SM, egg-SM, or C6-SM. Then either mock-treated or treated
CERT-KO cells or mock-treated Huh7.5.1-8 cells were electroporated with JFH1/SGR RNA and luciferase activities
were measured at 4 and 48 h; fold changes were calculated as in Fig. 2D (C, left). Cell viability was evaluated using
a Cell TiterGlo luminescent cell viability assay (C, right). (D, E, and F) Huh7.5.1-8 cells and CERT-KO cells were
electroporated with JFH1/SGR RNA, and then the transfected Huh7.5.1-8 cells or CERT-KO cells were treated with
0.02% ethanol [SM(�)] or 1 �M N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3 pentanoyl) sphingosyl
phosphocholine (SM-BODIPY [SM(�)]). (D) HCV replication activities were analyzed as for panel B, including
measurement and analysis of luciferase activities at 4 and 48 h posttransfection (D, left) and determination of cell
viability (D, right). (E) Cells were fixed, and viral replication complexes were stained with fluorescently labeled
anti-NS5A antibodies (red); nuclei were stained with 4=,6-diamidino-2-phenylindole (DAPI; blue). The SM was
localized by the use of SM-BODIPY (green). (F) Cells were fixed, and viral replication complexes were stained with
fluorescently labeled anti-dsRNA (a mediator and indicator of HCV replication) antibodies (red); nuclei were stained
with DAPI (blue). The panels on the left present low-magnification overviews; the boxed areas are enlarged in the
corresponding panels on the right. Quantities for the degree of colocalization (overlapping area/red area) are given
at the top of the enlarged pictures and are indicated as means � SDs. Values were obtained from quadruplicate
wells in at least three independent experiments and are presented as means � SDs. ***, P � 0.005; **, P � 0.01; *,
P � 0.05 (two-sided Student’s t test).
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FIG 4 Effect of inhibition of SM biosynthesis by either D609 or in CERT-KO cells on the number of induced
membrane replication vesicles. (A) JFH1/SGR were treated with D609 (150 �M), and after 72 h, cells were
examined using transmission electron microscopy (TEM). (B) Huh7.5.1-8 cells and CERT-KO cells were

(Continued on next page)
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protein expression when assessed for luciferase activity (Fig. 4D, upper) or for NS5A
expression by WB analysis (Fig. 4D, lower). As shown in Fig. 4E, the numbers of DMVs
induced in CERT-KO cells were significantly decreased compared to those in control
Hu7.5.1-8 cells.

Degradation of SM into ceramide by sphingomyelinase causes deformation
and shrinkage of DMVs. Another approach to analyzing the importance of SM in the
biosynthesis of DMVs was to analyze the effect on DMV morphology and function of
degradation of SM. We first isolated vesicles by detergent treatment and membrane
flotation. As previously reported, the HCV RNA replication complex is associated with
detergent-resistant membranes (DRMs) known as lipid rafts. As expected, immunoblot-
ting analysis (Fig. 5A) showed that caveolin 2, a marker of the DRM fraction, cofrac-
tionated in the top fraction (fraction 1) with NS5A, a marker of the HCV replication

FIG 4 Legend (Continued)
electroporated with JFH1/SGR RNA and analyzed by TEM at 48 h. (C) The numbers and sizes of the
membrane vesicles in the boxed areas were quantified and plotted. Values were obtained from three
samples and represent means � SDs. (D and E) Huh7.5.1-8 cells and CERT-KO cells were infected with
AdexCAT7, a recombinant adenovirus encoding the bacteriophage T7 RNA polymerase, and Huh7.5.1-8
cells were infected with AdexCAwt, a mock virus containing the promoter sequence but lacking the gene
encoding the T7 RNA polymerase. All cells then were transfected with pSGRlucneoGND, an HCV construct
that encodes a mutant NS5B protein harboring a GND-inactivating mutation. (D) At 3 days posttransfection,
accumulation of NS5A protein was analyzed by WB using anti-NS5A antibodies (lower); luciferase activities
were measured and analyzed as in Fig. 2C (upper), and (E) cells were fixed and examined by TEM.

FIG 5 Effect of degradation of SM by sphingomyelinase (SMase) on the morphology of DMVs. JFH1/SGR cell lysates
were treated with 1% Triton X-100 for 60 min on ice and fractionated by discontinuous sucrose gradient
centrifugation. (A) Equal volumes of the recovered concentrated fractions were analyzed by WB using antibodies
against NS5A, calnexin, or caveolin 2. Fractions are numbered from 1 to 9 in order from top to bottom. (B) The DRM
fraction (fraction 1) from the experiment shown in panel A was subjected to SMase treatment (10 U/ml) and
examined using TEM. Representative DMVs and deformed vesicle membrane structures are shown. (C) In the
control or SMase-treated fractions, the percentages and diameters of DMVs (left) and deformed (Def.) vesicles
(right) were determined for 200 membrane structures in each and plotted as a percentage of the total number of
vesicles.
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complex; in contrast, calnexin, a marker of the detergent-soluble membrane (DSM)
fraction, localized primarily in the bottom fractions (fractions 7, 8, and 9).

Observation of the DRM fraction by transmission electron microscopy (TEM) re-
vealed vesicles with the known DMV morphology (Fig. 5B, left panels). On the other
hand, degradation of SM into ceramide by treatment with sphingomyelinase (SMase)
caused deformation and shrinkage of these DMVs (Fig. 5B right panels). After counting
the DMVs and measuring their diameters, we observed that a significant percentage of
the DMVs had a mean diameter of 100 to 200 nm (Fig. 5C, left), whereas after SMase
treatment, most of the DMVs disappeared; deformed membranes with a mean diam-
eter of less than 100 nm become the predominant structure (Fig. 5C, right). These data
suggested that SMase treatment caused deformation as well as shrinkage of the DMVs.

SMase treatment of DRM fraction increases the sensitivity of HCV RNA and
proteins to RNase and protease treatment, respectively, and inhibits active rep-
lication. HCV-induced membrane replication factories have been reported to protect
viral RNA and proteins involved in the replication complex from degradation by cellular
nucleases and proteases, respectively (40, 44). Indeed, the degradation of SM in the
DRM fraction (isolated in Fig. 5A) by SMase increased the sensitivity of NS5A to protease
treatment (Fig. 6A) and the sensitivity of HCV RNA to RNase treatment (Fig. 6B). Active
replication of HCV in the isolated replication complex was inhibited by SMase treat-
ment; the degree of inhibition was comparable to that observed with the positive-
control treatment, methyl-�-cyclodextrin (�-CD), a compound known to extract cho-
lesterol from the membranes (Fig. 6C).

Replication of poliovirus is downregulated in CERT-KO cells, while that of DENV
is upregulated. As seen with HCV, replication of a poliovirus replicon was decreased at
all tested time points (Fig. 7A, left) in CERT-KO cells compared to that in Huh7.5.1-8 cells

FIG 6 Effect of degradation of SM content by SMase on the sensitivity of HCV RNA and proteins to RNase and
protease treatment, respectively, and on the active replication of HCV. DRM fraction (fraction 1) from Fig. 5A was
subjected to SMase treatment (10 U/ml). Equal amounts of proteins from the DRM fractions purified in the
experiment in Fig. 5A were subjected or not to treatment with SMase (10 U/ml) at 37°C for 2 h and then analyzed
as follows: (A) with or without trypsin digestion (25 �g/ml) at 37°C for 10 min, with protein levels analyzed by WB
using anti-NS5A and anti-caveolin 2 antibodies, or (B) with or without RNase A treatment (250 ng/ml) at 37°C for
5 min, with HCV RNA levels quantified by real-time RT-PCR. Real-time RT-PCR values were obtained from quadru-
plicate wells in two independent experiments and represent means � SD. (C) Cell lysates of Huh7.5.1-8 cells or
JFH1/SGR cells were incubated with SMase, �-cyclodextrin (�-CD), or control, then incubated with [32P]-CTP for
90 min. The RNA from these lysates was purified and fractionated by agarose gel electrophoresis in Tris-acetate-
EDTA buffer. The gel was dried and exposed overnight to X-ray film. Values were obtained from quadruplicate wells
in at least three independent experiments and are presented as means � SDs. ***, P � 0.005 (two-sided Student’s
t test).
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(the parental cell line from which CERT-KO cells were derived); as noted previously, the
two infected cell lines did not exhibit significant differences in cell viability (Fig. 7A,
right). Interestingly, replication of a DENV replicon was increased approximately 3- to
4-fold in CERT-KO cells compared to that in the control cells at all tested time points,
especially at 32 and 48 h (Fig. 7B, left); again, no significant difference in cell viability
was observed in the two cell lines (Fig. 7B, right).

DISCUSSION

Previous reports assumed that SM is essential for HCV replication, but the mecha-
nism of SM’s involvement in the process was not clear. In this study, we showed for the
first time that SM is essential for the biosynthesis of the membrane replication factories,
the site of viral replication.

To assess the importance of SM to HCV replication, we used two methods to inhibit
SM biosynthesis; one by using small molecule inhibitors of SM biosynthesis pathways
and another by KO of CERT, a key player in SM biosynthesis pathways. We showed that
suppression of HCV replication by three inhibitors of SM biosynthesis, namely myriocin,
fumonisin B1, and D609, was concentration dependent and genotype independent.
Notably, all three compounds inhibited SGR replication of HCV of both genotypes 1b
and 2a; the sole exception was that the effect of myriocin could not be analyzed on
JFH1/SGR because of cell cytotoxicity (data not shown). However, all three SM biosyn-

FIG 7 Replication of poliovirus and dengue virus in CERT-KO cells. (A) Either Huh7.5.1-8 cells or CERT-KO cells were
transfected with in vitro-transcribed poliovirus replicon RNA, and then replication was analyzed by measurement of
luciferase activities at 2, 4, 6, and 8 h posttransfection; the data were normalized to Renilla luciferase values (right). Cell
viability was evaluated using a Cell TiterGlo luminescent cell viability assay (left). (B) Huh7.5.1-8 cells and CERT-KO cells
were transfected with a DNA-based dengue virus replicon (DGL2) or with an equivalent replicon encoding a NS5 protein
harboring a mutation (DGL2-mut). GLuci activities in the medium then were measured at 16, 32, and 48 h posttransfection
and the resulting luciferase values were normalized to those at 16 h (left panel). Cell viability was evaluated using a Cell
TiterGlo luminescent cell viability assay (right). Values represent means � SDs obtained from quadruplicate wells in at least
three independent experiments.

Sphingomyelin Is Essential for the HCV Replication Factory Journal of Virology

December 2020 Volume 94 Issue 23 e01080-20 jvi.asm.org 15

https://jvi.asm.org


thesis inhibitors, including myriocin, suppressed genotype 2a replication in an HCV
infection system (Fig. 1). These data were consistent with those of previous studies
showing that inhibition of SM biosynthesis using small-molecule inhibitors suppressed
HCV replication in a genotype-independent manner (43). This result suggested the
existence of an additional role of SM in HCV replication, separate from the previous
report that SM activates RdRp in a genotype-specific manner (29).

Suppression of HCV replication in different CERT-KO cell clones that showed signif-
icant reductions of SM levels at different time points gives another line of evidence of
the importance of SM to HCV replication (Fig. 2C). Expression of CERT-wt in CERT-KO
cells, which rescued SM biosynthesis, efficiently restored viral replication, indicating the
importance of ceramide trafficking, from the ER to the Golgi, and that of SM to HCV
replication (Fig. 3A). In contrast, the expression of the two mutant CERT forms that
impaired ER-Golgi transport of ceramide, namely ΔFFAT (d321-327), which abolishes
the binding of CERT to the ER-resident protein VAP, and the G67E mutation, which
abolishes the PI4P-binding capacity of the PH domain, failed to rescue viral replication.
These data confirm the requirement of ER to Golgi ceramide trafficking and SM to HCV
replication. The suppression of HCV replication in CERT-KO cells was counteracted by
supplementation with various kinds of SM as well (Fig. 3B). C6-SM and C5-SM-BODIPY
(i.e., derivatives with the shortest-chain fatty acids) exhibited the most efficient rescue
of HCV replication in CERT-KO cells (Fig. 3B and C). These data are consistent with
previous reports showing that short-chain fatty acid SMs are imported through the cell
membrane and accumulate inside the cells (45). Supplementation with SM rescued the
signals for both NS5A and dsRNA, while SM localized with both NS5A and dsRNA (Fig.
3D and E). These results indicated a specific requirement for SM in HCV replication,
along with the accumulation of SM at the site of viral replication. Some previous reports
have suggested that ceramide accumulation suppresses the replication of certain RNA
viruses (46, 47), while others have indicated that both SM and ceramide accumulate in
HCV-infected cells (35). Consequently, it is possible that the inhibition of HCV replica-
tion in both CERT-KO cells and cells treated with D609, a direct inhibitor of SGMS, and
that in myriocin- and fumonisin B1-treated cells might be attributed to accumulation or
depletion of ceramide, respectively (Fig. 1A) (35). In the present work, inhibition of HCV
replication was observed using any of three inhibitors of the SM biosynthesis pathways,
which included the two inhibitors (myriocin and fumonisin B1) that inhibit steps
upstream of ceramide synthesis and another inhibitor (D609, a direct inhibitor of SGMS)
that inhibits a step downstream of ceramide synthesis; an effect on the suppression in
HCV replication also was seen in cells harboring a KO for the genes encoding CERT, a
protein that transfers CERT from the ER to the Golgi, as well (Fig. 1A). Together, these
results demonstrated that the observed suppression of HCV replication was not due to
ceramide accumulation or depletion. Additionally, the rescue of HCV replication in
CERT-KO cells by exogenous supplementation with SM confirmed that inhibition of HCV
replication results from decreased SM content rather than from ceramide accumulation
(Fig. 3B to E). These data were consistent with the results of Hirata et al. (35), a report
that indicated that SM levels were upregulated in humanized chimeric mouse livers and
human hepatocytes upon infection with HCV and that also showed that SM was
concentrated in the DRM fractions in which HCV replicates. This report also showed that
our data represent strong evidence that SM is required for HCV replication. It was
previously reported that the exogenously supplied short-chain SM (either C6-SM or
C5-SM-BODIPY) are directed more effectively to the plasma membrane and the Golgi,
while the long-chain SMs (either egg-SM or milk-SM) are transported along the late
endocytic pathway and recycled back (45). This may explain why C6-SM and C5-SM
could restore the replication of HCV in CERT-KO cells, whereas egg-SM or milk-SM could
not rescue the HCV replication in these cells.

Previous reports indicated that membrane replication vesicles are enriched in the
DRM fraction of HCV-infected cells (31–35). Therefore, membrane vesicles containing
replication complexes in this DRM fraction were roughly purified and analyzed. Our
data showed that the degradation of the SM in these vesicles resulted in deterioration
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of the vesicles and shrinkage of their size (Fig. 5B and C). Previous work reported that
depletion of cholesterol from purified DMVs resulted in decreased DMV diameters (40).
These data suggested that both SM and cholesterol, the major components of lipid
rafts, are essential structural components of HCV DMVs, consistent with previous
reports showing that the membrane replication factories are composed of lipid raft-
associated membranes enriched in cholesterol and SM (31–34). Inhibition of RNA
replication activity by degradation of SM in isolated vesicles or by treatment of the
isolated vesicles with �-CD (a compound that extracts cholesterol from the membrane)
supported the same conclusion (Fig. 6C). It is believed that the membrane replication
factories protect the contained viral replication complex from cellular innate immune
responses by limiting the replication complex’s interaction with the pattern recognition
receptors and also by protecting the replication complex from intracellular RNase and
protease activities (5, 15, 48). Our data showed that the degradation of SM in purified
vesicles increased the sensitivity of HCV RNA and proteins to RNase and protease
treatments, respectively (Fig. 6A and B). The SM content of the isolated membranes
correlated with protection of the replication complex in DMVs. Approximately 30% of
HCV RNA was degraded by RNase treatment alone, and more than 60% of HCV RNA was
degraded by treatment with both RNase and SMase (Fig. 6B), supporting the previously
proposed localization of the HCV replication process to the outer and inner parts of the
membrane replication vesicles (40). This result suggested that one of the proposed
functions of the membrane replication factory is to increase the local concentration of
the factors required for the replication process (5, 15). Collectively, the degradation of
SM of the isolated vesicles by SMase treatment affected the morphology, size, and
function of the DMVs. SM degradation of the isolated vesicles not only resulted in a
change of the morphology from DMVs to deformed vesicles and the reduction of the
size (Fig. 5B and C), but the protective function of these vesicles was affected as well
(Fig. 6).

CERT has previously been reported to be involved in the HCV life cycle (49), but the
detailed mechanism of CERT’s role in virus replication is unknown. We constructed
genes encoding CERT-wt (that is, the wild-type protein) or either of two mutant
versions of the CERT protein, ΔFFAT (d321-327), harboring a mutation that abolishes
binding to the ER-resident VAP protein, and the G67E mutant, in which the PI4P-
binding activity of PH domain is abolished, yielding impairment of Golgi trafficking of
ceramide (27). Compared to control CERT-KO cells that were infected with empty
lentivirus, CERT-KO cells engineered to overproduce CERT-wt showed a significant
rescue of HCV replication, an effect that was not seen in CERT-KO cells overproducing
ΔFFAT (d321-327) or the G67E mutant CERT (Fig. 3A). However, it has been demon-
strated in an experiment with semi-intact CHO cells that overexpression of the G67E or
ΔFFAT mutations can restore SM synthesis (22). In Fig. 3A, the rescue of HCV replication
in CERT-KO cells infected with a control lentiviral vector may reflect the induction of
autophagosomal membranes by lentiviral infection. Several reports have shown (using
large-scale small RNA interference [RNAi] screens, stable knockdown of some au-
tophagic cofactors, or inhibition of autophagy) that lentivirus infection induces au-
tophagy and biogenesis of autophagosomal DMVs (50–54), which presumably facili-
tates HCV replication (33, 55, 56). Although PI4P and SM, which are essential for HCV
replication, are enriched in the Golgi, several studies have reported that DMVs are
derived from the ER (7, 57, 58). Therefore, the identity of the parental membrane from
which DMVs are derived remains unclear. We propose two models. In the first model,
CERT combines ER and Golgi membranes at a membrane contact site to form DMVs,
because CERT has binding sites for both VAP (an ER protein) and PI4P (a Golgi
component). In the second model, an entirely new membrane containing both ER and
Golgi components is formed. The latter model is consistent with the replication of HCV
occurring on both the outside and the inside of the membrane vesicles (Fig. 6B). Several
recent publications have reported that HCV induces autophagy to enhance the repli-
cation process (56, 59–61) and that replication occurs in autophagosomal DMVs (33, 55,
56). Proteomic analysis of proteins associated with HCV-induced autophagosomes has
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identified several proteins associated with lipid rafts and confirmed the involvement of
cholesterol in such vesicles (33). Further analysis is required to connect the role of SM
and autophagosomes in the construction of DMVs.

The requirement for SM is not unique to HCV viral replication. It is specific for
DMV-inducing viruses, such as HCV and poliovirus (Fig. 7A), since infection with viruses
that induce invaginated vesicles, such as DENV, did not require SM in their replication
(Fig. 7B). The inhibitory effect of SM on DENV replication shown in Fig. 7B has been
reported in several previous studies. Either myriocin or fumonisin B1 treatment en-
hanced DENV replication (47), while genome-wide analysis showed that SGMS is a
significant host factor required for HCV infection but not for DENV infection (62). The
inhibitory mechanism of SM to DENV replication has not been examined yet (47).
Others reported that sphingolipids, especially ceramide, may play a protective or
antiviral role by the host cell against some other viral infection, such as those caused
by influenza A virus and HIV (46, 63). The mechanism underlying this protective role is
unidentified, but it may represent a target for discovering new therapies for some viral
infections. It is noteworthy that DMV induction by HCV or poliovirus shares the
requirement for PI4P and oxysterol binding protein (OSBP), suggesting an evolution-
arily conserved mechanism (64). Some reports have shown that DENV replication does
not require cholesterol, OSBP, or PI4P (65), a pattern that is distinct from those of both
HCV and poliovirus. Further analysis will be needed to understand the differences of the
morphological forms of membrane replication vesicles and cell types.

In summary, we have demonstrated that SM is an essential constituent of HCV DMVs
and in their function; SM appears to participate in the biosynthesis of membrane
replication factories by contributing to the integrity and function of these structures.
DMVs are considered abnormal organelles, given that these structures do not exist
under normal conditions. Thus, DMVs represent diagnostic and prognostic markers for
infection by many positive-stranded viruses, and additionally may serve as excellent
therapeutic targets.

MATERIALS AND METHODS
Chemicals and enzymes. Lovastatin (Sigma-Aldrich, St. Louis, MO), D609 (Santa Cruz Biotechnology,

Dallas, TX), myriocin (ISP-1; Santa Cruz Biotechnology), and fumonisin B1 (derived from Fusarium
moniliforme; Sigma-Aldrich) were dissolved in nuclease-free water (NSFW) and dimethyl sulfoxide (DMSO)
to generate stock solutions; neat water and 0.05% DMSO, respectively, were used as a negative control
for treatment with these reagents. Sphingomyelin analogues, including SM-BODIPY (Thermo Fisher,
Waltham, MA), C6-SM, milk-SM, and egg-SM (Avanti Polar Lipids, Alabaster, AL), were dissolved in
absolute ethanol to generate stock solutions; 0.02% ethanol was used as a negative control for treatment
with these reagents. After optimization by serial dilution (data not shown), the highest concentration of
each SM type that caused no significant cell toxicity (10 �M C6-SM, 2 �M SM-BODIPY, 400 �M milk-SM,
or 400 �M egg-SM) was used in the presented experiments. Incubations with SM-BODIPY were carried
out in serum-free medium in the dark (45). Methyl-�-cyclodextrin (�-CD; Sigma-Aldrich) was dissolved in
NSFW. SMase derived from Bacillus cereus was obtained from Sigma-Aldrich. RNase A was obtained from
Ambion (Austin, TX); trypsin was obtained from Invitrogen (Carlsbad, CA).

Cell culture. Huh7.5.1-8 cells (37) and 293T human embryonic kidney cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS). LN#2 cells (38)
or JFH1/SGR cells (41) were maintained in DMEM containing 10% FBS supplemented with 0.5 mg/ml
G418 (38).

Construction of CERT-KO cell lines. Starting on day 0, Huh7.5.1-8 cells (1.5 � 105 cells/well in
12-well plates) were cultured overnight. On day 1, the cells were incubated with CRISPR plasmid mixed
with Polyethylenimine Max (Polysciences, Inc., Warrington, PA) according to the manufacturer’s instruc-
tions. On day 2, the cells were transferred to a 24-well plate and cultured at 37°C in medium
supplemented with 2 �g/ml of puromycin. The medium was replaced with puromycin-free medium at
day 5, and the cells were maintained in this medium for 1 week. The cells then were subjected to limiting
dilution to isolate gene-disrupted clones. The resulting Huh7.5.1-8 CR-CERTv1 Clones 1, 5, 7, and 11
(obtained using the CERTver1 guide sequence) and Huh7.5.1-8 CR-CERTv2 Clone 2 (obtained using the
CERTver2 guide sequence) (CERT-KO cells) were subjected to further culturing before being stored at
�80°C until subsequent analysis. Insertion/deletion analysis was performed as previously described (66).
All CERT-KO cells were maintained in DMEM containing 10% FBS.

Plasmid construction and lentivirus construction and transduction. The plasmids pJFH1 (con-
taining the full-length HCV genotype-2a JFH1 strain cDNA) (67) and pSGRlucneo (containing the
JFH1/SGR), and pSGRlucneoGND (containing JFH1/SGR with an inactivating mutation within the se-
quences encoding NS5B) have been described previously (41), as have a poliovirus replicon encoding
firefly luciferase (Fluci) in place of the capsid genes (68) and a DNA-based Gaussia luciferase (GLuci)-
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encoding DENV replicon (DGL2) (69). Template plasmids were used for PCR amplification of the
sequences encoding CERT and mutants thereof (G67E and ΔFFAT [d321-327]) (28). The amplified
fragments were cloned (separately) into the pLVSIN-EF1� Neo vector using the In-Fusion HD cloning kit
(TaKaRa Bio, Mountain View, CA). All constructs were verified by DNA sequencing.

Establishment of stable cell lines expressing wild or mutant CERT in CERT-KO cells and effects
on HCV replication. To establish cell lines that stably express wild or mutant CERT, CERT-KO cells were
transfected with CERT-wt (that is, the wild-type protein), the G67E mutant, or the ΔFFAT (d321-327)
mutant and pEF321swxneo containing the G418 resistance gene, and were cultured in G418-containing
medium as described previously (70). G418-resistent colonies were clonally isolated and screened for
abilities to express CERT proteins by indirect immunofluorescence staining. On the other hand, lentiviral
production of CERT-wt was carried out using TransIT1 transfection reagent (Mirus, Madison, WI) to
transfect 293T cells with a mixture of pMDL (Riken BRC, Tsukuba, Japan), VSVG (Riken BRC), pREV (Riken
BRC), and the effector plasmids. Two days after transfection, cell culture supernatants were collected,
centrifuged to remove cell debris, and then aliquoted and stored at �80°C for further analysis. CERT-KO
cells were infected with various concentrations of lentiviral vectors encoding CERT-wt or its mutant
forms, and then the cells were subjected to neomycin selection by incubation with G418 for 2 weeks. Cell
lines with expression levels similar to those for endogenous CERT were selected for the experiments.
Huh7.5.1-8 cells, CERT-KO cells, or Neo-selected CERT-KO cells transduced with lentivirus-CERT-wt or its
mutant forms were transfected with in vitro-transcribed JFH1/SGR RNAs using a TransIT-mRNA transfec-
tion kit, and luciferase activities were then measured at 4 and 72 h. CERT protein expression levels were
analyzed by WB using anti-CERT antibodies.

Antibodies. Mouse monoclonal antibodies against �-actin, caveolin 2, and dsRNA were obtained
from Sigma-Aldrich, BD Transduction Laboratories (San Jose, CA), and Biocenter, Ltd. (Szirák, Hungary),
respectively. Rabbit polyclonal anti-calnexin antibodies were obtained from Stressgen Bioreagents
(Victoria, BC, Canada). Anti-CERT antibodies were obtained from Abcam (Cambridge, UK). Rabbit poly-
clonal anti-NS5A antibodies were obtained as described elsewhere (71).

Immunoblots. Immunoblotting was performed as reported previously (44).
Indirect immunofluorescence assay. Huh7.5.1-8 cells and CERT-KO cells were transfected with

JFH1/SGR RNA using a TransIT-mRNA transfection kit according to the manufacturer’s protocol and as
previously described (44), with some modifications. Transfected cells were incubated with 2 �M (final
concentration) SM-BODIPY in Opti-minimal essential medium (MEM) at 37°C in the dark, as described
previously (45). Next, the cells were washed 2 times with ice-cold Hanks’ balanced salt solution (HBSS),
and plasma membrane-bound SM-BODIPY was removed by 6 rounds of back exchange, each consisting
of incubating cells in 5% fatty acid-free bovine serum albumin in ice-cold HBSS (6 times for 10 min each,
on ice). The indirect immunofluorescence assay then was performed as reported previously (44).

Metabolic labeling of sphingolipids and TLC analysis. Cells were seeded in the regular culture
medium. After overnight incubation, the medium was replaced with Opti-MEM supplemented with 1%
Neutridoma-SP (Roche), and the cells were incubated with 18.5 kBq of l-[U-14C] serine or 6.1 kBq of
d-[1-14C] galactose for 16 h. The cells then were lysed with 0.1% sodium dodecyl sulfate (SDS), and total
lipid was extracted with chloroform-methanol (1:2, vol/vol). The extracts were spotted onto silica gel 60
plates (Merck, Darmstadt, Germany) and chromatographed with methyl acetate–1-propanol chloroform-
methanol-0.25% KCl (25:25:25:10:9, vol/vol). Extraction of lipids from cells and their separation by TLC
were performed as described previously (27). The radioactive lipids on TLC plates were visualized using
a Typhoon FLA 7000 instrument (GE Healthcare, Little Chalfont, UK).

HCV replication assays (luciferase and real-time RT-PCR). For analyzing HCV replication, either
LN#2 cells or JFH1/SGR cells (in which HCV was replicating) were treated with each of the various
inhibitors of SM biosynthesis pathways or with lovastatin under the conditions described for each
experiment. Luciferase activities were measured in cell lysates as described previously (44). The intra-
cellular HCV RNA levels were measured by real-time RT-PCR, and HCV copy numbers were normalized to
the total cellular RNA of each sample, as described previously (67).

JFH1/SGR RNA and Renilla luciferase (Rluci)-encoding RNA (Promega, Madison, WI) were synthesized
by in vitro transcription as described previously (67). Huh7.5.1-8 cells were electroporated with 10 �g of
JFH1/SGR RNA and 1 �g of Rluci RNA, with the latter serving as an internal control. For analysis of RNA
translation, the RNA-transfected cells were harvested to determine Fluci and Rluci activities at 4 h
posttransfection by use of a dual-luciferase reporter assay system (Promega) following the manu-
facturer’s instructions. The relative luciferase unit (RLU) values were measured with a luminometer
(Berthold, Wildbad, Germany), and Fluci activity was normalized to Rluci activity. For analysis of RNA
replication, transfected cells were harvested to determine the JFH1/SGR RNA levels at 24, 48, and
72 h posttransfection. Plasmid pJFH1 was used to generate HCVcc in Huh7.5.1-8 cells as described
previously (67).

The restoration of SM in CERT-KO cells was performed either by engineered production of CERT
protein or by supplementation with exogenous SM. CERT protein production was provided by transfec-
tion of Huh7.5.1-8 cells or CERT-KO cells with in vitro-transcribed JFH1/SGR RNA using a TransIT-mRNA
transfection kit. Transfection of JFH1/SGR RNA was performed according to the manufacturer’s protocol,
with minor modifications. In brief, 24 h after seeding the cells in 48-well plates, a mixture (per well) of 26
�l Opti-MEM, 0.14 �g JFH1/SGR RNA, 0.14 �l mRNA Boost reagent and 0.28 �l TransIT-mRNA reagent was
incubated together for 2 min before being distributed to each well and incubated for the indicated time
intervals.

DENV replication assay and GLuci assay. DENV replication was assessed using a DNA-based
replicon employing internal ribosome entry site (IRES)-dependent translation and encoding a version of
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the GLuci protein that was secreted into the culture medium (69). The DENV-replicon construct was
transfected into either Huh7.5.1-8 cells or CERT-KO cells, as described previously, and GLuci activities in
the supernatants were analyzed using the Renilla luciferase assay system kit (Promega) as described
previously (72).

Cell viability. Cell viability was analyzed using a CellTiter-Glo luminescent cell viability assay
(Promega) according to the manufacturer’s protocol.

Replication-independent system (expression of HCV proteins under the control of the T7-
promoter). Huh7.5.1-8 cells and CERT-KO cells were infected with AdexCAT7, a recombinant adenovirus
encoding the bacteriophage T7 RNA polymerase, and AdexCAwt, a control virus containing only the
promoter sequence and lacking the T7 RNA polymerase-encoding gene, as described previously (73).
pSGRlucneoGND was then transfected into the infected cells using the TransIT transfection reagent.

Membrane flotation assay. The membrane flotation assay was performed as described previously
(44).

RNase and protease sensitivity assays. DRM extracted from the cells was used to analyze the
sensitivity of HCV RNA and proteins to RNase and protease treatments, respectively. For analysis of RNA
sensitivity to RNase, the DRM sample was treated with RNase A (500 ng/ml) at 37°C for 5 min, and RNA
then was extracted using a Qiagen extraction kit; HCV RNA levels were determined by real-time RT-PCR.
For analysis of HCV protein sensitivity to protease, the DRM sample was treated with 25 �g/ml trypsin
(Invitrogen) at 37°C for 10 min, and the protein levels then were determined by immunoblot analysis
using antibodies specific for NS5A and caveolin 2.

Ultrastructural analysis. Cells were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH
7.4) for 30 min at room temperature; the cells then were scraped from the plastic plate into a fixative
solution in which the cells were incubated for another 90 min at 4°C. The cells then were postfixed with
1% OsO4 in phosphate buffer (pH 7.4) for 2 h, embedded in 2% agar, dehydrated in ethanol, and
embedded in Epon 812. Ultrathin sections were double stained with uranyl acetate and lead citrate and
examined by TEM (H-7100; Hitachi, Ltd., Tokyo, Japan).

For examination of the isolated DRM fraction, either intact or following SMase treatment as described
previously (38), the samples were applied to freshly glow-discharged carbon-coated 300-mesh Cu grids,
and excess solution was blotted away before immersion of the grids in 10 �l of 1% uranyl acetate for
1 min. Excess stain then was removed by blotting, and the grids were air-dried. The percentages of DMVs
and deformed vesicles in 200 membranes each in either control-treated or SMase-treated fractions were
determined.

Statistical analysis. Statistical analyses were performed using two-sided Student’s t tests assuming
equal variance. The P values are indicated according to the following convention: P � 0.05 (nonsignifi-
cant, ns); P � 0.05 (*); P � 0.01 (**); P � 0.005 (***).
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