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ABSTRACT Similar to other positive-strand RNA viruses, hepatitis C virus (HCV)
causes massive rearrangements of intracellular membranes, resulting in a membra-
nous web (MW) composed of predominantly double-membrane vesicles (DMVs), the
presumed sites of RNA replication. DMVs are enriched for cholesterol, but mechanis-
tic details on the source and recruitment of cholesterol to the viral replication or-
ganelle are only partially known. Here we focused on selected lipid transfer proteins
implicated in direct lipid transfer at various endoplasmic reticulum (ER)-membrane
contact sites. RNA interference (RNAi)-mediated knockdown identified several hith-
erto unknown HCV dependency factors, such as steroidogenic acute regulatory
protein-related lipid transfer domain protein 3 (STARD3), oxysterol-binding protein-
related protein 1A and -B (OSBPL1A and -B), and Niemann-Pick-type C1 (NPC1), all
residing at late endosome and lysosome membranes and required for efficient HCV
RNA replication but not for replication of the closely related dengue virus. Focusing
on NPC1, we found that knockdown or pharmacological inhibition caused choles-
terol entrapment in lysosomal vesicles concomitant with decreased cholesterol
abundance at sites containing the viral replicase factor NS5A. In untreated HCV-
infected cells, unesterified cholesterol accumulated at the perinuclear region, par-
tially colocalizing with NS5A at DMVs, arguing for NPC1-mediated endosomal choles-
terol transport to the viral replication organelle. Consistent with cholesterol being an
important structural component of DMVs, reducing NPC1-dependent endosomal
cholesterol transport impaired MW integrity. This suggests that HCV usurps lipid
transfer proteins, such as NPC1, at ER-late endosome/lysosome membrane contact
sites to recruit cholesterol to the viral replication organelle, where it contributes to
MW functionality.

IMPORTANCE A key feature of the replication of positive-strand RNA viruses is the
rearrangement of the host cell endomembrane system to produce a membranous
replication organelle (RO). The underlying mechanisms are far from being elucidated
fully. In this report, we provide evidence that HCV RNA replication depends on func-
tional lipid transport along the endosomal-lysosomal pathway that is mediated by
several lipid transfer proteins, such as the Niemann-Pick type C1 (NPC1) protein.
Pharmacological inhibition of NPC1 function reduced viral replication, impaired the
transport of cholesterol to the viral replication organelle, and altered organelle mor-
phology. Besides NPC1, our study reports the importance of additional endosomal
and lysosomal lipid transfer proteins required for viral replication, thus contributing
to our understanding of how HCV manipulates their function in order to generate a
membranous replication organelle. These results might have implications for the
biogenesis of replication organelles of other positive-strand RNA viruses.
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At present, around 70 million people are infected with hepatitis C virus (HCV) and
at risk to develop severe liver damage, including liver fibrosis, cirrhosis, and

hepatocellular carcinoma (1). Due to the lack of a prophylactic vaccine and the
restricted access of patients to potent but costly direct-acting antiviral drugs (DAAs),
HCV is far from being eradicated and will remain a global health burden for many years
(2). HCV belongs to the Hepacivirus genus within the family Flaviviridae and is charac-
terized by a single-stranded RNA genome of positive polarity. The concerted action of
10 viral proteins orchestrates the HCV life cycle. These include core, E1, and E2, the main
constituents of the virion, which assembles with the help of p7, nonstructural protein
2 (NS2), and the replicase proteins NS3, -4A, -4B, -5A, and -5B (3). Similar to other
positive-strand RNA viruses, HCV causes profound membrane rearrangements, desig-
nated the membranous web, in infected cells (4, 5). This replication organelle (RO) is
most likely derived from the endoplasmic reticulum (ER) and composed of single-,
double- and multimembrane vesicles (6). The double-membrane vesicles (DMVs) are
the most abundant membrane structures present in HCV-infected cells, and the kinetics
of their appearance correlates with the kinetics of viral RNA replication (6). In addition,
affinity-purified DMVs were shown to contain enzymatically active viral RNA replicase,
supporting the assumption of DMVs being the site of HCV RNA replication (7).

The molecular details of the generation of the HCV RO are far from being elucidated
fully, but it involves the concerted action of host and viral factors (8). Indeed, there is
increasing evidence that HCV and other positive-strand RNA viruses usurp cellular
proteins and specific lipid species to create a microenvironment supporting viral RNA
replication (4, 9). For instance, HCV RNA replication has been reported to occur in
association with detergent-resistant membranes, believed to be enriched in unesteri-
fied/free cholesterol and sphingolipids (10, 11). In agreement with this, unesterified
cholesterol was shown to be a major structural component of the HCV RO (7).
Considering that the ER, despite being the site of de novo cholesterol synthesis, has a
low cholesterol content (12), the HCV RO has to acquire unesterified membrane
cholesterol either by on-site de novo synthesis of this lipid or by directed cholesterol
transport to the RO. Consistently, HCV has been reported to hijack the function of the
oxysterol-binding protein (OSBP) (13, 14). In uninfected cells, OSBP catalyzes the
transfer of unesterified cholesterol from the ER to the Golgi compartment, presumably
by exchanging cholesterol for phosphatidylinositol-4-phosphate (PI4P), which is pres-
ent at its highest concentration in the Golgi apparatus and at its lowest concentration
in the ER (15). To enrich for cholesterol at its (ER-derived) RO, HCV has been proposed
to exploit the OSBP-mediated PI4P-cholesterol countertransport (14; reviewed in ref-
erence 5). By recruiting and activating cellular PI4P kinase III alpha (PI4KIIIA), HCV causes
a local accumulation of PI4P at RO membranes (16, 17), which is assumed to drive the
release of cholesterol from OSBP in exchange for PI4P (14). Besides OSBP, another
PI4P-interacting lipid transfer protein (LTP), the glycosphingolipid transfer protein
four-phosphate adaptor protein 2 (FAPP2), has been reported to be involved in a similar
manner in the HCV replication cycle (18). These observations illustrate that both the
biogenesis and the activity of the viral RO appear to depend on several host cell factors
regulating the access to lipids. In the present study, we used an RNA interference
(RNAi)-based approach to determine the importance of LTPs implicated in sterol
transfer for the HCV replication cycle in comparison to that of the closely related
dengue virus (DENV). We focused on direct lipid transfer at membrane contact sites of
the ER with other organelles, such as the plasma membrane (PM), the late endosome
(LE), and the lysosome (LY), and assessed the impact of impaired cholesterol transport
on HCV RO integrity.

RESULTS
HCV RNA replication depends on the function of lipid transfer proteins. Several

recent findings point to an active exploitation of LTPs by HCV in order to enrich specific
lipid species at its sites of genome replication (14, 18). While the main focus so far has
been on OSBP mediating cholesterol transport at ER-Golgi contact sites, here we aimed
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to identify additional LTPs important for the replication cycle of HCV. These comprised
members of the OSBP-related/like protein (ORP/OSBPL) family (19) that might share
redundant functions with OSBP, members of the steroidogenic acute regulatory
protein-related lipid transfer (START) domain (STARD) family (20), and other lipid
transport factors, such as the Niemann-Pick type C1 and C2 proteins (NPC1 and NPC2,
respectively) (21–23) (Fig. 1A). To assess their involvement in the HCV replication cycle,
we analyzed the effect of gene knockdown of each candidate on the complete viral
replication cycle by using a fully functional Renilla luciferase reporter virus and com-
pared it to the phenotypes obtained with the closely related DENV (Fig. 1A). As
technical controls, small interfering RNAs (siRNAs) targeting the established HCV host
dependency factors PI4KIIIA (17) and ApoE (24) were included, in addition to an siRNA
targeting the Renilla luciferase gene present in the genomes of both reporter viruses.
All controls reduced virus titers profoundly, indicating the robustness of the RNAi
screen (Fig. 1B, gray bars). Under these conditions, we identified STARD3, PITPNM1,
OSBPL3, and NPC1 as novel host dependency factors and OSBPL1A and -B (two
isoforms of ORP1; also known as ORP1S and ORP1L, respectively) and COL4A3BP as
inhibitory factors selectively affecting HCV but not DENV (Fig. 1B, red bars). In line with
earlier reports (13, 14), knockdown of OSBP caused only a moderate reduction of HCV
particle production (Fig. 1B).

With the aim of characterizing the role of lipid transfer at membrane contact sites
other than the Golgi-ER interface for HCV replication, we focused on STARD3 and NPC1,
described to promote the egress of unesterified cholesterol from late endosomal
(LE)/lysosomal (LY) compartments (22, 25), and ORP1, isoform OSBPL1B (ORP1L),
thought to regulate the establishment of ER-LE/LY membrane contact sites (26) (Fig.
1C). Knockdown of either one of the candidates by use of short hairpin RNA (shRNA),
used to validate the primary screen results, reduced entry/replication of HCV (Fig. 1D,
left panel), with no discernible additional impact on assembly/release of infectious
particles (note that the lower virus titer correlated well with reduced RNA replication)
(Fig. 1D, middle panel). Importantly, knockdown of PI4KIIIA or ApoE impaired early or
late events of the viral replication cycle, respectively (Fig. 1D, left and middle panels),
consistent with their role in RNA replication or production of infectious particles (17,
24), thus confirming the quality of the assay. Only one of the two shRNAs targeting
STARD3 diminished cell viability, while all the other shRNAs were well tolerated (Fig. 1D,
right panel). These results argue for an important role of LTPs at the ER-LE/LY mem-
brane contact sites for HCV replication.

Predominant role of NPC1 in HCV RNA replication. Among all the candidates
tested, knockdown of NPC1 expression caused the most profound and robust pheno-
type, as two different shRNAs substantially reduced viral entry/replication in two
different cell lines tested, with minor effects on cell viability (Fig. 1D, left and right
panels). Therefore, we focused our further analysis on this LTP.

NPC1 is a transmembrane protein localized to the limiting membrane of LE, where
it contributes to the export of low-density lipoprotein (LDL)-derived unesterified cho-
lesterol (Fig. 1C) (22). Moreover, this protein has been reported to be involved in Ebola
virus entry by promoting viral escape from LE compartments (27). Given our previous
results indicating that NPC1 was involved in either viral entry or RNA replication, we
bypassed the entry step by using stable subgenomic reporter replicons, thus selectively
analyzing the impact of NPC1 knockdown on HCV RNA replication (Fig. 2A). We found
that knockdown of NPC1 expression reduced the replication of subgenomic luciferase
reporter replicons stably replicating in Huh7 cells (Fig. 2A and B). Interestingly, the
magnitude of the reduction appeared to depend on the genotype or the replication
capacity of the isolate, which is exceptionally high in the case of the JFH1 isolate but
much lower with the Con1 isolate (28, 29).

To confirm the important role of NPC1 in HCV RNA replication, we used two
alternative approaches. The first one was knockout (KO) of the NPC1 gene by use of the
clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 system. To this
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FIG 1 A lipid transfer protein (LTP) RNAi screen leads to the identification of novel host cell factors important for the HCV replication cycle. (A)
Screen setup. Huh7.5FLuc cells were electroporated with siRNA pools and seeded in triplicate into 96-well plates. Thirty-six or 48 h later, cells were
infected with a Renilla luciferase-encoding HCV or DENV reporter virus (JcR2A or DVR2A, respectively) at an MOI of 0.5. After 48 h (DENV) or
60 h (HCV), cell culture supernatants were harvested and transferred onto naive Huh7.5 (HCV) or Vero (DENV) cells to measure virus production.
For this purpose, cells were harvested 2 days after infection, and Renilla luciferase activity was measured. The RNAi screen was repeated 6 times,
each time using a different plate layout. The table on the right displays the target genes studied in the RNAi screen. (B) Representation of the

(Continued on next page)
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end, we generated 4 Huh7-derived cell pools, each obtained with a different guide RNA
and resulting in a massive reduction of NPC1 protein abundance (Fig. 2D). Consistent
with the knockdown data, HCV replication was profoundly reduced in each of the
different cell pools (Fig. 2C). This was not due to an impact on virus entry, because we
used electroporation of JFH-1 genomes to bypass the entry step. Moreover, virus
production was reduced to the same extent as RNA replication, corroborating our
conclusion that NPC1 plays a predominant role in HCV replication but not in virus
production.

In the second approach, we assessed the antiviral effect of the cationic amphiphile
(CA) U18666A, recently described to directly target NPC1 function (30) and to interfere

FIG 1 Legend (Continued)
screen results for HCV and DENV (upper and lower panels, respectively). For each gene, the Z-score is displayed. Controls are indicated in gray,
and hits with a Z-score of ��2 or �2 and a P value of �0.05 are indicated in red. (C) Subcellular distribution of all candidates analyzed in the
screen. Hits are highlighted in red. Note that some proteins are present at several sites within the cell. (D) Effects of shRNA-mediated gene
knockdown on entry/replication (left) and assembly/release (middle) of the HCV Renilla luciferase reporter virus and on cell viability (right). Cells
were transduced with an shRNA-encoding lentivirus and infected with JcR2A 48 h later. Cells were lysed at 48 h postinfection (entry/replication),
and cell supernatants were used for infection of naive Huh7.5 cells for 48 h (assembly/release). Means and standard deviations for two
independent experiments are shown. RLU, relative light units; ApoE, apolipoprotein E; PI4KIIIA, phosphatidylinositol 4-kinase III alpha; PITPNM1,
phosphatidylinositol transfer protein membrane associated 1; PLEKHA8, pleckstrin homology containing A8; COL4A3BP, collagen type IV alpha
3 binding protein; ABCA1, ATP binding cassette subfamily A member 1; NPC1, Niemann-Pick type C1; NPC2, Niemann-Pick type C2; STARD,
steroidogenic acute regulatory protein-related lipid transfer domain; OSBP, oxysterol-binding protein; OSBPL, oxysterol-binding protein-related
protein.

FIG 2 NPC1 is required primarily for HCV RNA replication. (A) Effect of shRNA-mediated knockdown of NPC1 expression on replication of stable subgenomic
replicons. Stable firefly luciferase replicon cell lines of genotype 1b (LucUbiNeo_Con1ET) and genotype 2a (LucUbiNeo_JFH1) were transduced with
shRNA-encoding lentivirus (MOI � 4). The effect of knockdown on HCV replication was assessed at 48, 72, and 96 h postransduction by measuring firefly
luciferase activity in cell lysates. Means and standard deviations for 3 or 4 independent experiments are shown. RLU, relative light units. (B) Cell viability in
the experiments summarized for panel A was measured by determining intracellular ATP levels. (C) Huh7-derived cell pools were generated by CRISPR/Cas9
technology, using 4 independent guide RNAs (RNAs 1 to 4). Cells transduced with a nontargeting guide RNA were generated in parallel and used as a control.
Cell pools were electroporated with Renilla luciferase full-length HCV genomes (JcR2A), and the effects on viral replication and virus production were
determined by luciferase assay. The means for two independent experiments are shown. (D) Representative immunoblot showing the protein levels of NPC1
or alpha tubulin (loading control) in either control cells or the four different NPC1 knockout cell pools. ***, P � 0.001; **, P � 0.01, *, P � 0.05.
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with endosomal cholesterol transport. We furthermore included the cationic am-
phiphile Ro 48-8071, which has been suggested to exert a similar inhibition of choles-
terol transport (31). In the initial set of experiments, we studied the impacts of the drugs
on viral genome amplification and virus production (Fig. 3A, upper left panel). To omit
drug effects on viral entry, in vitro transcripts of the HCV reporter genome JcR2A were
electroporated into Huh7/Lunet cells. As these cells express only low levels of CD81
(32), viral spread is largely restricted, which allowed us to assess drug effects predom-
inantly on genome replication. Short-term treatment for 24 h caused a predominant
reduction in virus production, with only minor effects on RNA replication (Fig. 3A, upper
right panel). This was not due to an impact of the drug on the infectivity of released
virus or on viral entry in the virus titration assay, because cells were extensively washed
4 h prior to supernatant harvest. Therefore, only drug-free supernatants were used for
virus titer measurements. Interestingly, upon long-term drug treatment for up to 96 h,
we observed an approximately 2-fold reduction in viral genome replication, with little,
if any, additional impact on virus production (Fig. 3A, lower panels). As observed with
NPC1 knockdown, cationic amphiphile treatment significantly reduced the replication
of stable subgenomic replicons of genotype 1b, whereas RNA replication of the
genotype 2a replicon was only moderately affected (Fig. 3B and C).

To assess the impact of the cationic amphiphiles on de novo HCV RNA replication
and to evaluate genotype dependency, replicon RNAs were transfected into Huh7/
Lunet cells that had been treated for 48 h with U18666A or Ro 48-8071 4 h after
electroporation (Fig. 3D and E). Under these conditions, RNA replication of several
genotypes (1a, 1b, 2a, and 3a) was significantly impaired, with the strongest impact
being found for the genotype 1b isolate Con1ET. This result suggests that NPC1
function might be critical for the early steps of viral RNA replication.

HCV reshapes the distribution of unesterified cholesterol. Given the role of NPC1
in the export of unesterified cholesterol from LE/LY compartments (22), we next asked
whether HCV RNA replication depends on NPC1-mediated cholesterol transport, e.g., to
establish the viral RO. Therefore, we first studied the distribution of unesterified
cholesterol upon HCV infection and its dependency on NPC1 function. Since the
cholesterol-enriched ROs (7) are derived from ER membranes (6), which generally have
a low cholesterol content (12), we wondered whether HCV specifically recruits unest-
erified cholesterol from sites of high cholesterol content, such as the PM (12). To this
end, we analyzed the subcellular distribution of cholesterol by using filipin III, which
specifically binds to unesterified cholesterol and forms a fluorescent complex (33).
Indeed, we observed a time-dependent redistribution of unesterified cholesterol in
HCV-infected cells (Fig. 4A). Early in infection, the distribution resembled that for
uninfected cells, characterized by the presence of free cholesterol mainly at the PM or
in distinct vesicular structures (Fig. 4A and B). At 48 h postinfection, these vesicular
structures appeared to fuse to large web-like clusters in the perinuclear region, where
cholesterol partially colocalized with NS5A, a component of the HCV replicase complex
(Fig. 4A to C). The accumulation of unesterified cholesterol at the perinuclear region
was even more pronounced at 72 h postinfection and differed strikingly from the
pattern found for uninfected cells (Fig. 4A, B, and D). This result suggests that HCV
might recruit cholesterol, possibly from the PM, to the sites of viral replication.

We next analyzed the fate of fluorescently tagged cholesterol exogenously added to
HCV-replicating cells. Topfluor-cholesterol (TFC) has been described to integrate into
the PM, followed by its rapid uptake into vesicular structures, trafficking to ER/Golgi
membranes, and subsequent esterification and transport to lipid droplets (LDs), thereby
mimicking the behavior of cellular cholesterol (34). As observed for endogenous
unesterified cholesterol, TFC accumulated in large clusters at the perinuclear region of
cells containing replicating HCV (Fig. 5A and B). Furthermore, we observed a time-
dependent increase of NS5A-TFC colocalization that was independent of the time point
after electroporation when TFC was added (Fig. 5C and D; see Movies S1 and S2 in the
supplemental material). This result was not flawed by the nonspecific red fluorescence
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FIG 3 Pharmacological inhibition of NPC1 and its effects on HCV RNA replication and virus production. (A) The experimental setup is shown in the upper left
panel. Huh7/Lunet cells were electroporated with the Renilla luciferase (RLuc) reporter virus JcR2A and 24 h later treated with U18666A, Ro 48-8071, or water
(as a control), using the concentrations specified at the bottom of the bar graphs, for 24, 48, or 96 h. Cells were harvested for luciferase assay, whereas
supernatants (SN) were transferred onto naive Huh7.5 cells that were harvested 48 h later for luciferase assay, thus allowing determinations of viral replication
and virus production, respectively. The impact of drug treatment on cell viability was assessed by quantifying the intracellular ATP content. Means and standard
deviations for 3 or 4 independent experiments are shown. (B and C) Effect of U18666A or Ro-48 8071 treatment on persistent HCV replication. Huh7 cells
containing a stable luciferase-encoding subgenomic replicon of genotype 2a (LucUbiNeo_JFH1) or genotype 1b (LucUbiNeo_Con1ET) were treated for 48 h
with the given drug concentrations. RNA replication was assessed by measuring firefly luciferase activity in cell lysates. Means and standard deviations for 4
or 5 experiments are depicted. (D and E) Genotype-dependent effect of U18666A or Ro 48-8071 treatment on de novo HCV RNA replication. Huh7/Lunet cells

(Continued on next page)
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signal that can arise from TFC accumulating in small dotted structures, as no colocal-
ization was detected in mock-electroporated cells and TFC-treated cells (Fig. 5E and F).

Although TFC colocalized to NS5A-positive structures that appeared to be lipid
droplets as deduced from costaining with the neutral lipid stain LipidTOX Deep Red, a
large fraction of TFC and NS5A double-positive structures did not stain with this neutral
lipid dye (Fig. 6A). Therefore, we determined the subcellular compartment where NS5A
and TFC colocalized by using correlative light electron microscopy (CLEM) (Fig. 6B). To
this end, we transfected Huh7/Lunet cells with a subgenomic replicon encoding a fully

FIG 3 Legend (Continued)
were transfected with subgenomic firefly luciferase reporter replicons of genotypes 1a, 1b, 2a, and 3a, and 4 h later, drugs were added to the medium at the
concentrations specified at the bottom of the graphs. HCV replication was determined by luciferase assay 48 h after transfection. Cell viability in the same lysate
was assessed as described above. Means and standard deviations for 4 independent experiments are shown. RLU, relative light units.

FIG 4 Accumulation of unesterified cholesterol in HCV-infected cells and colocalization with NS5A. (A) Time-dependent subcellular distribution of unesterified
cholesterol in HCV-infected cells. LunetCD81H cells were infected with the HCV full-length genome Jc1 (MOI � 3) and fixed at 24, 48, and 72 h postinfection.
NS5A (red) was visualized by indirect immunolabeling. Unesterified cholesterol (gray) was labeled using the fluorescence-free cholesterol marker filipin (33).
Representative images for each time point after infection are depicted. The areas highlighted with white rectangles in the middle panels are shown in the
cropped images below. Therein two areas (a and b) are highlighted, which are shown as enlargements in the right panel. The adjacent histograms indicate
the signal intensity profiles of NS5A and cholesterol along the respective arrow. Bars, 10 �m. (B) Quantification of time-dependent changes of cholesterol
distribution patterns, classified into the following groups: (i) cholesterol mainly present at the plasma membrane, (ii) cholesterol mainly distributed in a
vesicular pattern, and (iii) cholesterol accumulating in a web-like diffuse perinuclear structure. Results for at least two independent experiments are shown
(n, total number of cells per condition). (C) Quantification of the degrees of colocalization (Manders overlap coefficients) of NS5A and filipin at 24, 48, and
96 h postinfection. Results for two independent experiments are shown; the total number of cells per condition was �36. (D) Quantification of the filipin
signals at 24, 48, and 72 h postinfection. The integrated fluorescence densities of the filipin signals in NS5A-positive or -negative (no virus) cells were
quantified and are given in arbitrary units (AU). Results of two representative experiments are shown. The number of cells per condition was �11. ***, P �
0.001; **, P � 0.01, *, P � 0.05; ns, not significant.
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FIG 5 Distribution of exogenously added cholesterol in HCV-replicating cells as determined by live-cell imaging. Huh7/LunetCD81H cells
expressing the HCV proteins core to NS2 (LunetCD81H_core-NS2) were transfected with a subgenomic replicon encoding a fully functional
mCherry-tagged NS5A protein to allow the production of infectious HCV-like particles (79). Topfluor-cholesterol (TFC; 1 �M) was added 30 h (A)
or 53 h (B) after transfection, and the distribution of TFC and NS5A was monitored by live-cell imaging. Images were taken at 900 min post-TFC
addition. Untransfected cells (� HCV; empty stars) served as a reference for comparison with cells containing a replicon (� HCV; filled stars).
Enlargements of the cells indicated by white numbers are presented in the adjacent right panels. Bars, 5 �m. (C) Kinetics of intracellular trafficking

(Continued on next page)
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functional mCherry-tagged NS5A protein (35) and treated cells with TFC 24 h after
transfection. For each fluorescent signal identified by confocal microscopy, the area was
measured and correlated with the EM image. In this way, we identified the following
ultrastructures (Fig. 6B and C): DMVs remote from LDs (panels a), DMVs at LDs (panels
b), LE/LY (panels c), no discernible structure (panels d), and LDs (panels e). These results
suggest that a fraction of NS5A and TFC colocalize at DMVs and that exogenously
added TFC becomes incorporated into the viral RO as well as into lipid droplets and
other, not clearly defined sites (Fig. 6D and E). Nevertheless, we note that the degree
of correlation differed between individual cells (Fig. 6B and C). For instance, while in
one cell most of the NS5A signal (74% of NS5A and 27% of TFC) could be assigned to
DMVs and LDs, which are both known sites of NS5A localization (7, 36), in another cell
smaller percentages of NS5A and TFC (ca. 29% and 21%, respectively) localized to these
structures and with each other (Fig. 6D and E). Despite this cell-to-cell variability, our
data provide evidence that exogenously added TFC is transported to DMVs, where
NS5A also accumulates.

NPC1 inhibition causes intracellular accumulation of free cholesterol in lyso-
somal organelles and disrupts cholesterol colocalization with NS5A. Loss of NPC1
function in neuronal cells is the cause of a lethal lysosomal storage disorder charac-
terized by the intracellular accumulation of unesterified cholesterol (37). Therefore, we
investigated the impact of loss of NPC1 function on the distribution of unesterified
cholesterol in HCV-replicating cells (Fig. 7). By using NPC1 knockdown, we found that
cholesterol accumulated in enlarged clusters intracellularly, whereas in control cells
transduced with the nontargeting shRNA the lipid was present at the PM and more
evenly distributed in the cytoplasm (Fig. 7A and C). In the case of the PI4KIIIA
knockdown that served as a control, cholesterol appeared to be more dispersed
throughout the cell (Fig. 7A). When we assessed the impact of U18666A or Ro 48-8071
on the distribution of unesterified cholesterol, treatment with U18666A caused an
accumulation of unesterified cholesterol in lysosomal structures that were significantly
enlarged compared to those in control cells, thus resembling the NPC1 knockdown
phenotype (Fig. 7B and C), and a similar result was obtained upon treatment with Ro
48-8071 (Fig. 7B and C).

Given that upon treatment with either drug, unesterified cholesterol accumulated in
LAMP1-positive structures (Fig. 8A), and since both drugs are suggested to additionally
target enzymes of the cholesterol biosynthesis pathway (38, 39), we asked whether
drug treatment caused an altered lipid distribution or affected overall cholesterol
content. By quantifying the filipin signal obtained with drug-treated or control cells, we
observed comparable cholesterol contents, suggesting that these drugs affected pre-
dominantly cholesterol distribution under the conditions used here (Fig. 8B). In addition
to an altered subcellular lipid distribution, the localization of NS5A changed upon drug
treatment, with NS5A forming aggregates and becoming excluded from filipin-positive
structures (Fig. 8A, white arrows). These results argue for a defect of the export (and
possibly degradation) of PM-derived cholesterol from lysosomal organelles upon
cationic amphiphile treatment or NPC1 knockdown. As a consequence, unesterified
cholesterol would not be transported to the viral replication sites. In line with this
assumption, colocalization of NS5A and filipin was reduced in cells treated with
U18666A or Ro 48-8071 (Fig. 8C). Importantly, at the concentrations tested, NS5A

FIG 5 Legend (Continued)
of TFC and NS5A-mCherry in replicon-transfected cells. The localization of NS5A and TFC, added 30 h (upper panels) or 53 h (lower panels)
post-HCV RNA transfection, was imaged in live LunetCD81H_core-NS2 cells for the given time spans. Representative images for two different time
points are shown. White rectangles mark the areas for which NS5A or TFC insets are depicted on the right. White arrows point to either TFC or
NS5A structures that do not overlap, whereas yellow arrows indicate structures that are TFC and NS5A positive. Bars, 10 �m. The intensity of the
signals was adjusted to facilitate visualization. (D) Quantification of the degree of NS5A and TFC signal overlap throughout the observation period
as determined by use of the Pearson correlation coefficient. The medians for two independent experiments are shown; 4 or 5 cells were analyzed
per experiment and per condition. (E) Representative images of mock-transfected cells to which TFC was added at 30 or 53 h postelectroporation.
(F) Quantification of the degree of NS5A and TFC signal overlap throughout the observation period as determined by use of the Pearson
correlation coefficient. The medians for 4 or 5 cells per condition are shown.
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FIG 6 Analysis of the ultrastructure of NS5A- and Topfluor-cholesterol (TFC)-positive cells by correlative light electron microscopy on HCV-replicating cells. (A)
Huh7/LunetCD81H cells expressing the HCV proteins core to NS2 were transfected with a subgenomic replicon (isolate JFH-1) encoding a fully functional
mCherry-tagged NS5A protein. Topfluor-cholesterol (TFC; 1 �M) was added 53 h after HCV RNA transfection, and 16 h later, LipidTOX Deep Red neutral stain

(Continued on next page)
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abundances were comparable between mock and drug-treated cells as determined by
fluorescence microscopy and immunoblotting (Fig. 8D and E, respectively). Therefore,
we concluded that interfering with NPC1-mediated cholesterol transport causes the
accumulation of unesterified cholesterol in lysosomal vesicles and likely interferes with
cholesterol transport to the viral RO.

To further support our hypothesis that the uptake of exogenous cholesterol is
important for viral RNA replication, we assessed the impact of depletion and replen-
ishment of exogenous lipids on HCV replication. We cultured Huh7-derived cell lines
containing stable replicons of genotype 1b or 2a in complete medium or medium
lacking lipids (lipid-free Dulbecco’s modified Eagle’s medium [LF-DMEM]) or in the same
medium supplemented with human LDL (Fig. 9A). We found that replication of the
genotype 1b replicon (isolate Con1) was reduced upon lipid withdrawal but restored to
normal levels upon addition of exogenous LDL, while there was no effect on cell
viability (Fig. 9B and C). This result supported the notion that exogenous lipids are
important for efficient HCV RNA replication, though only a minimal effect was found
with the HCV isolate JFH-1, arguing for genotype- or replication capacity-specific
differences.

NPC1 function is important for integrity of the membranous web. Recent
publications indicated that HCV usurps host cell factors, such as OSBP, in order to
recruit cholesterol to the RO, where it might contribute to the morphology of the DMVs
(14). However, the origin of the transported cholesterol is unknown. We found that
exogenous lipids are important for viral RNA replication (Fig. 9) and that impairment of
NPC1 function causes an accumulation of unesterified cholesterol in lysosomal organ-
elles (Fig. 7 and 8), thus restricting cholesterol accessibility by cytosolic acceptors, such
as members of the OSBPL family. To investigate whether NPC1 and OSBP possibly act
in concert, we assessed the impact of pharmacological inhibition of both of these
factors on viral RNA replication (Fig. 10A and B). To this end, we first treated stable
replicon cell lines of genotypes 1b and 2a (LucUbiNeo_Con1ET and LucUbiNeo_JFH1,
respectively) with 0.625 �M U18666A or Ro 48-8071 (water treatment served as a
control). After 24 h, the supernatant was replaced with medium containing the
same drug again as well as 1 nM OSW-1, a commonly used OSBP inhibitor (14), or
dimethyl sulfoxide (DMSO) (as a control) for another 24 h. The combination of both
drugs had a stronger impact on viral replication than treatment with either drug
separately (Fig. 10A), although some effect due to reduced cell vitality cannot be
excluded (Fig. 10B).

Since these results indicated that OSBP and NPC1 might act in a concerted manner,
we argued that interference with endosomal cholesterol transport should affect the
integrity of the membranous web, as cholesterol is an important component of DMVs
(7, 14). For this reason, we investigated the ultrastructure of the membranous web in
cells transfected with a subgenomic replicon and treated with a cationic amphiphile. In
untreated cells transfected with a subgenomic replicon, single-, double- and multi-
membrane vesicles were observed, which were not detected in naive Huh7 cells (Fig.
10C). DMVs had a median diameter of 186 nm (Fig. 10D and E). Upon treatment with
two different concentrations of U18666A shown to cause a drop in cholesterol/NS5A
colocalization (Fig. 8C), we observed a dose-dependent decrease of the DMV diameter
(Fig. 10D and E). Likewise, treatment with 1.25 �M Ro 48-8071 significantly reduced the

FIG 6 Legend (Continued)
to label lipid droplets was added. After 20 min, cells were imaged. A representative image is displayed, showing the distribution of TFC (green), NS5A (red),
and lipid droplets (blue). The white arrows indicate areas where either all three signals or only NS5A and TFC overlap. Bar, 10 �m. (B) Huh7/Lunet cells were
transfected as described for panel A and after 32 h pulsed with 1 �M TFC and incubated for another 12 h. Cells were fixed and processed for light microscopy
and subsequent electron microscopy. The large panel shows an overview of the correlation of the NS5A (red) and TFC (green) signals. The white boxes indicate
selected areas displayed in panel C. Each region of interest (ROI) was classified as follows: ROIs mostly covering DMVs (a), DMVs at LDs (b), late
endosomes/lysosomes (c), other regions of the cells (d), and lipid droplets (e). For each example image, a magnified view is given in the adjacent panel (views
i to v). The white arrows indicate DMVs. Bar, 500 nm for the lower-resolution images. (D) Results of correlative analysis of two cells. Areas of TFC and/or NS5A
signal as explained for panel B were quantified. (E) Quantification of TFC and NS5A signal overlap in two different cells for the specified subcellular regions.
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median DMV diameter (Fig. 10C to E). Importantly, the changes in DMV morphology
were not caused by altered viral protein abundance as determined by NS5A-specific
immunoblotting (Fig. 10F). Whether this unaltered NS5A level reflects decreased pro-
tein turnover in drug-treated cells is not known.

FIG 7 Knockdown of NPC1 or its pharmacological inhibition alters the distribution of endogenous unesterified cholesterol. (A) Huh7/Lunet cells were
transfected with the HCV full-length genome Jc1, and 4 h later, cells were transduced with a lentivirus (MOI � 4) encoding NPC1- or PI4KIIIA-specific shRNAs
or a nontargeting shRNA (shNT) serving as a control. Sixty-eight hours later, cells were fixed, and free cholesterol (filipin; green) and NS5A (red) were visualized
by indirect immunolabeling. The left panels show merged images, while the adjacent images display the filipin signal for each of three different cells. (B)
Huh7/Lunet cells were transfected with the HCV full-length genome Jc1, and 24 h later, cells were treated with U18666A or Ro 48-8061 for 48 h. Free
cholesterol (filipin; green), NS5A (red), and the lysosomal marker LAMP1 (blue) are shown. White arrows indicate NS5A either colocalizing with filipin
(control) or not (drug-treated cells). (C) Quantification of the volumes of filipin-positive structures in the cells shown in panels A and B. At least 200
structures in 10 to 13 cells were analyzed. The red bars and numbers indicate the medians. ***, P � 0.001; **, P � 0.01, *, P � 0.05. Bars, 10 �m.
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To validate these results in the context of a complete HCV genome, the HCV isolate
Jc1 was transfected into Huh7/Lunet cells that were treated 4 h after transfection with
U18666A for 48 h. As shown in Fig. 11A to C, we were able to confirm an alteration of
membranous web integrity as revealed by a reduced DMV diameter in cells treated with
U18666A, although this reduction was less pronounced than the results obtained with
the subgenomic replicon. Importantly, NS5A protein levels were similar under all
conditions tested (Fig. 11D). In addition, treatment of the cells with the cationic

FIG 8 Analysis of cholesterol and NS5A abundances and their colocalization upon U18666A or Ro 48-8071 treatment. (A) Huh7/Lunet cells were transfected
with the HCV full-length genome Jc1. After 24 h, cells were treated with the given drug concentrations for 48 h, and after fixation, free cholesterol (filipin; green),
NS5A (red), and the lysosomal marker LAMP1 (blue) were visualized. White arrows indicate NS5A either colocalizing with filipin (control cells) or not
(drug-treated cells). Representative images of cells treated with either 1.25 �M U18666A, 2.5 �M Ro 48-8071, or water (control) are shown. The signal intensity
of filipin (integrated density, in arbitrary units [AU]) (B), the NS5A-filipin signal overlap (Manders overlap coefficient) (C), and the NS5A signal intensity (integrated
density, in arbitrary units [AU]) (D) were determined for cells from the experiment shown for panel A. Uninfected and untreated cells are indicated by “no virus.”
Results for two independent experiments for which at least 10 cells were analyzed are shown. Red bars indicate the medians. Each circle represents the result
obtained for a single cell. (E) Representative immunoblot showing the protein levels of NS5A and beta actin under the corresponding conditions analyzed for
panels A and B. The numbers on the bottom indicate the NS5A/beta actin signal ratio for two or three independent experiments. Note that NS5A abundance
was not significantly affected at any drug concentration used. ***, P � 0.001; **, P � 0.01, *, P � 0.05.
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amphiphile altered the DMV shape, showing protrusions of the innermost membrane
toward the DMV lumen (Fig. 11E, black arrows) more often than the case for regular
DMV structures (Fig. 11E and F).

In conclusion, these results suggest that HCV exploits NPC1 at ER and LE/LY
membrane contact sites to recruit cholesterol to the viral RO, with this lipid contrib-
uting to the functionality and integrity of the membranous web.

DISCUSSION

A common feature of positive-strand RNA viruses is the formation of organelle-like
membranous compartments serving as sites of viral RNA replication. These ROs can
exhibit different morphologies and form either invaginated vesicles or protrusions,
such as spherules or DMVs (4). Formation of the ROs most likely involves a concerted
action of a multitude of viral and host cell proteins to drive the generation of a
microenvironment with a specifically defined protein and lipid composition. Indeed,
HCV RNA synthesis was shown to occur at lipid raft-like membrane structures, indicat-
ing a unique lipid composition (10, 11). Furthermore, electron microscopy-based
analysis of affinity-purified DMVs revealed the enrichment of unesterified cholesterol
(7). Considering that DMVs arise from the ER (6), which itself has a low cholesterol
content (12), HCV must develop strategies to gather cholesterol and possibly other lipid
species and to incorporate them into its ROs. For this reason, we searched for LTPs
contributing to HCV replication and RO integrity and identified STARD3, OSBPL1A and
-B, and NPC1. The latter was characterized in detail and found to be required for HCV
RNA replication. Interestingly, the impact on viral RNA replication was stronger in case
of de novo RNA replication than in a situation mimicking persistent replication. This may
reflect a slow turnover or de novo generation of ROs in cases of persistent, i.e., already
established, replication, in contrast to a strong dependency on cholesterol access under
conditions where ROs have to form during the early stage of replication establishment.
Interestingly, upon short-term treatment with an NPC1 inhibitor, the predominant
effect was reduced virus production rather than impaired RNA replication. This result is
in agreement with an earlier report suggesting an accumulation of infectious HCV
particles in lysosomal structures and the inhibition of their release upon short-term
U18666A treatment (40). However, upon long-term treatment with the NPC1 inhibitor,
the impact on RNA replication predominated, consistent with results obtained by using
NPC1 knockout cell pools.

NPC1 is a transmembrane protein present in the limiting membrane of LE/LY (22).
Defects in NPC1 function caused by only one of several possible single point mutations

FIG 9 Rescue of HCV replication by LDL in cells cultured under lipid-free conditions. (A) Schematic of the treatment regimen. Huh7-derived cell lines
containing stable reporter replicons of genotype 1b (LucUbiNeo_Con1ET) or genotype 2a (LucUbiNeo_JFH1) were cultured in DMEM containing 10%
lipid-free fetal calf serum (LF medium). After 6 h, the medium was replaced with either fresh complete DMEM or LF-DMEM supplemented or not with 50
�g/ml human LDL. Cells were harvested 48 h later. (B) HCV RNA replication was determined by firefly luciferase assay and normalized to the values
obtained for cells cultured in complete DMEM. (C) Cell viability was assessed by measuring intracellular ATP levels. The results for three independent
experiments are shown. RU, relative units.
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FIG 10 Effect of altered subcellular cholesterol distribution on morphology of the membranous web. (A) The replicon cells specified at the top were treated
for 24 h with 0.625 �M U18666A, 0.625 �M Ro 48-8071, or water. Thereafter, the medium was replaced with fresh medium containing either water or the
given drug in addition to either DMSO or 1 nM OSW-1. Cells were cultured for an additional 24 h and lysed for measurements of viral RNA replication by firefly
luciferase assay (A) and cell viability (B). The results for two independent experiments are shown and are presented as percentages of the untreated control
values. (C) Huh7/Lunet cells were electroporated with in vitro transcripts of the subgenomic replicon encoding mCherry-tagged NS5A. At 4 h postelectro-
poration, cells were treated with U18666A or Ro 48-8071 or left untreated, and 42 h later, cells were fixed and processed for electron microscopy analysis.
Representative images are shown, with white boxes highlighting the areas shown as enlargements in the adjacent insets. White arrows indicate
double-membrane vesicles. (D) DMV diameters were determined for untreated cells or cells treated with 1.25 �M or 0.625 �M U18666A or 1.25 �M Ro
48-8071. The results of a representative experiment are shown. At least 10 cell profiles were analyzed per condition. Each horizontal line indicates the median
diameter, which is given numerically above each column. (E) Summary of the results of 2 or 3 independent experiments. The median DMV diameter for each
experiment is indicated by a circle, while the black line represents the overall median. (F) Immunoblot showing NS5A abundances in lysates of cells
corresponding to panel C; beta actin served as a loading control and for normalization. Numbers below the lanes are the ratios of NS5A and beta actin signals.
***, P � 0.001; **, P � 0.01, *, P � 0.05.
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FIG 11 NPC1-mediated cholesterol export at late endosome-lysosome–ER contact sites is important for the integrity of the membranous web in
HCV-infected cells. Huh7/Lunet cells were electroporated with full-length RNA of the HCV genome Jc1. At 4 h postelectroporation, cells were treated

with 1.25 �M U18666A or left untreated, and 42 h later, cells were fixed and processed for electron microscopy analysis. (A) Representative images, with
white boxes highlighting the areas shown in the adjacent insets. White arrows indicate double-membrane vesicles (DMVs). (B and C) DMV diameters
were determined for untreated cells or cells treated with 1.25 �M U18666A. Quantifications for two experiments are shown in panels B and C. At least
10 cells were analyzed per condition. Each horizontal line indicates the median, which is given numerically above each column. (D) Representative

(Continued on next page)
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(37) have been reported to cause a tremendous intracellular accumulation of unest-
erified cholesterol in lamellar bodies carrying LE/LY markers (41). Thus, HCV replication
may depend on NPC1-mediated cholesterol export from the LE/LY. Indeed, U18666A or
Ro 48-8071 treatment mimicked the accumulation of unesterified cholesterol in large
lysosomal vesicles observed upon NPC1 knockdown. Importantly, this was concomitant
with a decrease of unesterified cholesterol at NS5A-positive sites, arguing for a defect
in cholesterol trafficking from the LE/LY compartments to the ROs.

Interestingly, we observed that HCV infection alters the distribution of unesterified
cholesterol by inducing its accumulation around the nucleus. In agreement with others
(42), we found that exogenously added Topfluor-cholesterol that mimics the partition-
ing and trafficking of cellular unesterified cholesterol (34) is recruited to NS5A-positive
sites. Wang and Tai argued that TFC was mainly recruited to old NS5A sites, represent-
ing DMVs and multimembrane vesicles (MMVs), where cholesterol may be important
for association of the ROs with LDs, and thus for viral assembly (42). Indeed, we found
that NS5A and TFC were present at DMVs in close proximity to LDs, but an even larger
fraction of both protein and lipid colocalized to DMVs that were remote from LDs or
other cellular organelles. Furthermore, we observed that the depletion of exogenous
lipids reduced viral replication, which was rescued upon the addition of exogenous
LDL. Taken together, these results suggest that cholesterol, possibly derived from the
PM or from the uptake of LDL, is delivered through the endosomal pathway to the viral
ROs by the action of LTPs, such as NPC1.

Based on these considerations, we propose that RNA replication depends on
endosomal cholesterol homeostasis and cholesterol transport, requiring multiple cel-
lular factors (Fig. 12). One of the key players is cytosolic PI4KIIIA, which becomes
recruited and activated by NS5A and NS5B, resulting in a local accumulation of PI4P (16,
17). In addition, HCV coopts the ER-resident VAP proteins A and B (4, 43–45) at DMVs
to promote the recruitment of LTPs that possess a VAP binding motif (FFAT motif). One
of the key factors for cholesterol transport to DMVs is OSBP most likely delivering
cholesterol in exchange for PI4P (14). Yet the source of cholesterol delivered by LTPs,
such as OSBP, is unclear. Based on our results, we hypothesize that NPC1 transfers
cholesterol from LE/LY compartments to cellular acceptors, such as members of the
ORP family (Fig. 12). Indeed, we observed that the inhibition of OSBP in addition to
NPC1 had a stronger impact on replication than impairment of only one of the cellular
factors, arguing for a concerted action of both. Interestingly, knockdown of another
member of the ORP family, the ER resident OSBPL5, was shown to cause the accumu-
lation of unesterified cholesterol in the limiting membrane of LE/LY, while NPC1
knockdown manifests as cholesterol entrapment within the vesicle, arguing that
OSBPL5 might act as another cytosolic acceptor of cholesterol downstream of NPC1 (46,
47) (Fig. 12). Furthermore, another VAP binding protein, OSBPL1B (ORP1L), has been
reported to regulate the positioning of LE according to their cholesterol content and
the establishment of LE-ER contact sites. In uninfected cells, OSBPL1B (ORP1L) tethers
endosomes of low cholesterol content to the ER via interaction with VAP proteins and
causes a dispersed distribution of these vesicles. At high endosomal cholesterol levels,
OSBPL1B promotes the coupling of the vesicles to dynein motor proteins and vesicle
transport to the microtubule minus ends (26, 48). Although we do not know whether
HCV makes use of OSBPL1B (ORP1L) to recruit cholesterol-loaded endosomal vesicles
and to promote the establishment of LE-ER membrane contact sites, the impaired
HCV RNA replication observed upon knockdown of OSBPL1B (ORP1L) supports such a
model.

By using an RNAi-based approach, we also identified ABCA1 and STARD3 as host cell

FIG 11 Legend (Continued)
immunoblot showing NS5A and beta actin abundances in cell lysates corresponding to panel A. The numbers indicate the NS5A/beta actin signal ratios
determined for two independent experiments. (E) Representative images showing DMVs with regular (white arrows) or aberrant (black arrows) morphology.
(F) Quantification of the ratio of DMVs with regular morphology to DMVs with an aberrant shape. Each dot indicates the ratio determined for a single cell. The
results of two independent experiments are shown. Each horizontal line indicates the median. ***, P � 0.001; **, P � 0.01, *, P � 0.05.
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FIG 12 Possible mode of LTP-mediated cholesterol transport through the endocytic pathway to the viral replication sites. (A) Cholesterol-rich low-density
lipoprotein (LDL) is taken up via receptor-mediated endocytosis and transported along the endosomal pathway to LE/LY (1). Through the activity of acid
hydrolases, unesterified cholesterol is released from LDL (2) (80) and possibly transported over the LE/LY limiting membrane via the concerted action of several
LTPs, such as NPC1/2, STARD3, OSBPL5, OSBPL1B (ORP1L), and ABCA. ORP1L regulates the localization of LE/LY according to their cholesterol content (3) (26,
52, 53). (B) HCV might take advantage of several of these LTPs to enrich cholesterol at the presumed viral replication sites, the DMVs. First, HCV recruits and
activates PI4KIIIA, causing local accumulation of PI4P (16) and determining the directionality of lipid transfer by LTPs (15). Second, ER-resident VAP proteins
present at DMVs (7) might serve as anchors for several proteins that promote the formation of ER-LE/LY membrane contact sites and direct lipid transfer. ORP1L
regulating the mobility of LE/LY according to their cholesterol content is able to interact with VAP (26). It is likely that HCV redirects OSBPL1B (ORP1L) to bring
cholesterol-loaded LE/LY membranes close to DMVs. The formation of these membrane contact sites might be promoted further by STARD3, another cholesterol
efflux pump residing in the limiting membrane of late endosomes and interacting with VAP proteins (54). Once membrane contact site are established, NPC1,
possibly in a concerted action with NPC2, catalyzes the export of unesterified cholesterol over the limiting membrane (22). The ER resident OSBPL5 (46, 47) or
the cytosolic protein OSBP might then act as a cytosolic acceptor, possibly recruited by HCV. The high PI4P levels at DMVs most likely determine the
directionality of cholesterol transport by OSBPL5 or OSBP (14), transferring the sterol to DMVs in exchange for PI4P. LDL, low-density lipoprotein; LDLR,
low-density lipoprotein receptor; EE, early endosome; LE, late endosome; ERC, endosomal recycling compartment; DMVs, double-membrane vesicles; ER,
endoplasmic reticulum.
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factors important for efficient HCV replication (Fig. 1 and 12). These proteins are
involved in cholesterol export and have been proposed to function at LE/LY mem-
branes, similar to NPC1, although ABCA1 functions mainly at the PM (49–52). STARD3
and ABCA1 possibly act at different LE/LY pools and catalyze the export of cholesterol
to distinct cellular targets, such as the PM or mitochondria (52, 53). Moreover, by
binding to the ER-resident VAP proteins, STARD3 appears to contribute to the estab-
lishment of ER-LE membrane contact sites (54). Based on these considerations, we
suggest that NPC1, possibly in a concerted action with STARD3 and OSBPL1B (ORP1L),
is involved in the delivery of endosomal cholesterol to cytosolic sterol acceptors (Fig.
12). Interestingly, we (I. K. Stoeck and R. Bartenschlager, unpublished data) and others
(14) observed that pharmacological inhibition of OSBP altered membranous web
integrity. In line with this, we found that inhibition of endosomal cholesterol transport
through treatment with cationic amphiphiles reduced DMV diameters and correlated
with irregular DMV shape. Although we cannot rule out that decreased cholesterol
amounts might make DMV membranes more fragile and thus more prone to EM prepa-
ration artifacts, our results suggest that cholesterol transport along the endosomal pathway
is important for maintaining membranous web integrity. Whether cholesterol contributes
solely to the morphology of DMVs or directly affects replicase activity, e.g., by providing
lipid rafts (55), remains to be elucidated. Moreover, besides cholesterol, other lipids, such as
sphingolipids and specific phospholipid species, appear to be relevant for viral replication
and might be recruited in a similar manner (5).

Studying the role of cholesterol in viral RNA replication and the molecular details of
its recruitment to the ROs has gained increasing attention in the field of RNA virology.
For instance, endosomal cholesterol homeostasis was shown to be important for the
replication of coxsackievirus B3 and encephalomyocarditis virus (56). In addition,
rhinovirus was shown to utilize a PI4P-cholesterol countercurrent similar to that used by
HCV (57). Moreover, imipramine, a drug causing the accumulation of cholesterol in
LE/LY, reduces chikungunya virus, West Nile virus, Zika virus, and DENV replication (58).
Thus, while the precise mechanisms of cholesterol recruitment may differ between
various positive-strand RNA virus species, the dependency of viral replication on
reshaping of the cellular cholesterol landscape seems to be a common feature for this
large class of viruses. In this respect, studies of HCV hold great promise for gaining
further insights into the complex interplay between positive-strand RNA viruses and
intracellular lipid homeostasis.

MATERIALS AND METHODS
Antibodies. The following antibodies/reagents and respective dilutions were used in this study:

alpha tubulin (1:1,000) (T6074; Sigma-Aldrich), beta actin (1:10,000) (A5441; Sigma-Aldrich), LAMP1
(1:100) (ab24170; Abcam), NPC1 (1:1,000) (AP60000PU-N; Acris), NS5A (1:1,000) (kindly provided by
Charles Rice, Rockefeller University), and NS3 (1:1,000) (BioFront Technologies) antibodies, filipin III
(250 �g/ml; Sigma-Aldrich), and Topfluor-cholesterol (1 �M; Avanti Polar Lipids). Secondary antibodies
conjugated to horseradish peroxidase or to Alexa Fluor were purchased from Sigma-Aldrich or Thermo
Fisher Scientific, respectively.

Cell culture, compounds, and cell viability assay. HEK-293T (59), Huh7.5 (60), Huh7.5FLuc (16)
(cultured in the presence of 1 �g/ml Geneticin; Invitrogen), Huh7/Lunet (61), Huh7/LunetCD81H (62)
(0.75 �g/ml Geneticin), Huh7/Lunet_LucUbiNeo_JFH1 (1 �g/ml Geneticin) (here designated LucUbiNeo-
_JFH1), Huh7/Lunet_LucUbiNeo_Con1ET (0.5 �g/ml Geneticin) (here designated LucUbiNeo_Con1ET)
(63, 64), Huh7/Lunet-T7 (5 �g/ml Zeocin) (65), Vero, and HeLa Kyoto cells were maintained in Dulbecco’s
modified Eagle medium (DMEM; Invitrogen, Karlsruhe, Germany) supplemented with 2 mM L-glutamine,
nonessential amino acids, 100 U/ml penicillin, 100 �g/ml streptomycin, and 10% fetal calf serum
(DMEMcplt). For some of these cell lines, antibiotics were added to the indicated final concentrations. In
starvation experiments, cells were incubated in DMEM supplemented with 2 mM L-glutamine, nones-
sential amino acids, 100 U/ml penicillin, 100 �g/ml streptomycin, and 10% lipid-free fetal calf serum (c.c.
pro GmbH) (LF-DMEM). U18666A was purchased from Sigma-Aldrich, and Ro 48-8071 was obtained from
Enzo Life Sciences. Cell viability was measured by using the Cell Titer Glo luminescent-cell viability assay
from Promega according to the manufacturer’s protocol.

Plasmids and viral constructs. All nucleotide and amino acid numbers refer to the JFH-1 genome
(GenBank accession no. AB047639) and the Con1 genome (GenBank accession no. AJ238799), respec-
tively. Plasmids encoding the full-length chimera Jc1 (pFK-Jc1�g), the full-length Renilla luciferase
reporter virus JcR2A (pFK_i389RLuc2a_Core_3-Jc1), the subgenomic reporter replicons pFK_i_341_PiLuc_
NS3-3=H77S (genotype 1a), pFK_i389LucNS3-3=Con1ET_�g (genotype 1b), and pFK_i389Luc_NS3-
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3=JFH1�g (genotype 2a), and the respective replication-deficient mutants pFK-i389-Luc_NS3-3ΔGDD_
JFH1_�g and pFK_i389LucNS3-3=Con1ET_GND_�g were described previously (16, 66–69). The sub-
genomic reporter replicon constructs pSGR_S52/SG-Feo SHI (genotype 3a) and pSGR_ED43/SG-Feo VYG
(genotype 4a) were kindly provided by Charles Rice, Rockefeller University, and have been described
elsewhere (70). Plasmid pFK_DVs.R2A has been described previously (71). For lentivirus production, the
retroviral vectors pCMV-dR8.91 and pMD2.G were used as described earlier (72, 73).

In vitro transcription and RNA transfection by electroporation. To generate in vitro transcripts,
10 �g of the respective plasmid DNA was linearized by enzymatic digestion, purified, and used for in vitro
transcription, using 80 mM HEPES (pH 7.5), 12 mM MgCl2, 2 mM spermidine, 40 mM dithiothreitol (DTT),
a 3.125 mM concentration of each nucleoside triphosphate, 1 U/�l of RNasin (Promega), and 0.6 U/�l of
T7 RNA polymerase. Reactions were carried out at 37°C in a total volume of 100 �l. After 2 h, 0.3 U/�l
of T7 RNA polymerase was added, and 4 h later, in vitro transcription was stopped by the addition of 2
U of RNase-free DNase (Promega) per �g DNA and 1 h of incubation at 37°C. After RNA purification by
acidic phenol-chloroform extraction at 4°C, RNA was precipitated with isopropanol at room temperature.
RNA pellets were dissolved in RNase-free water. The concentration of RNA was determined using a
Nanodrop device (Thermo Fisher Scientific). For the transfection of target cells with the respective RNA,
single-cell suspensions were washed with phosphate-buffered saline (PBS) and resuspended in Cytomix
(74) containing 5 mM glutathione and 2 mM ATP. Four hundred or 100 �l of cell suspension was used
for electroporation, using a Gene Pulser system (Bio-Rad) at 975 �F and 270 V for a 0.4-cm cuvette
(Bio-Rad) or 500 �F and 166 V for a 0.2-cm cuvette (Bio-Rad), respectively.

Lentivirus preparation and titration. HEK-293T cells were transfected with packaging (pCMV-
dR8.91) and envelope (pMD2.G) plasmids (72, 73) as well as a transfer plasmid (pLKO.1; Sigma-Aldrich)
encoding the desired shRNA by use of polyethylenimine (Polysciences Inc.). Supernatants were harvested
at 48 h and 72 h posttransfection and filtered, and virus titers were determined by a colony formation
assay. For this purpose, HeLa Kyoto cells were transduced with two different dilutions of the lentivirus
stock, and 24 h later, cells were subjected to selection by culture in medium containing 1 �g/ml
puromycin (Sigma-Aldrich). Nontransduced cells served as a control for the selection procedure. Cell
colonies were visualized with crystal violet and counted.

Immunoblotting. Samples were harvested in 1 volume of 6� SDS sample buffer (375 mM Tris-HCl
[pH 6.8], 0.1% [wt/vol] bromophenol blue, 20% glycerol, 3% [wt/vol] SDS, 2% [vol/vol] beta-
mercaptoethanol) and 5 volumes of PBS and denatured by heating at 95°C for 5 min. Proteins were
analyzed by SDS-polyacrylamide gel electrophoresis followed by semidry electrotransfer onto polyvi-
nylidene difluoride (PVDF) membranes (PerkinElmer Life Sciences). For immunodetection of NPC1,
proteins were separated in a 6% SDS-polyacrylamide gel, followed by overnight wet transfer onto PVDF
membranes at 4°C. Membranes were blocked in 5% skim milk dissolved in PBS-Tween 20 (0.5%) for 1 h
at room temperature and then incubated with the appropriate primary antibody solution (containing
2.5% skim milk) overnight at 4°C. The membranes were then washed with PBS-Tween 20 (3 times for 10
min each) and incubated with the secondary antibody solution (containing 2.5% skim milk) for 1 h at
room temperature. Membranes were washed with PBS-Tween 20 (3 times for 10 min each), followed by
a final wash with PBS (5 min). Membranes were developed by using Western Lightning Plus ECL reagent
(PerkinElmer) and an Intas Science imager.

Immunofluorescence microscopy and image analysis. For indirect immunofluorescence assay,
cells were grown on coverslips and washed once with PBS prior to fixation with 4% paraformaldehyde
(PFA) in PBS for 15 min at room temperature. Given that filipin itself permeabilizes the cell, additional
permeabilization was not necessary. Primary and secondary antibodies were incubated in the presence
of 250 �g/ml filipin III (here designated filipin) for 1 h each (75). Cells were washed with PBS and
mounted with Vectashield (Vector Laboratories Inc.). Images were analyzed using a Leica Sp2 confocal
laser scanning microscope or a PerkinElmer ERS-6 spinning disc confocal microscope. To quantify the
volume of filipin-positive structures, z-stacks were captured to cover the complete cell volume. Images
were deconvolved using Autoquant X3 software (Bitplane), and volumes were measured using Imaris 8
software (Bitplane). The colocalization of two signals was determined by performing intensity correlation
analysis using the Fiji software package based on ImageJ (NIH). The signal intensity was determined by
measuring the respective integrated density by use of Fiji.

Live-cell imaging. Huh7/LunetCD81H cells stably expressing the HCV polyprotein fragment from
core to NS2 of the Jc1 isolate were electroporated with in vitro transcripts of subgenomic replicon RNA
encoding a fully functional mCherry-tagged NS5A protein (genotype 2a; isolate JFH1) (subg_
NS5AmCherry) (35). Cells were plated into 8-well Lab-Tek imaging chambers (Thermo Fisher Scientific),
and Topfluor-cholesterol (1 �M) was added for 10 min prior to imaging. After extensive washing with
phenol red-free imaging medium, live-cell imaging was performed using a PerkinElmer ERS-6 spinning
disc confocal microscope and an incubation chamber at 37°C and 5% CO2. Every 15 min, the cell volume
was acquired by imaging sequential z-stacks. In order to stain for lipid droplets, LipidTox Deep Red
neutral lipid stain (Thermo Fisher Scientific) was directly added to the cells at a final dilution of 1:1,000
at the end of the imaging period. After 20 min, cells were imaged for approximately 45 min, which
allowed acquisition of 3 additional frames.

Sample preparation and analysis by TEM. Cells seeded onto coverslips were washed with PBS and
fixed for 30 min at room temperature with 2.5% glutaraldehyde in a 50 mM sodium cacodylate (caco)
buffer (pH 7.2) containing 10 mM MgCl2, 10 mM CaCl2, 100 mM KCl, and 2% sucrose. Cells were rinsed
with caco buffer five times for 5 min each on ice prior to incubation with 2% osmium tetroxide in caco
buffer for 40 min on ice. Samples were rinsed with distilled water and left in 0.5% uranyl acetate
overnight at 4°C. Next, samples were washed with distilled water for 30 min, and dehydration was
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performed by sequential incubation with ethanol at different concentrations (40%, 50%, 60%, 70%, and
80% for 5 min each and 95% and 100% for 20 min each). Samples were embedded in an araldite-Epon
mixture (Araldite 502/Embed 812 kit; Electron Microscopy Sciences) and left for 2 days at 60°C for
polymerization. After removal of the coverslip, embedded cells were cut into 70-nm sections by use of
a Leica Ultracut UCT microtome and a diamond knife and mounted onto a mesh grid. The retrieved
sections were further incubated with 3% uranyl acetate in 70% methanol for 5 min, followed by 2% lead
citrate in distilled water for 2 min. Sections were analyzed using a JEOL JEM1400 transmission electron
microscope (TEM) (JEOL Ltd., Tokyo, Japan) provided by the Electron Microscopy Core Facility of
Heidelberg University.

CLEM. For correlative light electron microscopy (CLEM), cells were seeded onto glass-bottomed
culture dishes containing gridded coverslips (MatTek Corporation). After 48 h, cells were fixed with 4%
PFA and 0.2% glutaraldehyde in PBS for 30 min at room temperature, washed three times with PBS, and
analyzed with a PerkinElmer ERS-6 spinning disc confocal microscope to acquire optical sections of
0.2 �m. Fluorescence signals from transfected cells and their positions on the gridded coverslip were
recorded. After imaging, cells were fixed again and processed as described in the section above, with the
exception that sections were collected on slot grids. Sections were imaged by using a JEOL JEM1400 TEM.
To correlate light and electron microscopy images, the “landmark correspondences” plug-in of the Fiji
software package was used.

Luciferase reporter activity assay. The effect of drug treatment or RNAi-mediated knockdown on
viral replication was determined by measuring the Renilla luciferase reporter activity in cell lysates of
Renilla reporter virus-infected cells. The firefly luciferase activity in cell lysates containing the subgenomic
firefly luciferase reporter replicon was measured accordingly. To measure luciferase activity, the respec-
tive substrates were added to the cell lysates (coelenterazine for Renilla luciferase and luciferine,
glycyl-glycine, ATP, and dithiothreitol for firefly luciferase), and emitted light was quantified using either
a Lumat LB9507 tube luminometer or a Mithras LB940 plate luminometer (both from Berthold Technol-
ogies).

Generation of CRISPR/Cas9 NPC1 KO or control cell lines. The following 4 20-base guide strands
(strands 1 to 4) were designed to target different exons in the NPC1 gene: strand 1, 5=-GAATTGCATAT
GGGGACAAG-3=; strand 2, 5=-AAAGAGTTACAATACTACGT-3=; strand 3, 5=-CACAAGCAAAAACGCCATGT-3=;
and strand 4, 5=-CAACTGGATTGGTTGTGACC-3=. CRISPR plasmids were constructed by insertion of the
annealed oligonucleotides into the lentiCRIPSRv2 plasmid (Addgene). In this vector, the single guide
RNAs are transcribed under the control of the U6 promoter. Lentiviruses were prepared as described
above. To generate knockout cell lines, Huh7-Lunet cells were infected with the respective lentivirus, and
1 day later, cells were cultured in medium containing 3 �g/ml puromycin. Two days later, the obtained
cell pools were used for the experiments.

CRISPR/Cas9 assay. Lunet CRISPR/Cas9 KO or control cell pools were electroporated with in vitro
transcripts of the full-length Renilla luciferase reporter virus and seeded into 12-well plates. Cells were
harvested after 4 h to determine transfection efficiency and after 48 h to assess virus replication, whereas
cell culture supernatant was transferred onto naive Huh7.5 cells to determine the impact of NPC1
knockout on virus production.

RNAi screen. Six independent repetitions were performed, each time using a different plate layout;
2.5 �l of 100 �M siRNA On-Target Plus SMART pool (Dharmacon) was transfected by electroporation into
Huh7.5FLuc cells. For controls, several electroporations of the siRNAs were included (5 for the nontar-
geting siRNA, 2 for the ApoE siRNA, and 2 for the PI4KIIIA siRNA), while for the remaining siRNAs, only
a single electroporation was performed per biological replicate. Cells were seeded in triplicate into
96-well plates and infected either 36 h (HCV reporter genome JcR2A) (16) or 48 h (DENV reporter genome
DVR2A) (71) later with the respective Renilla luciferase reporter virus at a multiplicity of infection (MOI)
of 0.5. After 24 h, the inoculum was replaced with 100 �l of fresh DMEMcplt. In the case of DENV
infection, 10 mM HEPES buffer solution (Thermo Fisher Scientific) was added to the medium. After 60 h
(HCV) or 48 h (DENV), cell supernatants were transferred onto naive Huh7.5 cells (HCV) or Vero cells
(DENV) seeded 1 day prior to infection. Infection was stopped 48 h later by washing and lysis of cells (1%
[vol/vol] Triton X-100, 10% glycerol, 15 mM MgSO4, 4 mM EGTA, 25 mM glycyl-glycine [pH 7.8], 1 mM
DTT). Luciferase activity was measured as a readout for viral RNA replication.

siRNA and shRNA. The following siRNA On-Target Plus SMART pools (pool numbers) were ordered
from Dharmacon: OSBP (L-009747-00), OSBPL1A/B (L-008350-00), OSBPL2 (L-010361-01), OSBPL3 (L-
009380-01), OSBPL5 (L-009274-01), OSBPL6 (L-009437-01), OSBPL8 (L-009508-00), OSBPL9 (L-009912-00),
OSBPL10 (L-008409-00), OSBPL11 (L-008415-01), PLEKHA8 (L-004320-01), COL4A3BP (L-012101-00),
STARD3 (L-017665-00), STARD4 (L-003315-01), NPC1 (L-008047-00), NPC2 (L-017216-00), ABCA1 (L-
004128-00), PI4KA (L-006776-00), APOE (L-006470-00), and Renilla luciferase (CTM-27030) pools. The
following Mission shRNA bacterial glycerol stocks were ordered from Sigma-Aldrich and used for
lentivirus production: for ApoE, CCGGGACAATCACTGAACGCCGAAGCTCGAGCTTCGGCGTTCAGTGATTGT
CTTTTTG; for PI4KIIIA, CCGGCAAGGCTGGATCAACACATACCTCGAGGTATGTGTTGATCCAGCCTTGTTTTTG;
for NPC1, CCGGCCACAAGTTCTATACCATATTCTCGAGAATATGGTATAGAACTTGTGGTTTTT and CCGGAGAG
GTACAATTGCGAATATTCTCGAGAATATTCGCAATTGTACCTCTTTTTTTG; for STARD3, CCGGGACCTGGTTCCT
TGACTTCAACTCGAGTTGAAGTCAAGGAACCAGGTCTTTTTG and CCGGCAGGAAGAGAACTGGAAGTTTCTCG
AGAAACTTCCAGTTCTCTTCCTGTTTTTTG; for OSBPL1A/B, CCGGGCATCAAGAAACACAGAACAACTCGAGTT
GTTCTGTGTTTCTTGATGCTTTTTTG and CCGGGCCGGATTCTGAAAGTGTATTCTCGAGAATACACTTTCAGAAT
CCGGCTTTTTTG; nontargeting 1, CCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTT
GTTTTT; and nontargeting 2, CCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTG
TTTTT.
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Statistical analysis of the RNAi screen. Screening data were analyzed in R by using the RNAither
package (76). In brief, technical replicates were averaged using the mean. Platewise Z-scores were
computed by subtracting the mean and dividing by the standard deviation for the nontargeting negative
controls. Biological replicates were summarized, and statistical significance was determined using a
one-sample t test.

Dose-response assays. For dose-response assays, Huh7/Lunet cells were electroporated with 10 �g
in vitro transcripts of the HCV Renilla reporter virus JcR2A or with 5 �g of subgenomic reporter replicon
RNA. Cells were seeded into 96-well plates, and 4 h later, the medium was replaced with fresh medium,
with or without the respective drug. After 24, 48, or 96 h, cells were lysed and used to measure luciferase
activity. To assess the efficiency of HCV particle production, we had to rule out an impact of the drug on
virus particle infectivity or on virus entry. Therefore, the culture supernatant was removed, and after
washing, cells were incubated in DMEMcplt for 4 h at 37°C. Infectious particles produced during those
4 h were harvested and used for infection of naive Huh7.5 cells. Infection efficiency was determined by
measuring the luciferase activity in lysates of these cells prepared 48 h after infection. For dose-response
assays conducted with stable replicon cell lines, 1 � 104 LucUbiNeo_JFH1- or LucUbiNeo_Con1ET-
containing cells were seeded per well of a 96-well plate. One day later, cells were incubated with control
medium or medium containing given concentrations of the drug. Cells were harvested 48, 72, and 96 h
posttreatment, and effects on replication were assessed by luciferase assay as described earlier.

Preparation of virus stocks and virus titration. Huh7.5 cells were transfected with in vitro
transcripts of wild-type Jc1 or JcR2A by electroporation. After 24 h, supernatants were replaced with fresh
medium, and at 48, 72, and 96 h postelectroporation, supernatants were collected and filtered through
0.45-�m-pore-size filters. Supernatants were stored at �70°C prior to determination of virus titers by
limiting dilution assay. For this purpose, Huh7.5 cells were seeded into 96-well plates, and serial dilutions
of the virus stock were used for infection. Infected cells were detected by immunohistochemistry using
the NS3-specific antibody 2E3, and the 50% tissue culture infective dose (TCID50) was determined using
the method of Spearman and Kärber (77, 78). The preparation of dengue virus stocks has been described
elsewhere (71).

Total cellular RNA isolation and quantification by RT-qPCR. Isolation of total cellular RNA was
carried out using a NucleoSpin RNA extraction kit (Macherey-Nagel). Typically, 350 �l of buffer A1
supplemented with 1% beta-mercaptoethanol was added to a confluent well of a 24-well plate, and RNA
was prepared as recommended by the manufacturer. To generate cDNA from isolated RNA, a high-
capacity cDNA reverse transcription (RT) kit (Thermo Scientific) was used. The 2� reaction mixture
contained 2� RT buffer, a deoxynucleoside triphosphate (dNTP) mixture containing a 4 mM concentra-
tion of each dNTP, 2� RT random primer, 25 U reverse transcriptase, and RNase inhibitor and was added
to the isolated RNA. The reaction mixture was incubated in a Thermocycler (Eppendorf) using the
following program: 10 min at 25°C, 120 min at 37°C, 5 min at 85°C, and storage at 4°C. The cDNA was
diluted 1:10 in RNase-free water and directly used for quantitative PCR (qPCR), using an iTaq Universal
SYBR green kit (Bio-Rad). A master mix (12 �l/sample) consisting of 2� iTaq Universal mix (Bio-Rad) and
0.5 �M (each) corresponding sense and antisense primers was prepared, to which 3 �l of prediluted
cDNA was added. Each reaction was conducted in triplicate. mRNA levels for NPC1 and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) were determined using the following primer pairs: NPC1-fwd,
5=-TTGTGGTGTTGGCTTTTGCC-3=; NPC1-rev, 5=-TGGCTTTATTTACTGATGGCCCTAT-3=; GAPDH-fwd, 5=-GAA
GGTGAAGGTCGGAGTC-3=; and GAPDH-rev, 5=-GAAGATGGTGATGGGATTC-3=.

Starvation assays. Huh7 cells containing the LucUbiNeo_Con1ET or LucUbiNeo_JFH1 replicon were
seeded in triplicate for each condition in 96-well plates. After 24 h, cells were transferred to
LF-DMEM, and 6 h later, the medium was replaced with fresh LF-DMEM without or with 50 �g/ml
human LDL (Merck Millipore).

Statistical analysis. Statistical analysis was performed using the GraphPad Prism 6 software package
(GraphPad Software Inc.). Significance values were calculated using two-tailed, unpaired Student’s t test.
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