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ABSTRACT The endoplasmic reticulum (ER)-resident proteins vesicle-associated
membrane protein (VAMP)-associated protein A and B (VAPA and VAPB) have been
reported to be necessary for efficient hepatitis C virus (HCV) replication, but the spe-
cific mechanisms are not well understood. VAPs are known to recruit lipid transfer
proteins to the ER, including oxysterol binding protein (OSBP), which has been pre-
viously shown to be necessary for cholesterol delivery to the HCV replication organ-
elle in exchange for phosphatidylinositol 4-phosphate [PI(4)P]. Here, we show that
VAPA and VAPB are redundant for HCV infection and that dimerization is not re-
quired for their function. In addition, we identify the phosphatidylinositol transfer
protein Nir2 as an effector of VAPs to support HCV replication. We propose that Nir2
functions to replenish phosphoinositides at the HCV replication organelle to main-
tain elevated steady-state levels of PI(4)P, which is removed by OSBP. Thus, Nir2,
along with VAPs, OSBP, and the phosphatidylinositol 4-kinase, completes a cycle of
phosphoinositide flow between the ER and viral replication organelles to drive on-
going viral replication.

IMPORTANCE Hepatitis C virus (HCV) is known for its ability to modulate phospho-
inositide signaling pathways for its replication. Elevated levels of phosphatidylinosi-
tol 4-phosphate [PI(4)P] in HCV replication organelles (ROs) recruits lipid transfer
proteins (LTPs), like oxysterol-binding protein (OSBP). OSBP exchanges PI(4)P with cho-
lesterol, thus removing PI(4)P from the HCV RO. Here, we found that the phosphatidyl-
inositol transfer protein Nir2 acts as an LTP and may replenish PI at the HCV RO by
interacting with VAMP-associated proteins (VAPs), enabling continuous viral replica-
tion during chronic infection. Therefore, the coordination of OSBP, Nir2, and VAPs
completes our understanding of the phosphoinositide cycle between the ER and
HCV ROs.

KEYWORDS hepatitis C virus, lipid transfer protein, membrane contact sites,
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Like all positive-sense RNA viruses, hepatitis C virus (HCV) induces cytoplasmic mem-
brane alterations in infected cells (1), which have been termed “membranous webs” or

replication organelles (ROs) and are believed to be sites of HCV RNA synthesis. ROs may
serve to shield viral components from host innate immunity and may also concentrate
RNA templates with viral and host replication cofactors to promote efficient replication.
Additionally, the lipid composition of ROs may be optimized for optimal viral replica-
tion.
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The host phosphatidylinositol 4-kinase PI4KA and its downstream effector oxysterol-
binding protein (OSBP) are essential for HCV replication and RO integrity (2–8). OSBP is
a member of a large class of cellular lipid transfer proteins (LTPs) and is recruited by
vesicle-associated membrane protein (VAMP)-associated proteins (VAPs) and phospha-
tidylinositol 4-phosphate [PI(4)P] to membrane contact sites (MCS) between the endo-
plasmic reticulum (ER) and other cellular membranes, where it exchanges sterols for
PI(4)P between apposed membranes (9). VAPs, which in humans are encoded by the
VAPA and VAPB genes, are highly conserved ER-resident transmembrane proteins (10).
VAPs interact with OSBP and many other LTPs by binding to an FFAT (two phenylala-
nine in an acidic tract) motif. This recruitment of LTPs by VAPs to form MCSs has
become recognized as a key mechanism of interorganellar nonvesicular transfer of
lipids (10). VAPs are necessary for efficient HCV replication (11, 12) and interact with the
HCV NS5A and NS5B nonstructural proteins (12–14), but the mechanistic details of how
they support HCV replication are not well understood.

There are five known human phosphatidylinositol transfer proteins (PITPs) that are
implicated in the nonvesicular trafficking of phosphatidylinositol (PI) between intracel-
lular membranes (15). One of these PITPs is PITPNM1/Nir2, which contains a PI transfer
protein domain as well as an FFAT domain for interaction with VAPs (15) and which has
been reported to exchange PI for phosphatidic acid (PA) at ER-plasma membrane MCSs
(16).

Here, we report that VAPA and VAPB play redundant roles in supporting HCV
infection and that efficient VAP dimerization is not required to support HCV replication.
Additionally, we find that VAPs interact with Nir2 in HCV-infected cells and that Nir2 is
essential for efficient HCV infection as well as for upregulation of PI(4)P levels in
HCV-expressing cells. This is consistent with a model in which Nir2 promotes the
replenishment of PI(4)P at viral ROs to counteract its removal by OSBP-mediated
exchange for sterols.

RESULTS
VAPA and VAPB play redundant roles in HCV replication. To test the require-

ment for the two VAP genes in HCV infection, we employed the CRISPR-Cas9 knockout
system using single guide RNAs (sgRNAs) targeting VAPA, VAPB, or a conserved se-
quence in the major sperm protein (MSP) domain of both VAPA and VAPB (sequences
are found in Table S1 in the supplemental material). Huh7.5.1 cells were then stably
transduced with lentiviral vectors encoding the sgRNA and Streptococcus pyogenes
Cas9. After validation of gene targeting (Fig. 1A), we infected the stable cell pools with
full-length HCV encoding a NanoLuc reporter, where luciferase activity directly corre-
lates with viral propagation. Three days postinfection, we saw a strong decrease in
luciferase activity in VAPA knockout cells and moderate inhibition in VAPB knockout
cells (Fig. 1B). Cells with a double knockout of VAPA and VAPB (VAPA/B) had a greater
decrease in luciferase activity than single knockouts (Fig. 1B), indicating that both VAPA
and VAPB are required for efficient HCV infection. HCV viral RNA quantitation after
JFH-1 infection (under multicycle infection conditions) showed similar inhibition in VAP
knockout cells (Fig. 1C), and the viability of single- and double-knockout cells was
similar to that of control cells (Fig. 1D). We also transfected a subgenomic replicon
containing a Renilla luciferase reporter (17) into the knockout cells to assess whether
the specific step of viral replication requires VAPA or VAPB. We found significant
decreases in luciferase activity in all knockout cell pools compared to levels in the
control at both 48 and 72 h posttransfection (Fig. 1E). These data confirm that VAPs are
required for efficient HCV replication.

In order to confirm the specificity of our knockout cell lines, sgRNA-resistant VAPA
and VAPB cDNAs were then introduced by lentiviral transduction into the VAPA/B
knockout cell lines to rescue VAPA or VAPB expression (Fig. 1G). Exogenous expression
of either VAPA or VAPB fully rescued NanoLuc-HCV infection in VAPA/B knockout cells
(Fig. 1F), demonstrating that VAPA and VAPB play redundant roles in supporting HCV
infection or that overexpression of one VAP can overcome the requirement of the
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other. To further confirm this, we performed a reciprocal rescue assay, in which VAPA
and VAPB knockout cells were rescued by exogenous expression of sgRNA-resistant
VAPA and VAPB, respectively. Immunoblotting confirmed expression of exogenous
VAPA and VAPB (Fig. 1H). We found that HCV infection in VAPA knockout cells was

FIG 1 VAPA and VAPB are required for efficient HCV replication. (A) Huh7.5.1 cells were stably transduced with lentivirus encoding
a puromycin resistance marker, Cas9, and a single guide RNA (sgRNA) targeting the indicated gene(s). Lysates from the stable
knockout cell pools were then immunoblotted for the indicated proteins. (B) Huh7.5.1 knockout cell pools as described in panel A were
infected with NanoLuc-HCV for 3 days, and luciferase activity was measured. Values are means � standard errors of the means of three
independent experiments and are normalized to the level of the control. **, P � 0.001, for results compared to the result with the
control. (C) Huh7.5.1 knockout cell pools as described in panel A were infected with JFH-1 for 3 days before viral RNA was quantified
by quantitative reverse transcription-PCR. Values are normalized to the result with the control. **, P � 0.001, for results compared to
the result with the control. (D) Cell viability of Huh7.5.1 cells stably transduced with lentivirus encoding sgRNA targeting the indicated
gene was measured by CellTiter-Glo. Values are normalized to the level of the control. (E) Huh7.5.1 knockout cell pools as described
in panel A were transfected with a subgenomic replicon encoding a Renilla luciferase reporter. Luciferase activity was measured at 4,
24, 48, and 72 h posttransfection, and data are plotted as fold change over values at 4 h to control for transfection and initial
translation. **, P � 0.001, for results compared to the result with the control. (F) VAPA/B double knockout Huh7.5.1 cell pools were
transduced with the indicated lentiviral vectors to express HA-tagged sgRNA-resistant VAPA or VAPB and infected with NanoLuc-HCV
for 3 days, and luciferase activity was measured. Values are means � standard errors of the means of three independent experiments
and are normalized to the level of the control. **, P � 0.001, for results compared to the result with the control. (G) Stably transduced
cells as described in panel F were immunoblotted for the indicated proteins. sgVAPA/B, sgRNA targeting VAPA/B. (H) Indicated
knockout cell pools were transduced with the indicated lentiviral vectors to express HA-tagged VAPA or VAPB and immunoblotted
for the indicated proteins. (I) Stably transduced cells as described in panel H were infected with NanoLuc-HCV for 3 days, and luciferase
activity was measured. Values are means � standard errors of the means of three independent experiments and are normalized to
the level of the control.
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rescued by exogenous expression of either VAPA or VAPB, and the same held true for
VAPB knockout cells (Fig. 1I).

VAPA dimerization is not required to support HCV infection. Because VAPA

expression could fully rescue the inhibition of HCV replication by VAPB knockout,
subsequent characterization of VAP function was performed with VAPA alone in the
context of VAPA/B double-knockout cell pools. To elucidate the domain requirement
and functional role of VAPA in HCV infection further, we generated five VAPA mutants
(Fig. 2A). The mutants featured the following: (i) KM¡DD substitutions that ablate its
interaction with FFAT domain-containing proteins (18); (ii) a deletion of the transmem-
brane (TM) domain; (iii) a deletion of the coiled-coil (CC) domain; (iv) the MSP domain
alone (N�); and (v) a deletion of the MSP domain (C�). We first overexpressed these
hemagglutinin (HA)-tagged mutants in VAPA/B knockout cells and found that wild-type
VAPA, the KM¡DD mutant, and the CC and C� mutants showed similar reticular
distributions in the cell, consistent with ER localization (Fig. 2B). In contrast, the TM
mutant and isolated MSP domain (N�) were homogenously distributed in cells, con-
sistent with their expected loss of membrane association due to deletion of the
transmembrane domain. Similar results were obtained when the cells were analyzed by
a biochemical membrane association assay (Fig. 2C).

We next assessed the ability of these VAPA mutants to interact with NS5A by
immunoprecipitation (IP). We found that the TM mutant and isolated MSP domain (N�)
did not interact with NS5A (Fig. 2D), suggesting that membrane interaction is necessary
for binding to NS5A. VAPA homodimerizes or heterodimerizes with VAPB (18, 19), and
dimerization has been thought to be important for VAP function although this has not
been experimentally demonstrated. We next assessed the ability of these mutants to
dimerize by cotransfecting 293T cells with HA-tagged and FLAG-tagged VAPA con-
structs, followed by immunoprecipitation of HA-VAPA and immunoblotting for associ-
ated FLAG-VAPA. The TM and N� mutants did not form dimers, while the CC mutant
exhibited a significant impairment in dimerization (Fig. 2E). These results suggest that
the transmembrane domain and coiled-coil domain are both important for dimeriza-
tion, consistent with a previous report (18).

Finally, we tested whether these mutants could support HCV infection. VAPA/B
double-knockout cell pools were transduced with sgRNA-resistant VAPA mutants and
infected with NanoLuc-HCV. Both wild-type VAPA and the CC mutant could fully rescue
HCV infection, while other mutants did not (Fig. 2G). Immunoblotting confirmed the
expression of individual proteins (Fig. 2F); of note, the levels of CC mutant expression
were comparable to those of endogenous VAPA in control cells (lane 1). Surprisingly,
the CC mutant, which is defective in interaction with either the CC mutant (Fig. 2E) or
with full-length VAPA (Fig. 2H), was able to completely rescue HCV infection in cells
depleted of VAPA and VAPB (Fig. 2G) and could also interact with OSBP (Fig. 2I). These
results indicate that efficient dimerization is not required for VAPs to interact with OSBP
or to support HCV infection.

VAPs support HCV replication through mechanisms different from OSBP. Si-

lencing or pharmacologic inhibition of PI4KA or OSBP induces the accumulation of
clusters of small double-membrane vesicles containing HCV NS5A and other viral
replication components (3–5, 8). We next tested whether VAP depletion also induced
these altered membranous structures using a nonreplicative HCV expression system.
Huh7.5.1/T7 cells depleted of VAPs or OSBP were transfected with an NS3-5B/green
fluorescent protein (NS3-5B/GFP) polyprotein encoding GFP-tagged NS5A (6). As ex-
pected, OSBP silencing induced the formation of NS5A-positive membrane clusters,
while no clusters were seen in VAP double-knockout cells (7.28 � 2.93 versus
3.45 � 1.19 pixels, respectively) (Fig. 3A). Thus, the NS5A-positive membrane clustering
phenotype seen in OSBP-depleted cells is not seen in VAP-depleted cells. This implies
that the inhibition of HCV replication in VAP-depleted cells involves one or more
mechanisms distinct from that of PI4KA and OSBP.
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NS5A interacts with both VAPs and OSBP (12, 13, 20). It is not known whether NS5A
interaction with VAPs requires OSBP. Here, we found that VAPA could interact with
NS5A in both control and OSBP-silenced cells (Fig. 3B), suggesting that the interaction
between VAPA and NS5A does not require OSBP expression. Conversely, we tried to

FIG 2 VAPA dimerization is not required to support HCV infection. (A) Schematic diagrams of VAPA domains and mutants. MSP
domain, major sperm protein domain; CC, coiled-coil domain; TM, transmembrane domain. Asterisks indicate the lysine and
methionine residues in the MSP domain necessary for interaction with FFAT domains. (B) VAPA/VAPB double knockout Huh7.5.1
cell pools were stably transduced with lentiviral vectors expressing the indicated HA-tagged wild-type VAPA or VAPA mutants and
then were immunostained with HA antibody. Bar, 20 �m. (C) Membrane association assay. Stably transduced cells as described
in panel B were homogenized (H, upper panels), and unbroken cells and cell nuclei were removed by low-speed centrifugation.
Membrane fractions (M, lower panels) were spun at 90,000 � average g force for 1 h, and the pellet was resuspended with RIPA
buffer containing 0.1% SDS. Samples were immunoblotted with the indicated antibodies. (D) Coimmunoprecipitation of VAPA
mutants with HCV NS5A. 293T cells were cotransfected to express HCV NS5A and HA-tagged wild-type VAPA or the indicated
VAPA mutants. Forty-eight hours later, cells were lysed and immunoprecipitated with HA antibody, followed by immunoblotting with
the indicated antibodies. (E) Homodimerization of VAPA mutants. 293T cells were cotransfected with two expression plasmids encoding
wild-type VAPA (lane 1) or the same indicated VAPA mutant (lanes 2 to 6), one with an HA tag and the other with a FLAG tag. Forty-eight
hours later, cells were lysed and immunoprecipitated with HA antibody followed by immunoblotting with the indicated antibodies. (F)
VAPA/VAPB double knockout Huh7.5.1 cell pools were transduced with lentiviral vectors expressing HA-tagged VAPA or the indicated
VAPA mutants before they were immunoblotted with the indicated antibodies. Note that the VAPA antibody was generated against
amino acids 121 to 228; thus, it could not detect TM and the C� mutant, and the N� mutant is poorly detected. (G) The stable cell pools
described in panel F were infected with NanoLuc-HCV for 3 days, followed by luciferase activity measurement. Values are normalized
to the level of the control. **, P � 0.001, for results compared to the result with the control. (H) Heterodimerization of the VAPA CC
mutant with wild-type VAPA. 293T cells were cotransfected to express HA-tagged VAPA and FLAG-tagged VAPA or the VAPA CC mutant.
Forty-eight hours later, cells were lysed and immunoprecipitated with HA antibody, followed by immunoblotting with the indicated
antibodies. (I) VAPA CC interaction with OSBP. 293T cells were cotransfected to express FLAG-tagged OSBP and HA-tagged wild-type
VAPA or the VAPA CC mutant. Forty-eight hours later, cells were lysed and immunoprecipitated with HA antibody, followed by
immunoblotting with the indicated antibodies. WT, wild type; IB, immunoblotting.
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test whether NS5A interaction with OSBP requires VAPA. However, in our 293T cotrans-
fection system, we found only very weak coimmunoprecipitation between OSBP and
NS5A, preventing us from testing whether this interaction is VAPA dependent. We
hypothesize that the low affinity of OSBP for NS5A suggested by coimmunoprecipita-
tion indicates that targeting of OSBP to HCV ROs may not be explained solely by direct

FIG 3 VAP function in HCV infection is not solely through OSBP. (A) HCV RO morphology in VAPA/VAPB knockout
cells. Huh7.5.1/T7 cells stably expressing T7 RNA polymerase were transduced with the indicated sgRNA with Cas9
or shRNA and then transfected with constructs expressing the NS3-5B/GFP polyprotein encoding NS5A-GFP under
the control of the T7 promoter. Forty-eight hours later, cells were immunostained for GFP (green) with DAPI (blue)
nuclear counterstaining. The lengths of the NS5A-positive membranous structures in each group were quantitated
with ImageJ, and the average length is indicated in pixels as means�SD. Bar, 10 �m. KO, knockout. KD, kinase dead.
(B) Coimmunoprecipitation of VAPA with HCV NS5A protein. 293T cells stably expressing a negative-control shRNA
or an shRNA targeting OSBP (shOSBP) were cotransfected to express HCV NS5A and HA-tagged VAPA. Forty-eight
hours later, cells were lysed and immunoprecipitated with HA antibody, followed by immunoblotting with the
indicated antibodies. (C) Huh7.5.1 cells stably transduced with wild-type or mutant OSBP were infected with the
JFH-1 strain of HCV. Three days later, cell homogenates (L) were separated into a crude membrane pellet and a
water-soluble supernatant (W) by centrifugation. The pellet was treated with cold 1% NP-40 and spun again; the
detergent-soluble (S) fraction was removed, and the detergent-resistant membrane (R) pellet was resuspended
with RIPA buffer containing 0.1% SDS. Samples were analyzed by SDS-PAGE, followed by immunoblotting for the
indicated proteins.
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interaction with NS5A. For example, HCV ROs have elevated PI(4)P levels (4, 5, 7), and
VAPA has been also reported to be enriched at HCV ROs (11, 14, 21). Therefore, OSBP
targeting to HCV ROs could be mediated by PI(4)P or VAPA interaction, in addition to
direct interaction with NS5A. To distinguish between these two possibilities, we asked
whether OSBP interaction with detergent-resistant membranes, which are enriched in
HCV ROs (11, 22), requires interaction with PI(4)P or VAPA. We found that both
wild-type OSBP and the OSBP FFAT mutant, but not the OSBP pleckstrin homology (PH)
domain mutant, cofractionated with NS5A in detergent-resistant membranes from
HCV-infected cells (Fig. 3C), suggesting that OSBP localization to NS5A-positive frac-
tions requires PI(4)P but not VAP binding. Collectively, our findings suggest that VAPs
and OSBP support HCV infection through distinct mechanisms.

Identification of VAPA-interacting FFAT-containing proteins by mass spec-
trometry. The VAPA KM¡DD mutant, which is defective in binding to FFAT motifs,
cannot rescue HCV replication in VAP knockout cells, indicating that VAPs support HCV
infection by recruiting one or more FFAT-containing proteins other than OSBP to the
RO. To identify FFAT-containing proteins interacting with VAPs in HCV-infected cells,
VAPA/B knockout cells stably expressing HA-tagged wild-type or KM¡DD mutant VAPA
were infected with the JFH-1 strain of HCV, and cell lysates were subjected to anti-HA
antibody immunoprecipitation. Coomassie staining of the immunoprecipitate demon-
strated a number of proteins that specifically copurified with wild-type VAPA (Fig. 4A,
left lane), but not with the KM¡DD mutant (right lane). Immunoblotting showed that
wild-type VAPA coimmunoprecipitated the known FFAT-containing protein OSBP,
while the KM¡DD mutant did not (Fig. 4B). Immunoprecipitated proteins from both
preparations were subjected to mass spectrometry, and several known FFAT-containing
proteins were identified (Table S2). These included several members of the OSBP-
related protein (ORP) family: ORP3, ORP6, ORP9, ORP10, ORP11, and OSBP; a PI-transfer
protein, PITPNM1/Nir2 (henceforth referred to here as Nir2); and the acyl-coenzyme A
(CoA) binding protein ACBD5. We next tested the functional role of the ORPs in
supporting HCV infection by genetic depletion. We found that ORP3, ORP6, ORP10, or
ORP11 was not required to support HCV infection when individually depleted (Fig. 4C
to F) though this does not exclude the possibility that HCV infection might be inhibited
by depletion of two or more of these ORPs. While knockdown of ORP9 appeared to
inhibit HCV infection, (Fig. 4G), it is thought to mediate a similar function as OSBP (8,
20), namely, exchange of cholesterol for PI(4)P at membrane contact sites.

Nir2 is relevant to HCV replication. We then turned to Nir2, a membrane-
associated phosphatidylinositol transfer domain-containing protein that is a homolog
of the Drosophila retinal degeneration B (rdgB) protein (23). We first confirmed its
interaction with VAPA by coimmunoprecipitation. Wild-type VAPA interacted with
wild-type Nir2, while mutations in either the FFAT motif in Nir2 or the KM motif in VAPA
ablated this interaction (Fig. 5A). We next designed two independent sgRNAs targeting
Nir2. Nir2 knockout Huh7.5.1 cell pools were then infected with either NanoLuc-HCV
(Fig. 5B) or JFH-1 (Fig. 5B, inset). Immunoblotting demonstrated that Nir2 expression
was effectively ablated by sgRNA 2 (Fig. 5B, inset). Significant inhibition of viral infection
was observed in Nir2-depleted cells compared to that with a control sgRNA. A transient
replication assay using transfected replicon RNA showed that viral replication was
significantly impaired in Nir2 knockout cells at 48 or 72 h posttransfection (Fig. 5C).
There was an association between the efficiency of Nir2 knockout and inhibition of viral
replication. Viral replication in OR6 cells containing a full-length genotype 1b HCV
replicon expressing a Renilla luciferase reporter gene (24) transduced with three
independent short hairpin RNA (shRNA) lentiviral vectors targeting Nir2 was also found
to be inhibited in a dose-dependent manner (Fig. 5D), indicating that the dependency
of HCV on Nir2 is not genotype specific.

In addition to Nir2, there are four other known PI transfer proteins in mammalian
cells. Of those, PITPNB has been reported to be an essential host factor for rhinovirus
infection (25), possibly by shuttling PI between the ER and rhinovirus ROs. We also
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tested the requirement of PITPNB for HCV infection, and we also found inhibition of
HCV infection after PITPNB knockout (Fig. 5E). Whether this and other PI transfer
proteins play a role in HCV infection and how they coordinate during viral infection
need further investigation.

Because Nir2 is essential for efficient HCV replication, we hypothesized that Nir2
might associate with HCV ROs. However, we did not observe redistribution of endog-

FIG 4 Identification of FFAT-containing proteins by mass spectrometry. (A) Coomassie blue staining of VAPA or VAPA KM¡DD
coimmunoprecipitates. VAPA/B knockout Huh7.5.1 cells were stably transduced to express HA-tagged VAPA or the VAPA
KM¡DD mutant before they were infected with JFH-1. Cells were lysed and immunoprecipitated with HA antibody. Samples
were resolved by SDS-PAGE and stained by Coomassie blue. (B) Input and immunoprecipitated (IP) samples as described above
were immunoblotted with the indicated antibodies. (C to G) OR6 cells containing a full-length HCV replicon were transduced
with a nontargeting shRNA or with five independent shRNAs targeting the indicated gene for 72 h before replication was
assessed by Renilla luciferase activity; the mRNA expression level of the indicated gene was quantified by quantitative reverse
transcription-PCR. Values were normalized to the level of the control. *, P � 0.05; **, P � 0.01, for results compared to the result
with the control.
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FIG 5 Nir2 is required for HCV replication and is in close proximity to HCV ROs. (A) Coimmunoprecipitation of VAPA with Nir2 protein. 293T
cells were cotransfected to express FLAG-tagged Nir2 or the Nir2 FFAT mutant with HA-tagged VAPA or the VAPA KM¡DD mutant.
Forty-eight hours later, cells were lysed and immunoprecipitated with HA antibody, followed by immunoblotting with the indicated
antibodies. (B) Huh7.5.1 cells stably expressing a negative control or two independent Nir2 sgRNAs with Cas9 were infected with
NanoLuc-HCV for 3 days before luciferase activity was measured. Values are normalized to the level of the control. **, P � 0.001, for results
compared to the result with the control. Inset, Huh7.5.1 cell pools as described above were infected with the JFH-1 strain of HCV followed
by immunoblotting for the indicated proteins. (C) Huh7.5.1 cell pools described as in panel B were transfected with a subgenomic replicon
encoding a Renilla luciferase reporter. Luciferase activity was measured at 4, 24, 48, and 72 h posttransfection, and data are plotted as fold
change to values at 4 h to control for transfection and RNA translation. *, P � 0.01; **, P � 0.005, for results compared to the result with
the control. (D) OR6 replicon cells were transduced with the indicated shRNAs, and replication was assessed at 72 h postransduction by
Renilla luciferase activity. Values are normalized to the level of the control. **, P � 0.001, for results compared to the result with the control.
Inset, OR6 cell pools as described were immunoblotted for the indicated proteins. (E) Huh7.5.1 cell pools stably expressing a negative
control or three independent PITPNB sgRNAs with Cas9 were infected with NanoLuc-HCV for 3 days before luciferase activity was
measured. Values are normalized to the level of the control. **, P � 0.001, for results compared to the result with the control. Inset,
Huh7.5.1 cell pools as described were immunoblotted for the indicated proteins. (F) Nir2 knockout Huh7.5.1 cell pools stably overex-
pressing HA-tagged Nir2 were infected with JFH-1. Three days later, cells were fixed and stained with antibodies against NS5A (green) and
HA (red) with DAPI nuclear counterstaining (blue). Bar, 10 �m. (G) Uninfected or JFH-1 infected Huh7.5.1 cells were prepared as in the
legend of Fig. 3C, and detergent-resistant membranes (DRMs) were fractionated on an iodixanol density gradient. Fractions were analyzed
by SDS-PAGE, followed by immunoblotting for the indicated proteins. Fractions are numbered from 1 to 10 in order from top to bottom
(light to heavy). L, cell homogenate; W, water-soluble supernatant. (H) Nir2 is in close proximity to NS5A. Huh7.5.1 stably expressing a

(Continued on next page)
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enous Nir2 in HCV-infected cells. We did observe partial colocalization between Nir2
and HCV NS5A, a viral nonstructural protein found in ROs (Mander’s coefficient M1,
0.694) (Fig. 5F), though this analysis was limited by the rather diffuse reticular staining
pattern of Nir2. HCV RO membranes cofractionate with detergent-resistant membranes
(DRMs) in HCV-infected cells (11, 22). A membrane flotation assay of DRMs showed that
Nir2 cofractionated with NS5A and the DRM marker flotillin-1 (Fig. 5G) though Nir2 was
found in DRMs from both HCV-infected and uninfected cells.

To more conclusively demonstrate that Nir2 is in close proximity to HCV NS5A, we
conducted a proximity biotinylation assay using the engineered peroxidase APEX2 to
label proteins in proximity to NS5A. APEX2 catalyzes the biotinylation of proteins within
an �10-nm radius in the presence of biotin-phenol and hydrogen peroxide (26). This
reaction is performed in live cells over a short labeling period of 1 min. We generated
a cell line stably expressing an NS3-5B subgenomic replicon encoding APEX2 at an
insertion-tolerant site in NS5A (27). Following APEX2-mediated biotinylation, cells were
lysed, and affinity purification of biotinylated proteins was performed using streptavi-
din beads, followed by SDS-PAGE and immunoblotting.

We found, as expected, that NS5A-APEX2 was specifically and heavily biotinylated.
However, NS5A was not biotinylated when APEX2 was instead fused to a nuclear export
signal (NES) for cytoplasmic APEX2 localization in a cell line stably expressing a
wild-type NS3-5B subgenomic replicon (Fig. 5H). Consistent with our hypothesis, Nir2 as
well as OSBP and VAPA were all biotinylated in NS5A-APEX2 replicon cells, while EMC4,
an ER membrane protein complex subunit necessary for dengue viral infection (28), was
not (Fig. 5H). These results suggest that Nir2 is in close proximity to the HCV NS5A
protein.

VAPs and Nir2 are required to maintain PI(4)P upregulation in HCV infection.
A proposed model of lipid trafficking to the HCV RO posits that increased levels of PI(4)P
recruit lipid transfer proteins such as OSBP to the viral RO, and OSBP then delivers
cholesterol to the HCV RO by exchange for PI(4)P (8). However, under this model
phosphoinositide levels must be depleted from the RO by OSBP unless there is a
mechanism for phosphoinositide replenishment at the RO during chronic infection.
Thus, we hypothesized that the PI transfer protein Nir2 might be necessary to maintain
PI levels at the HCV RO for subsequent conversion to PI(4)P by PI4KA.

Nir2 has multiple protein domains. Among these are the following: (i) the N-terminal
PI transfer domain (PITD) that has been shown to have phosphatidylinositol transfer
activity in vitro, (ii) the FFAT motif, and (iii) the C-terminal domain that binds to
phosphatidic acid (16, 29). To assess the role of the PITD and the FFAT motif in HCV
replication, Nir2 knockout cell pools were transduced with sgRNA-resistant Nir2 mu-
tants and infected with NanoLuc-HCV. Neither PITD deletion nor the FFAT mutant
rescued HCV replication (Fig. 6A), suggesting that the PI transfer activity and interaction
with VAPs is required for Nir2 to support HCV infection.

To test whether Nir2 is required to maintain PI(4)P upregulation in HCV infection, we
measured the PI(4)P level in Nir2 knockout cells. To avoid confounding effects of Nir2
knockout on HCV replication, this experiment was conducted with Huh7/T7 cells
expressing the NS3-5B/GFP polyprotein as described above. PI(4)P was elevated ap-
proximately 3-fold in NS3-5B/GFP-expressing cells transduced with a negative-control
sgRNA (Fig. 6B and C) compared with the level in HCV-nonexpressing cells. As has been
previously reported (8) and also shown in Fig. 6, OSBP silencing did not block the
upregulation of intracellular PI(4)P levels in HCV-expressing cells. In contrast, knockout
of VAPs or Nir2 blocked the upregulation of intracellular PI(4)P levels by HCV polypro-

FIG 5 Legend (Continued)
subgenomic replicon (SGR/NS5A) or coexpressing the SGR/NS5A replicon and NES-APEX2 or a subgenomic replicon with APEX2-tagged
NS5A (SGR/NS5A-APEX) were treated, where indicated, with biotin-phenol (BP)-containing medium for 30 min, followed by hydrogen
peroxide for 1 min to biotinylate APEX2-proximal proteins prior to quenching and lysis. Biotinylated proteins were affinity isolated with
streptavidin beads, and lysates were resolved by SDS-PAGE. Immunoblotting was performed for the indicated proteins for both input and
immunoprecipitated (IP) samples.
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tein expression, indicating that these proteins are required to support elevated steady-
state PI(4)P levels in HCV infection.

DISCUSSION

Although VAPA and VAPB have been shown to be necessary for efficient HCV
replication (11, 12), their specific mechanisms and effectors in this process have not
been defined. In this study, we found that VAPA and VAPB play redundant roles in HCV
infection, which explains why inhibition of either VAPA or VAPB alone only moderately

FIG 6 VAPs and Nir2 are required for PI(4)P upregulation in HCV-expressing cells. (A) Control or Nir2 knockout
Huh7.5.1 cells were transduced with the indicated lentiviral vectors to express sgRNA-resistant Nir2 or mutants
before they were infected with NanoLuc-HCV for 3 days, and luciferase activity was measured. Values are
normalized to the level of the control. **, P � 0.001, for results compared to the result with the control. Inset,
Huh7.5.1 cell pools as described above were immunoblotted for the indicated proteins. (B) Huh7.5.1/T7 cells stably
expressing T7 RNA polymerase were transduced by the indicated sgRNA or shRNA to deplete VAPA/B, Nir2, or OSBP
and then transfected with constructs expressing the NS3-5B/GFP polyprotein encoding NS5A-GFP under the
control of the T7 promoter. Forty-eight hours later, cells were immunostained for PI(4)P (red) and GFP (green) with
DAPI nuclear counterstaining (blue). Arrowheads indicate cells expressing the NS3-5B/GFP polyprotein, while
asterisks indicate cells with no NS3-5B/GFP expression. Bar, 20 �m. (C) Quantitation of PI(4)P fluorescence from
HCV-expressing cells versus HCV-nonexpressing cells in the same experiment as described for panel B. Each point
denotes the fold change of integrated fluorescence signal from a single HCV-expressing cell over the average
intensity of HCV-nonexpressing cells, with the mean fold change indicated by the black lines.
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inhibits viral infection. Furthermore, VAPs are known to form homodimers or het-
erodimers (30) though their roles in mediating VAP function have not been clearly
elucidated. Here, we found that VAP dimerization is not necessary to support viral
replication. Of note, Saccharomyces cerevisiae VAP homologs Scs2p and Scs22p lack the
CC domain (31) and are believed to function as monomers (10).

The ER is the major site for biosynthesis of most membrane lipids, including PI,
which are then transported to different cellular membrane compartments by both
vesicular and nonvesicular transport mechanisms (32). In eukaryotic cells, PI generally
constitutes less than 10% of total cellular phospholipid (33). As the HCV RO is believed
to be derived from the ER and not in physical continuity with cellular membrane
compartments (34), it is likely that the initial mass of PI derived from the ER is consumed
by PI4KA to generate PI(4)P. Furthermore, we have previously found that cholesterol is
delivered to HCV ROs by OSBP in exchange for PI(4)P (8). This should result in a net
decrease in RO phosphoinositide content and, ultimately, a decrease in cholesterol
delivery over time if there is no mechanism for phosphoinositide resupply. However,
using pulse-chase labeling of HCV NS5A protein, we found that cholesterol trafficking
to “old” NS5A-positive membrane structures is not decreased compared to that to
“new” ones (17), hinting at the existence of a mechanism for PI replenishment. Here, we
identified Nir2 as a VAP effector that we propose functions to transfer PI to ROs, which
can then be used as a substrate for PI4KA to generate PI(4)P. The PI(4)P exchanged to
the ER by OSBP is then converted by the lipid phosphatase SacI back to PI (9, 35), which
can then be used to continue the phosphoinositide cycle at the HCV RO.

In conjunction with VAPs, OSBP tethers membranes from different organelles with
its PH domain and FFAT motif to form membrane contact sites where nonvesicular lipid
transfer occurs (9, 36). We have previously shown that an OSBP FFAT mutant failed to
rescue the viral replication inhibition caused by OSBP depletion (8), suggesting that
OSBP requires VAP interaction to support HCV replication. However, VAP depletion
does not result in the same membranous web clusters as those seen in OSBP (or PI4KA)
depletion, suggesting that VAPs and OSBP mediate overlapping but distinct roles in RO
biogenesis. We hypothesize that in VAP-depleted cells, the resulting low levels of PI(4)P
generation at the viral RO prevents not only the recruitment of OSBP but also that of
other cellular proteins that interact with PI(4)P. Conversely, during OSBP depletion,
although OSBP-mediated PI(4)P-cholesterol transfer is inhibited (8), elevated PI(4)P may
still recruit other PI(4)P-interacting proteins to the HCV RO, such as other ORPs, FAPP2
(37, 38), and ceramide transfer protein (CERT) (37, 39). In addition, the ER-resident
protein VAP has also been reported to be enriched in HCV ROs (11, 14, 21), suggesting
the possibility that VAPs are located on both sides of the ER-RO MCS. However, the
directionality of cholesterol/PI(4)P exchange by OSBP at this interface is likely deter-
mined by PI(4)P enrichment at the HCV RO, and we hypothesize that the directionality
of net PI transport by Nir2 from the ER to the HCV RO is determined by the PI
concentration gradient between these two membrane compartments.

Wild-type HCV isolates and cell culture-adapted variants have divergent require-
ments for PI4KA activity and PI(4)P levels to replicate efficiently (40). Specifically, while
HCV strains adapted to growth in Huh7 hepatoma cells promote PI4KA activation and
require relatively high levels of PI(4)P for optimal replication, wild-type HCV isolates
appear to replicate efficiently in hepatoma cells when PI(4)P production is reduced.
However, the same study also demonstrated that a PI4KA inhibitor suppressed wild-
type HCV replication in cells expressing low levels of PI4KA, such as primary human
hepatocytes, indicating that wild-type HCV isolates do require PI4KA activity for repli-
cation. Here, we have shown that adapted strains of both genotype 1b and 2a require
Nir2 for efficient replication in cell culture. We speculate that wild-type HCV strains may
also require some level of Nir2 expression for efficient replication though we have not
tested this in this study.

Nir2 has been proposed to exchange PI for PA at ER-plasma membrane contact sites
(16), where PA is generated from phosphatidylinositol-3,4-bisphosphate [PI(4,5)P2] by
the sequential actions of phospholipase C and diacylglycerol kinase. Interestingly, HCV
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ROs have also been reported to be enriched in PI(4,5)P2 (41), which could be a potential
source of PA generation. However, it is not known whether phospholipase C and
diacylglycerol kinase are present at the HCV RO or whether Nir2 might be able to
exchange PI for lipid species other than PA.

In addition to the PITPs mentioned above, there is another structurally unrelated family
of proteins that has the ability to bind and transfer PI, namely, the Sec14p family (42).
Interestingly, SEC14L2 has been shown to support pan-genotype HCV replication in cell
culture by enhancing vitamin E-mediated protection against lipid peroxidation (43);
whether this protein also involves PI transfer in HCV infection remains to be further studied.

In conclusion, the new insights into VAP function provided by this study advance
our knowledge of nonvesicular lipid transfer during viral infection. The identification of
Nir2 as a PI transfer protein located in close proximity to the HCV replication complex
may answer the question of how high levels of PI(4)P are maintained in cells during
chronic HCV infection and helps complete our understanding of the mechanisms that
establish a phosphoinositide cycle at the HCV RO.

MATERIALS AND METHODS
Reagents and antibodies. Antibodies used in this study include the following: VAPA and flotillin-1

(BD Biosciences, San Jose, CA), VAPB, Nir2, PITPNB, and OSBP (Proteintech, Chicago, IL), EMC4 (Life
Technologies, Carlsbad, CA), HCV NS5A (monoclonal 9E10; Charles Rice, Rockefeller University, New York,
NY). FLAG, �-actin (monoclonal; Sigma-Aldrich, St. Louis, MO), GFP and anti-HA tag (Cell Signaling
Technology, Danvers, MA), PI(4)P (mouse IgM monoclonal; Echelon, Salt Lake City, UT). Alexa Fluor- and
4=,6=-diamidino-2-phenylindole (DAPI)-conjugated secondary antibodies for microscopy experiments
were purchased from Life Technologies. Puromycin, blasticidin S, and G418 were also purchased from
Life Technologies.

Viruses and viral replicons. The genotype 2a HCV strain JFH-1 (44) was produced and propagated
as described in Kato et al. (45). We generated a full-length NanoLuc-tagged virus (Jc1/NanoLuc2A) by
replacing the Gaussia luciferase coding sequence in the Jc1/Gluc2A (46) with the NanoLuc (Promega,
Madison, WI) coding sequence. Primers are listed in Table S1 in the supplemental material.

We also generated a subgenomic replicon expressing APEX2-tagged NS5A based on the JFH-1
genotype 2a sequence, termed here as pSGR-JFH1(NS5A/APEX2). We subcloned the APEX2 sequence
into the unique MluI site in the construct described in Wang and Tai (17) using the primers shown
in Table S1. In vitro-transcribed RNA was prepared and transfected into Huh7.5.1 cells as described
in Kato et al. (45). A cell line stably harboring pSGR-JFH1(NS5A/APEX2) was isolated by G418
selection.

Luciferase assay. VAPs or Nir2 knockout stable cell lines were either infected with NanoLuc-HCV (Fig.
1B, F, and I, 2G, 5B and E, and 6A) or transfected with a subgenomic replicon encoding Renilla luciferase
(Fig. 1E and 5C) (17). Renilla or NanoLuc activity was measured at the indicated time points using a
Synergy 2 plate reader (BioTek, Winooski, VT). Cell viability was assessed by cellular ATP content
(CellTiter-Glo; Promega).

Immunofluorescence staining. Immunofluorescence staining was performed as described in Tai
and Salloum (6) and Wang et al. (8). PI(4)P staining of intracellular membranes was performed exactly as
described in Hammond et al. (47) and Wang et al. (8). Images were taken with a Nikon A1 laser scanning
confocal microscope in sequential scanning mode to limit cross talk between fluorochromes. Quantifi-
cation of PI(4)P fluorescence intensity was determined from multiple random fields obtained with
identical acquisition settings using ImageJ software.

Coimmunoprecipitation and mass spectrometry. 293T cells transiently transfected with HA-
tagged constructs were lysed with IP buffer (25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1%
NP-40, and 5% glycerol). HA antibody (0.5 �g) was added to cell lysate and incubated at 4°C for 1 h.
Protein G Dynabeads (Life Technologies) were then added to lysate, incubated at 4°C for 1 h, and washed
three times in phosphate-buffered saline (PBS) with 0.5% Triton X-100. Immunoprecipitated proteins
were then eluted with SDS sample buffer and subjected to SDS-PAGE. For mass spectrometry (MS), VAP
knockout cells stably transduced with HA-tagged wild-type VAPA or VAPA KM¡DD (107 cells) were
infected with JFH-1 before they were lysed and subjected to anti-HA immunoprecipitation as described
above. Proteins on beads were washed with PBS once before they were reduced with dithiothreitol (DTT)
and digested with sequencing-grade modified trypsin (Promega). Peptides were separated on a SepPak
C18 cartridge (Waters Corp.) for liquid chromatography (LC)-tandem MS -. Proteins were identified by
searching the data against Homo sapiens (UniProt taxonomy identifier 9606) and JFH-1 using Proteome
Discoverer (version 2.1; Thermo Scientific). The false discovery rate (FDR) was determined using Perco-
lator, and proteins/peptides with an FDR of �1% were retained for further analysis.

Lentiviral vector preparation and transduction. Vesicular stomatitis virus G protein (VSV-G)
pseudotyped lentiviruses were produced as previously reported (8, 48). The sgRNA sequences used
are listed in Table S1. pLKO.1 shRNA constructs (Sigma-Aldrich) targeting the following were used:
OSBP (TRCN0000155602 and TRCN0000155752), ORP3 (TRCN0000285469, TRCN0000155275, TRCN0000157183,
TRCN0000158226, and TRCN0000275975), ORP6 (TRCN0000159097, TRCN0000159956, TRCN0000161428,
TRCN0000161853, and TRCN0000160736), ORP9 (TRCN0000159131, TRCN0000164901, TRCN0000160352,
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TRCN0000352848, and TRCN0000162447), ORP10 (TRCN0000147030, TRCN0000147511, TRCN0000330427,
TRCN0000330426, and TRCN0000149806), ORP11 (TRCN0000161454, TRCN0000158810, TRCN0000160386,
TRCN0000343356, and TRCN0000160605), and Nir2 (TRCN0000441337, TRCN0000029760, and
TRCN0000029763). Cells were transduced with lentiviral particles for 4 h in the presence of 8 �g/ml
Polybrene (Sigma-Aldrich). Cell lines stably transduced with lentiviral vectors were obtained by puro-
mycin selection (for sgRNA or shRNA) or blasticidin selection (for overexpression constructs).

Subcellular fractionation. Huh7.5.1 cells were infected with JFH-1 at a multiplicity of infection
(MOI) of 0.1; uninfected or infected cells were harvested at 4 days postinfection. Detergent-resistant
membrane isolation and density gradient fractionation were performed as described previously
(8, 49).

APEX labeling and purification of biotinylated proteins. APEX2-mediated biotinylation and
enrichment of biotinylated proteins were performed as previously described (50). Briefly, cells seeded in
six-well plates were first labeled with 500 �M biotin-phenol (Iris Biotech, Germany) for 30 min at 37°C,
followed by 1 mM H2O2 treatment for 1 min at room temperature. Cells were then washed extensively
with quencher buffer containing sodium azide, Trolox, and sodium ascorbate and lysed with radioim-
munoprecipitation assay (RIPA) buffer. Portions (10%) of the lysates were reserved to be run as input
controls. Five microliters of streptavidin magnetic beads (catalog no. 88817; ThermoFisher) was
added to each tube and rotated for 1 h at 4°C. Complexes were washed three times in PBS with 0.1%
Triton X-100. Proteins were eluted in SDS sample buffer and then subjected to SDS-PAGE and
Western blotting.

Statistics. Unless otherwise indicated, all values represent means � standard deviations (SD) and
represent the results of a minimum of three independent experiments. A two-tailed Student’s t test was
used to compare the means of control and experimental groups.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JVI

.00742-19.
SUPPLEMENTAL FILE 1, XLSX file, 0.01 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.03 MB.
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