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ABSTRACT Positive-strand RNA viruses, including picornaviruses, utilize cellular ma-
chinery for genome replication. Previously, we reported that each of the 2B, 2BC, 2C,
3A, and 3AB proteins of Aichi virus (AiV), a picornavirus, forms a complex with the
Golgi apparatus protein ACBD3 and phosphatidylinositol 4-kinase III� (PI4KB) at viral
RNA replication sites (replication organelles [ROs]), enhancing PI4KB-dependent phos-
phatidylinositol 4-phosphate (PI4P) production. Here, we demonstrate AiV hijacking
of the cellular cholesterol transport system involving oxysterol-binding protein (OSBP), a
PI4P-binding cholesterol transfer protein. AiV RNA replication was inhibited by si-
lencing cellular proteins known to be components of this pathway, OSBP, the ER
membrane proteins VAPA and VAPB (VAP-A/B), the PI4P-phosphatase SAC1, and PI-
transfer protein �. OSBP, VAP-A/B, and SAC1 were present at RNA replication sites.
We also found various previously unknown interactions among the AiV proteins (2B,
2BC, 2C, 3A, and 3AB), ACBD3, OSBP, VAP-A/B, and SAC1, and the interactions were
suggested to be involved in recruiting the component proteins to AiV ROs. Impor-
tantly, the OSBP-2B interaction enabled PI4P-independent recruitment of OSBP to
AiV ROs, indicating preferential recruitment of OSBP among PI4P-binding proteins.
Protein-protein interaction-based OSBP recruitment has not been reported for other
picornaviruses. Cholesterol was accumulated at AiV ROs, and inhibition of OSBP-
mediated cholesterol transfer impaired cholesterol accumulation and AiV RNA repli-
cation. Electron microscopy showed that AiV-induced vesicle-like structures were
close to ER membranes. Altogether, we conclude that AiV directly recruits the cho-
lesterol transport machinery through protein-protein interactions, resulting in forma-
tion of membrane contact sites between the ER and AiV ROs and cholesterol supply
to the ROs.

IMPORTANCE Positive-strand RNA viruses utilize host pathways to modulate the
lipid composition of viral RNA replication sites for replication. Previously, we
demonstrated that Aichi virus (AiV), a picornavirus, forms a complex comprising
certain proteins of AiV, the Golgi apparatus protein ACBD3, and the lipid kinase
PI4KB to synthesize PI4P lipid at the sites for AiV RNA replication. Here, we con-
firmed cholesterol accumulation at the AiV RNA replication sites, which are es-
tablished by hijacking the host cholesterol transfer machinery mediated by a
PI4P-binding cholesterol transfer protein, OSBP. We showed that the component
proteins of the machinery, OSBP, VAP, SAC1, and PITPNB, are all essential host
factors for AiV replication. Importantly, the machinery is directly recruited to the
RNA replication sites through previously unknown interactions of VAP/OSBP/
SAC1 with the AiV proteins and with ACBD3. Consequently, we propose a spe-
cific strategy employed by AiV to efficiently accumulate cholesterol at the RNA
replication sites via protein-protein interactions.
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Positive-strand RNA viruses include various important pathogens in humans, such as
poliovirus (PV), hepatitis C virus (HCV), dengue virus, and severe acute respiratory

syndrome coronavirus. All known positive-strand RNA viruses rearrange the mem-
branes of intracellular organelles, including the endoplasmic reticulum (ER), the Golgi
apparatus, the ER-Golgi apparatus intermediate compartment, endosomes, and mito-
chondria, to generate specific compartments for viral RNA replication, called viral
replication complexes, replication organelles (ROs), or membranous webs. This process
involves viral and host proteins, as well as cellular lipids (1–3).

The family Picornaviridae is a group of nonenveloped positive-strand RNA viruses
including PV, enterovirus 71 (EV71), rhinoviruses, and hepatitis A virus. The genome
encodes a single polyprotein, which is cleaved into 11 or 12 proteins by virus-encoded
proteases. For some picornaviruses, some or all of the proteins 2B, 2C, and 3A and
cleavage intermediates 2BC and 3AB, which are membrane-associated nonstructural
proteins, are involved in membrane rearrangement (4–12).

Studies of some picornaviruses and the flavivirus HCV have revealed that a lipid,
phosphatidylinositol 4-phosphate (PI4P), is essential for viral RNA replication. In mam-
malian cells, PI4P is synthesized from phosphatidylinositol (PI) by any of the four PI
4-kinases, PI4KII�, PI4KII�, PI4KIII� (also known as PI4KA), and PI4KIII� (also known as
PI4KB). PI4P is involved in membrane trafficking and lipid transport through the
recruitment of certain effector proteins to membranes (13–15). HCV and some picor-
naviruses generate a PI4P-enriched environment at the site of viral RNA replication
using ER-resident PI4KA (16–21) or Golgi apparatus-resident PI4KB (22–25). For PV and
coxsackievirus B3 (CVB3), i.e., picornaviruses belonging to the genus Enterovirus, a
model is proposed in which the viral protein 3A binds to Golgi apparatus-specific
brefeldin A resistance guanine nucleotide exchange factor 1 (GBF1)/ADP-ribosylation
factor 1 (Arf1) to recruit PI4KB, which is known as an Arf1 effector, to the Golgi/trans-
Golgi network, resulting in PI4P accumulation at viral RNA replication sites (22). PI4P
binds to viral RNA polymerase 3D to initiate and facilitate viral RNA synthesis. However,
a recent study reported that the recruitment of PI4KB to CVB3 ROs is GBF1/Arf1
independent (26). It was also reported for EV71 that GBF1 and Arf1 play minor roles in
RNA replication (27).

Aichi virus (AiV), a picornavirus belonging to the genus Kobuvirus, uses another
strategy to recruit PI4KB (23, 24). AiV, which is associated with acute gastroenteritis in
humans, was first isolated in 1989 from a patient in Japan (28) and was subsequently
detected in various countries throughout the world. We have reported previously that
the AiV membrane proteins 2B, 2BC, 2C, 3A, and 3AB bind to the Golgi apparatus
protein acyl-coenzyme A binding domain containing 3 (ACBD3), which interacts with
PI4KB to form a viral protein/ACBD3/PI4KB complex that produces PI4P at the sites of
RNA replication (23). The level of PI4P produced is enhanced in AiV-replicating cells or
2B-, 2BC-, 2C-, 3A-, or 3AB-expressing cells (29). In addition, ACBD3 is indicated to be
required for the recruitment of PI4KB to the RNA replication site (29). ACBD3 is not
necessary for CVB3 and rhinovirus RNA replication (26, 30), whereas it facilitates
enterovirus 71 replication (27). For the necessity of ACBD3 for PV replication, conflicting
results have been reported (24, 31).

Recently, oxysterol-binding protein (OSBP) was demonstrated to be involved in RNA
replication of some picornaviruses and HCV. In uninfected cells, OSBP binds to PI4P on
the Golgi apparatus through its pleckstrin homology (PH) domain (32) and to vesicle-
associated membrane protein-associated protein isoforms A and B (VAPA and VAPB
[VAP-A/B]) on the ER through its FFAT (two phenylalanines in an acidic tract) motif (33).
OSBP transfers cholesterol from the ER to the Golgi apparatus and transfers PI4P back
at the membrane contact sites (MCSs) (34, 35). For picornaviruses and HCV, OSBP plays
a critical role in the formation of the viral replication complex and in cholesterol
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accumulation at the sites of viral RNA replication (21, 25, 36–38). SAC1 and PI transfer
protein � (PITPNB) are also involved in the cholesterol transfer system. SAC1 is a
phosphatase that catalyzes dephosphorylation of PI4P on the ER to produce PI (35).
PITPNB binds to the PI and transfers it from the ER to the Golgi apparatus (39). SAC1 and
PITPNB have been reported to be involved in rhinovirus infection (25).

Here, we report that AiV hijacks the OSBP-mediated cholesterol transport system,
which works at the MCS between the ER and the AiV ROs, for its RNA replication. We
confirmed novel protein-protein interactions between various AiV proteins (2B, 2BC, 2C,
3A, and 3AB), ACBD3, and the components of this pathway, including OSBP, VAP-A/B,
and SAC1. The hijacking strategy in which these interactions play important roles has
not been reported in picornaviruses other than AiV. Notably, the OSBP-2B interaction
has been indicated to result in the PI4P-independent recruitment of OSBP, suggesting
preferential recruitment of OSBP over other PI4P-binding proteins. In addition, we
discuss the possibility that ACBD3 is a novel component of the cholesterol transport
pathway, based on the finding of interactions between ACBD3 and the component
proteins.

RESULTS
Knockdown of OSBP, VAP-A/B, SAC1, and PITPNB, all of which are known to be

components of the cholesterol transport pathway, inhibits AiV replication. To
determine the involvement of the OSBP-mediated cholesterol transport pathway in AiV
RNA replication, we first examined whether AiV RNA replication is affected by the
depletion of certain host proteins involved in the pathway, OSBP, VAP-A/B, and SAC1.
Vero cells were transfected with small interfering RNA (siRNA) and, after 48 h, further
transfected with AV-FL-Luc-5=rzm harboring a firefly luciferase gene, which enabled us
to monitor AiV RNA replication by a luciferase assay. The lysates of the cells were
prepared at the indicated times until 9 to 10 h after transfection of replicon RNA, when
AiV replication has progressed enough to determine the difference in replication
efficiency. The depletion of OSBP decreased AiV RNA replication to 18% of control
levels at 9 h after transfection (Fig. 1A). Depletion of VAPA and VAPB decreased AiV RNA
replication to 54 and 90%, respectively, of control levels at 9 h after transfection, but
silencing of VAP-A/B decreased replication to 7% (Fig. 1B). Knockdown of SAC1 also
decreased AiV RNA replication, albeit less effectively than that of OSBP or VAP-A/B. Cell
viability was also determined, and a statistically significant but slight (3.3%) decrease
was detected only when VAP-A/B were silenced (Fig. 1B). PITPNB has also been shown
to be involved in rhinovirus replication as a component of this cholesterol transport
pathway (25). Knockdown of PITPNB also decreased AiV RNA replication to 49% at 10
h after transfection, although its knockdown was inefficient (Fig. 1D). These results
suggest the involvement of the OSBP-mediated cholesterol transport pathway in AiV
RNA replication.

VAP-A/B, SAC1, and OSBP are present at AiV RNA replication sites. Next, to
determine whether VAP-A/B, SAC1, and OSBP are actually present at the sites of AiV
RNA replication, we examined their localization in replicon RNA-transfected cells. In
uninfected cells, VAPA and VAPB were present mainly in the ER (Fig. 2A and B), as
shown by colocalization with calnexin and calregulin (Fig. 3). SAC1 was distributed to
the ER with some Golgi apparatus localization (Fig. 2D), as reported previously (40).
OSBP was present predominantly in the Golgi apparatus, which was known (Fig. 2E). In
AiV replicon-transfected cells, OSBP, VAP-A/B, and SAC1 were generally colocalized with
the viral proteins 2B, 2C, and 3A (Fig. 2A, B, D, and E). For OSBP and VAP-A/B, we
confirmed that the proteins were colocalized with double-stranded RNA (dsRNA) (Fig.
2C and E). Moreover, VAP-A/B were colocalized with ACBD3, which is a crucial host
factor for AiV RNA replication (Fig. 2C), and were no longer colocalized with calnexin
and calregulin (Fig. 3A and B). These results suggest that OSBP, VAP-A/B, and SAC1 are
recruited to the sites of AiV RNA replication.

Interactions of VAP-A/B, SAC1, and OSBP with 2B, 2BC, 2C, 3A, and 3AB. Based
on the above-mentioned results, we tested whether OSBP, VAP-A/B, and SAC1 interact
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FIG 1 Knockdown of VAP-A/B, SAC1, and OSBP, known to be components of the cholesterol transport pathway, inhibits AiV replication. (A to D,
left) Vero cells were transfected with nontargeting control siRNA and OSBP siRNA (A); VAPA, VAPB, or VAP-A/B siRNA (B); SAC1 siRNA (C); or PITPNB
siRNA (D). After 72 h, the cells were transfected with replicon RNA, and luciferase activity was measured at the indicated times after transfection.
The maximum value obtained for nontargeting control siRNA-treated cells was taken as 100%. The experiment was repeated at least three times.
The error bars indicate standard deviations (SD). *, P � 0.05; **, P � 0.01; ***, P � 0.005; ****, P � 0.001. (A to D, middle) Western blots for the
levels of OSBP (A), VAP-A/B (B), SAC1 (C), or PITPNB (D) and �-tubulin in Vero cells treated with the indicated siRNAs for 72 h; for detection, rabbit
antibodies against OSBP, VAP-A/B, SAC1, and PITPNB and mouse antibody against �-tubulin were used. Values obtained by densitometry and
normalized to �-tubulin are indicated. (A to D, right) Viability of Vero cells treated with nontargeting control siRNA and OSBP siRNA (A); VAPA,
VAPB, or VAP-A/B siRNA (B); SAC1 siRNA (C); or PITPNB siRNA (D). The data are means and SD for at least three independent experiments. ***, P �
0.005. NS, not significant.
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FIG 2 VAP-A/B, SAC1, and OSBP are present at AiV RNA replication sites. (A to E) Vero cells were mock electroporated or electroporated with the
replicon RNA, AV-FL-Luc-5=rzm. After 4 h, the cells were fixed and then immunostained with the indicated antibodies. Bars, 20 �m.
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with the AiV proteins 2B, 2BC, 2C, 3A, and 3AB, which are present at the sites of AiV RNA
replication (23). Mammalian two-hybrid (M2H) analyses revealed that both VAPA and
VAPB could interact with 2B, 2BC, 2C, 3A, and 3AB (13- to 47-fold increases in luciferase
activity), but not with L, an AiV nonstructural protein that is not localized at RNA
replication sites (23) (Fig. 4A). Reciprocal coimmunoprecipitation analysis using FLAG-
tagged VAP-A/B and hemagglutinin (HA)-tagged viral proteins confirmed that 2B, 2BC,
2C, 3A, and 3AB, but not L, were associated with VAP-A/B (Fig. 4D and 5A).

SAC1 was also revealed to interact with the viral proteins by M2H analysis (24-
to 31-fold increases in luciferase activity) and coimmunoprecipitation analyses (Fig.
4B and E).

The interaction of OSBP with 2B, 2BC, or 2C caused �11-fold increase in luciferase
activity, whereas the interaction of OSBP with 3A and 3AB resulted in 2.7- and 5.3-fold
increases, respectively (Fig. 4C) in an M2H analysis. OSBP-2B and -2BC interactions were

FIG 3 The ER proteins calnexin (A) and calregulin (B) are not recruited to viral RNA replication sites. Vero
cells were mock electroporated or electroporated with AiV replicon RNA, and 4 h later, the cells were
immunostained with the indicated antibodies. Bars, 20 �m.
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further determined by reciprocal coimmunoprecipitation (Fig. 4F and 5B). On the other
hand, in analyses of OSBP-2C, -3A, and -3AB interactions, coimmunoprecipitation was
detected when the proteins were immunoprecipitated with anti-FLAG antibody, but
not with anti-HA antibody (Fig. 4F and 5B). These results suggest that 2B and 2BC

FIG 4 Interactions of VAP-A/B, SAC1, and OSBP with 2B, 2BC, 2C, 3A, and 3AB. (A to C) Mammalian two-hybrid assay. Vero cells were transfected
with the indicated combinations of pACT and pBIND constructs expressing VAP-A/B, SAC1, OSBP, or AiV protein together with pG5luc encoding
firefly luciferase (Fluc). After 48 h, the Fluc activity was assayed, and relative Fluc activity was normalized to the negative control. (D to F)
Coimmunoprecipitation of VAP-A/B, SAC1, or OSBP with L, 2B, 2BC, 2C, 3A, and 3AB. 293T cells were transfected with FLAG-tagged VAPA, VAPB,
SAC1, or OSBP and HA-tagged L, 2B, 2BC, 2C, 3A, or 3AB, as indicated. Proteins were immunoprecipitated (IP) with anti-FLAG antibody or control
IgG, and the resulting immunoprecipitates and whole-cell lysates were analyzed by immunoblotting (IB) with anti-FLAG and anti-HA antibodies.
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interact with OSBP, whereas interaction of OSBP with 2C, 3A, and 3AB is not definite, or
may be weak, since reciprocal coimmunoprecipitation was not detected.

VAP-A/B, SAC1, and OSBP interact with ACBD3, which is an essential host
factor for AiV RNA replication. Previous studies have demonstrated that the AiV
proteins 2B, 2BC, 2C, 3A, and 3AB bind to ACBD3. In addition, as seen in Fig. 2, ACBD3
colocalized with VAP-A/B at the AiV RNA replication sites, and OSBP and SAC1 were also
present at the replication sites. We therefore examined whether OSBP, VAP-A/B, and
SAC1 interact with ACBD3. M2H analyses indicated that the interactions of OSBP, VAPA,
VAPB, and SAC1 with ACBD3 caused 30-, 277-, 241-, and 171-fold increases, respec-
tively, in luciferase activity (Fig. 6A). In addition, OSBP, VAP-A/B, and SAC1 were
coimmunoprecipitated with ACBD3 (Fig. 6B). These results suggest interactions of
OSBP, VAP-A/B, and SAC1 with ACBD3.

We further investigated whether the interaction of VAP-A/B or SAC1 with ACBD3
observed in M2H and coimmunoprecipitation assays affects intracellular localization of
ER-located VAP-A/B and SAC1. When expressed alone in Vero cells, FLAG-tagged
VAP-A/B and SAC1 were localized in an ER-like network, and HA-ACBD3 was localized
at the Golgi apparatus (Fig. 6C, top). The localizations of tagged VAP-A/B and ACBD3
were reminiscent of those of endogenously expressed proteins (Fig. 2). It is known that
SAC1 is associated with the ER when expressed as a fusion with an epitope tag or green
fluorescent protein (GFP) (40, 41). When coexpressed with HA-ACBD3, FLAG-VAPA,
FLAG-VAPB, or FLAG-SAC1 was still localized in an ER-like network but concentrated on
the Golgi apparatus, where each of them colocalized with HA-ACBD3 and the trans-
Golgi marker TGN46 (Fig. 6C, bottom.). These results suggest that ACBD3 can recruit
VAP-A/B and SAC1 to the Golgi apparatus and, thus, that interaction of VAP-A/B or
SAC1 with ACBD3 can affect their intracellular localization.

OSBP can be recruited to AiV RNA replication sites independently of PI4P. At
AiV RNA replication sites, a viral protein/ACBD3/PI4KB complex is formed to produce

FIG 5 Immunoprecipitation using anti-HA antibody. (A and B) Transfections were performed as described for Fig. 4D to F. Immunopre-
cipitations were conducted with anti-HA antibody or control IgG, and the resulting immunoprecipitates and whole-cell lysates were
detected by anti-HA and anti-FLAG antibodies, as indicated.
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PI4P. OSBP is known as a PI4P effector protein. To determine whether PI4KB-generated
PI4P is required for the recruitment of OSBP to the sites of AiV RNA replication, we
examined the effect of T00127-HEV1, a PI4KB-specific inhibitor (42), on the intracellular
localization of OSBP. T00127-HEV1 inhibited AiV replication severely (23), resulting in
insufficient production of the viral proteins in cells. Then, to solve this problem, the AiV
polyprotein was expressed by the cytomegalovirus (CMV) promoter. Our previous study
showed that CMV promoter-driven AiV polyprotein expression in Vero cells induced the
formation of clusters containing 2B, 2C, 3A, ACBD3, PI4KB, and PI4P, which are similar
to those formed in AiV replicon-replicating cells (29). Here, it was shown that OSBP also
colocalized with 2B, 2C, 3A, and PI4P in cells expressing the polyprotein (Fig. 7A). When
the polyprotein was expressed in T00127-HEV1-treated cells, each viral protein (2B, 2C,
or 3A) and PI4P, which is probably synthesized by PI4Ks other than PI4KB, formed small
clusters but did not colocalize with each other (Fig. 7B), as described previously (29);
however, OSBP still colocalized with the viral proteins. Thus, colocalization of OSBP with
the viral proteins is independent of PI4KB-produced PI4P, indicating that OSBP can be
recruited to AiV RNA replication sites in a PI4P-independent manner.

FIG 6 VAP-A/B, SAC1, and OSBP interact with ACBD3, which is an essential host factor for AiV RNA replication. (A) A mammalian two-hybrid assay was performed
to examine interaction of L, VAP-A/B, SAC1, and OSBP with ACBD3. The results are represented as described for Fig. 4A to C. The experiment was repeated at
least three times. The error bars indicate standard deviations. (B) Coimmunoprecipitation of VAP-A/B, SAC1, or OSBP with ACBD3. 293T cells were cotransfected
with plasmids encoding HA-ACBD3 and FLAG-VAPA, VAPB, SAC1, or OSBP. The cell lysates were analyzed as described for Fig. 4D to F. (C) ACBD3 induces Golgi
apparatus localization of VAP-A/B or SAC1. (Top) FLAG-VAPA, FLAG-VAPB, FLAG-SAC1, and HA-ACBD3 were expressed individually in Vero cells and
immunostained with anti-FLAG or anti-HA antibodies. (Bottom) Vero cells coexpressing HA-ACBD3 with FLAG-VAPA, FLAG-VAPB, or FLAG-SAC1 were
immunostained with anti-FLAG, anti-HA, or anti-TNG46 antibodies. Bars, 20 �m.
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To examine whether the interactions of OSBP with the viral proteins and ACBD3
were involved in PI4P-independent recruitment of OSBP, FLAG-tagged OSBP, HA-
tagged ACBD3, and 2B, 2C, or 3A were coexpressed in Vero cells, and immunostained.
When expressed alone, FLAG-OSBP was localized throughout the cytoplasm and also at
the Golgi apparatus (Fig. 8, top). Coexpression of FLAG-OSBP, HA-ACBD3, and 2B
resulted in the colocalization of the proteins in the perinuclear region (Fig. 8, bottom).
Conversely, in cells coexpressing 2C or 3A with FLAG-OSBP and HA-ACBD3, 2C, and 3A
colocalized with HA-ACBD3, they did not relocate FLAG-OSBP to the perinuclear region;
FLAG-OSBP was present throughout the cytoplasm (Fig. 8, bottom). These results
showed that 2B can affect the intracellular localization of OSBP, but 2C, 3A, and ACBD3
cannot. Thus, they suggest that PI4P-independent recruitment of OSBP to AiV RNA
replication sites is accomplished by the 2B-OSBP interaction.

To verify the specific recruitment of OSBP to AiV RNA replication sites, a similar
analysis was performed on CERT, which also binds to VAP and PI4P and transfers
ceramide from the ER to the Golgi apparatus. For analyses of interactions of CERT with
the viral proteins and ACBD3, these interactions resulted in 2.9- to 4.9-fold increases in
luciferase activities in M2H (Fig. 9A). In coimmunoprecipitation assays, only faint bands
were detected in coimmunoprecipitations with anti-FLAG antibody, and no bands were

FIG 7 OSBP can be recruited to AiV RNA replication sites independently of PI4P. (A and B) Vero cells were
mock transfected or transfected with pCMV-polyprotein and then cultured in medium with or without
5 �M T00127-HEV1, a PI4KB-specific inhibitor. At 24 h after transfection, the cells were fixed and stained
with the indicated antibodies. Bars, 20 �m.
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observed with anti-HA antibody (Fig. 9B). Thus, no definite interaction of CERT with any
of the viral proteins tested or with ACBD3 was confirmed. Coexpression of FLAG-CERT
with HA-ACBD3 and 2B or 3A did not affect the intracellular localization of FLAG-CERT,
although 2B and 3A colocalized with HA-ACBD3 (Fig. 9C). Finally, in AiV replicon-
transfected cells, CERT was dispersed throughout the cell, and it did not colocalize with
dsRNA and VAP-A/B, which localize at AiV RNA replication sites (Fig. 9D). Thus, CERT,
which lacked definite ability to bind to the viral proteins and ACBD3, was not recruited
to the AiV RNA replication sites, suggesting preferential recruitment of OSBP over other
PI4P-binding proteins.

OSBP-mediated cholesterol trafficking to AiV RNA replication sites is critical for
viral RNA replication. OSBP transfers cholesterol from the ER to the Golgi apparatus
(35). To examine whether cholesterol is accumulated at the AiV RNA replication sites,
replicon-transfected cells were stained with filipin, a fluorescent cholesterol-binding
polyene antibiotic, for cholesterol and with various antibodies. Filipin colocalized with
2B, 2C, 3A, and dsRNA (Fig. 10A). In addition, filipin could clearly form foci with ACBD3
and OSBP in AiV RNA-replicating cells, which were distinguished by expression of the
viral nonstructural protein L (Fig. 10B). Similar observations were made with VAPA and
VAPB, both of which colocalized with dsRNA (Fig. 10C). Thus, these results demonstrate
accumulation of cholesterol at the AiV RNA replication sites associated with ACBD3,
OSBP, and VAP-A/B.

To confirm whether transport of cholesterol by OSBP is required for AiV replication,
the culture medium was treated with 25-HC, a high-affinity ligand of OSBP that inhibits
cholesterol transfer by OSBP (35). The addition of 25-HC significantly reduced the
replication of the AiV replicon by 92% at 6 h after transfection (Fig. 10D, left) without
affecting cell viability (Fig. 10D, right).

To further confirm whether transport of cholesterol by OSBP contributes to the
accumulation of cholesterol at the AiV RNA replication sites, we examined the effect of

FIG 8 Effect of 2B, 2C, 3A, or ACBD3 on the localization of OSBP in coexpressing cells. (Top) FLAG-OSBP,
HA-ACBD3, 2B, and 2C were expressed in Vero cells individually and then immunostained with anti-FLAG,
anti-HA, anti-2B, and anti-2C antibodies, respectively. (Bottom) Cells coexpressing FLAG-OSBP with
HA-ACBD3 and 2B, 2C, or 3A were triple stained with anti-FLAG, anti-HA, and anti-2B, anti-2C, or anti-3A
antibodies. Bars, 20 �m.
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FIG 9 CERT, which did not interact with the viral proteins and ACBD3, is not recruited to the AiV RNA replication sites. (A)
Mammalian two-hybrid analysis was performed to determine interactions between CERT and 2B, 2BC, 2C, 3A, 3AB, or ACBD3,
and the results are represented as described for Fig. 4A to C. The error bars indicate standard deviations. (B) Coimmunopre-
cipitation analysis of CERT with viral proteins. HA-tagged L, 2B, 2BC, 2C, 3A, and 3AB were coexpressed with FLAG-tagged CERT
in 293T cells and immunoprecipitated with anti-FLAG (top) or anti-HA (bottom) antibodies or control IgG. The resulting
immunoprecipitates and whole-cell lysates were detected by anti-HA and anti-FLAG antibodies as indicated. (C) (Left)
FLAG-CERT was expressed and immunostained with anti-FLAG antibody. (Right) Cells coexpressing FLAG-CERT with HA-ACBD3
and 2B or 3A were triple stained with anti-FLAG, anti-HA, and anti-2B or anti-3A antibodies. Bars, 20 �m. (D) Vero cells were
mock electroporated or electroporated with the replicon RNA, and after 4 h, the cells were fixed and stained with the indicated
antibodies. Bars, 20 �m.
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FIG 10 OSBP-mediated cholesterol trafficking to AiV RNA replication sites is critical for viral RNA replication. (A to C) Cholesterol
accumulation at AiV RNA replication sites. Vero cells grown on medium containing lipid-free fetal bovine serum (FBS) were mock
electroporated or electroporated with the replicon RNA. At 4 h after electroporation, the cells were fixed and stained with filipin III
and the indicated antibodies. Bars, 20 �m. (D) Effect of 25-HC on AiV RNA replication. Vero cells were electroporated with AiV replicon
RNA and then incubated with or without 25-HC. At 1 to 6 h after electroporation, the cells were assayed for luciferase activity. The
luciferase activity of cells without 25-HC at 6 h after transfection was taken as 100%. The error bars indicate standard deviations. (E
and F) Effect of 25-HC on intracellular localization of cholesterol in cells expressing the AiV polyprotein. Vero cells cultured in lipid-free
FBS-supplemented medium with (F) or without (E) 25-HC were mock transfected or transfected with pCMV-polyprotein. After 24 h, the
cells were fixed and stained with filipin III and the indicated antibodies. Bars, 20 �m.
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25-HC on filipin localization in cells expressing the AiV polyprotein. In Vero cells
expressing the polyprotein, filipin colocalized with 2B, 2C, and 3A (Fig. 10E), as observed
in replicon-replicating cells (Fig. 10A). When the polyprotein was expressed in the
presence of 25-HC, 2B, 2C, and 3A formed small clusters. Filipin was present throughout
the cells and did not colocalize with the clusters containing 2B, 2C, or 3A (Fig. 10F),
illustrating that 25-HC inhibits cholesterol accumulation at the viral protein-positive
membrane structures. Taken together, these results suggest that OSBP-mediated cho-
lesterol transport is important for AiV RNA replication and results in accumulation of
cholesterol at the replication sites.

VAP-A/B and the viral proteins localize to distinct membranes in AiV RNA-
replicating cells. To characterize the membrane in which VAP-A/B or the AiV proteins
are present in AiV-replicating cells, we performed a membrane flotation analysis of
replicon-transfected cells in the presence of Nonidet P-40 (NP-40) (Fig. 11). Cholesterol-
and glycosphingolipid-rich membrane domains, such as lipid rafts or caveolae, are
resistant to treatment with nonionic detergents, including NP-40 (66, 67). In the analysis
of the untreated homogenate of replicon-transfected cells, 2B, 2BC, 2C, 3A, and 3AB, as
well as VAP-A/B and the ER marker calnexin, were associated with membranes. For the
NP-40-treated homogenate, VAP-A and VAP-B were mostly shifted to the soluble
fraction, like calnexin; however, a substantial portion of 2B, 2BC, 2C, or 3A and a small
portion of 3AB remained in the insoluble fraction, indicating association of the viral
proteins with detergent-resistant membranes. These results suggest that in AiV-
replicating cells, VAP-A and VAP-B are localized in the ER membrane, similar to calnexin,
whereas the viral proteins 2B, 2BC, 2C, and 3A (and a portion of 3AB) are associated with
the detergent-insoluble membrane, whose nature is different from that of the ER
membrane.

AiV-induced membrane structures are located in the vicinity of the ER mem-
brane. To investigate membrane alteration at the ultrastructure level in AiV RNA-
replicating cells, we performed electron microscopy analysis. Figure 12A shows electron
micrographs of mock- or AiV replicon-transfected cells at 6 h after transfection. The

FIG 11 VAP-A/B and the viral proteins localize to distinct membranes in AiV RNA-replicating cells. The
homogenate of mock-transfected or AiV replicon RNA-transfected Vero cells was treated or not with 1%
NP-40 for 1 h on ice and then fractionated on a sucrose gradient. The fractions were subjected to
immunoblotting to analyze the indicated proteins.
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typical Golgi apparatus cisternae were not found in replicon-transfected cells at 6 h
(data not shown). We observed two types of structures in the cytoplasm in AiV
RNA-transfected cells, both of which were not found in mock-transfected cells. The first
type of AiV-induced structure was single-membrane vesicle-like structures 200 to 400
nm in diameter (Fig. 12A, right, box 1, and B), and the second was 150- to 200-nm
vesicle-like structures with unclear shapes (Fig. 12A, right, boxes 2, 3, and 4, and C). The
former was observed at both 4 h (data not shown) and 6 h (Fig. 12B) after transfection.
On the other hand, the latter was hardly observed at 4 h after transfection (data not
shown), and some of the structures appeared to lack a membrane (Fig. 12C). These
results suggest that the larger single-membrane vesicle-like structures convert into the
smaller structures with unclear shapes, and some of the latter structures may start to
collapse at 6 h after transfection. In common with clusters of the larger and the smaller
structures, the membranes of the outermost structures were frequently observed in the
vicinity of the ER membrane, which could be identified by association with ribosomes
(Fig. 12B and C). These results demonstrated that AiV-induced vesicle-like structures
were present in the vicinity of the ER membrane and therefore support the possibility
that the OSBP-mediated cholesterol transport pathway operates between the ER and
AiV ROs.

DISCUSSION

We previously demonstrated that the AiV protein/ACBD3/PI4KB complex is formed
to produce PI4P at the sites of AiV RNA replication (23). PI4P production at the viral RNA
replication sites has also been observed in enteroviruses and cardioviruses, other

FIG 12 AiV-induced membrane structures are located in the vicinity of the ER membrane. (A) Electron
micrographs of mock- or AiV replicon-transfected cells at 6 h after transfection. Clusters of AiV-induced
structures are boxed. Higher-magnification images of the areas in box 1 and box 2 are shown in panels
B and C, respectively. N, nucleus. Bars, 2 �m. (B and C) Electron micrographs of clusters of the larger
single-membrane vesicle-like structures (B) and the smaller vesicle-like structures (C). The arrows and
arrowheads indicate the ER membrane and ribosomes, respectively. Bars, 500 nm.
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members of the family Picornaviridae, and in HCV (16–21). All these viruses have been
shown to exploit the OSBP-mediated cholesterol transport pathway for viral RNA
replication (21, 25, 36–38). In this study, we examined the involvement of the OSBP-
mediated cholesterol transport pathway in AiV RNA replication. OSBP and some
components of this pathway, VAP-A/B, SAC1, and PITPNB, were required for efficient
AiV RNA replication. OSBP, VAP-A/B, and SAC1 were present at AiV RNA replication sites.
We found for the first time that all or some of the viral proteins 2B, 2BC, 2C, 3A, and 3AB
and a host protein, ACBD3, interact with the component proteins OSBP, VAP-A/B, and
SAC1. The OSBP-2B interaction was suggested to enable the PI4P-independent recruit-
ment of OSBP to AiV RNA replication sties. Cholesterol was accumulated at AiV RNA
replication sites, and inhibition of OSBP-catalyzed cholesterol transfer by 25-HC inhib-
ited cholesterol accumulation at the 2B-, 2C-, and 3A-containing membrane clusters in
polyprotein-expressing cells and also inhibited AiV RNA replication. Membrane flotation
analysis and electron microscopy suggested that the cholesterol transport pathway
operates at the MCS between the AiV RO and the ER. These results suggest that the
OSBP-mediated cholesterol transport pathway, which works at the RO-ER MCS, is
essential for AiV RNA replication.

It is known for picornaviruses and HCV that cholesterol is accumulated at viral RNA
replication sites by hijacking the OSBP-mediated cholesterol transport pathway. These
viruses utilize the same hijacking strategy, where OSBP is indirectly recruited through
binding to PI4P accumulated at viral RNA replication sites (21, 25, 36–38). On the other
hand, this study showed that AiV also uses the OSBP-mediated cholesterol transport
system to supply cholesterol to the ROs but suggested a different strategy to recruit the
system: the newly found protein-protein interactions recruit not only OSBP to PI4P on
the RO, but also the components of the system, VAP-A/B and SAC1. For other picor-
naviruses, such interactions have not been reported. VAP-A/B are reported to be
involved in HCV replication (43–46), and HCV NS5A interacts with VAP-A/B; however,
the involvement of VAP-A/B in OSBP-mediated cholesterol transport has not been
shown for HCV. Direct recruitment of the cholesterol transport system has also been
reported for a tombusvirus, tomato bushy stunt virus (TBSV), whose replication protein
p33 interacts with OSBP-related proteins and Scs2p VAP protein (47), although involve-
ment of PI4P in viral RNA replication has not been described (47).

The first notable finding concerning protein-protein interactions is that the 2B-OSBP
interaction enables selective recruitment of OSBP, among PI4P-binding proteins, to AiV
replication sites. This was indicated by the following results. First, coexpression of OSBP,
ACBD3, and 2B resulted in the redistribution of OSBP to the perinuclear region, where
ACBD3 and 2B were localized (Fig. 8, bottom). In contrast, similar experiments uncov-
ered the fact that 2C and 3A, for which reciprocal coimmunoprecipitation with OSBP
was not detected, could not recruit OSBP to the perinuclear region. Furthermore,
another PI4P- and VAP-binding protein, CERT, which did not interact with the viral
proteins and ACBD3, was not recruited to the perinuclear region in coexpression with
ACBD3 and 2B or 3A (Fig. 9C). Indeed, CERT was not recruited to the AiV ROs (Fig. 9D).
In addition, in the AiV polyprotein-expressing cells treated with a PI4KB-specfic inhib-
itor, OSBP maintained colocalization with the viral proteins (Fig. 7B). Although involve-
ment of PI4P in recruiting OSBP is not excluded, PI4P would be essential as the scaffold
of OSBP and as the resource for exchange with cholesterol. PI4P-independent and
protein-protein interaction-based recruitment of OSBP to viral RNA replication sites will
promote the selective recruitment of OSBP, among PI4P-binding proteins, to PI4P on
ROs to facilitate cholesterol accumulation. Protein-protein interaction-based OSBP
recruitment has not been reported for other picornaviruses and HCV. In those viruses,
the recruitment of OSBP to viral RNA replication sites is dependent on PI4K activity or
PI4P (25, 37, 38, 48). The processes for hijacking this cholesterol transport system may
be diverse, even among closely related viruses.

Another important finding involving protein-protein interactions is that ACBD3
interacts with the components of the cholesterol transport pathway, OSBP, VAP-A/B,
and SAC1. Interactions among OSBP, VAP-A/B, and SAC1 have previously been shown
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(33, 49). In addition to these known interactions, the newly found interactions involving
ACBD3 would also contribute to recruiting the component proteins to AiV RNA
replication sites and to stabilizing the complexes of the cholesterol transport pathway.
Furthermore, in uninfected cells, ACBD3 forms a giantin/ACBD3/PI4KB complex at the
Golgi apparatus (23, 50), and ACBD3 plays a critical role in the Golgi apparatus
recruitment of PI4KB (23, 29), suggesting that ACBD3 is present at the site where PI4P
is produced prior to recruitment of OSBP, VAP-A/B, and SAC1. Thus, we speculate that,
in infected and uninfected cells, ACBD3 plays a role in setting up the cholesterol
transfer system by recruiting PI4KB first and then facilitating recruitment of OSBP,
VAP-A/B, and SAC1 to the RO or Golgi apparatus. Actually, ACBD3 was capable of
relocalizing VAP-A/B and SAC1 (Fig. 6C), although we could not confirm the ability of
ACBD3 to recruit OSBP, since coexpression of OSBP, ACBD3, and 2C or 3A did not
relocalize OSBP (Fig. 8, bottom). Moreover, ACBD3 is reported to be involved in the
regulation of ceramide trafficking between the ER and the Golgi apparatus by CERT (51,
52), which also binds to PI4P and VAP-A/B. ACBD3 may also have an important role in
the ceramide transfer pathway involved in sphingolipid metabolism. More research is
required to understand the role of ACBD3 in lipid trafficking between the ER and the
Golgi apparatus.

The previous study of rhinovirus demonstrated involvement of VAP-B in viral RNA
replication by analysis using siRNA (25). The present study is the first one exploring in
detail the involvement of VAP-A/B in picornavirus RNA replication, leading to a new
finding that they interact with the viral proteins and ACBD3. In addition, in uninfected
cells, VAP/A-B colocalized with calnexin and calregulin (Fig. 3). In contrast, in AiV-
replicating cells, VAP-A/B were recruited to AiV RNA replication sites and no longer
colocalized with calnexin and calregulin (Fig. 2 and 3). On the other hand, the
membrane flotation analysis of replicon-transfected cells showed that 2B, 2BC, 2C, and
3A reside in NP-40-resistant membranes, whereas VAP-A/B and calnexin are found
exclusively in the NP-40 detergent-soluble fractions (Fig. 11). Electron microscopy
showed that AiV-induced membrane structures are frequently located in the vicinity of
the ER membrane (Fig. 12). These results suggest that, while these viral proteins are
present on the cholesterol-enriched ROs, VAP-A/B are present on the ER membrane in
AiV-replicating cells. OSBP-, VAP-A/B-, and PI4P-mediated cholesterol transport would
occur at the MCS between the ER and the ROs, where OSBP binds to VAP-A/B on the
ER and to PI4P on ROs to transfer cholesterol from the ER to ROs.

Taking the data together, we propose a model for cholesterol supply to the sites of
AiV RNA replication (Fig. 13). Each of the AiV proteins 2B, 2BC, 2C, 3A, and 3AB forms
a complex with ACBD3 and PI4KB to produce PI4P on viral ROs that probably originated
from the Golgi apparatus (23). PI4P may recruit some PI4P-binding proteins, but 2B (and
possibly 2BC) enables the PI4P-independent recruitment of OSBP, resulting in the
selective recruitment of OSBP, among the PI4P-binding proteins, to PI4P on ROs. Then,
the viral proteins and ACBD3 facilitate the recruitment of VAP-A/B to OSBP. At this time,
VAP-A/B are likely to be present on the ER membranes. OSBP transfers cholesterol from
the ER to ROs and transfers PI4P back (34, 35). SAC1 is recruited to the site of
cholesterol/PI4P traffic through interactions with the AiV proteins and ACBD3 (Fig. 13B),
as well as with VAP-A/B and OSBP (47), and dephosphorylates PI4P to PI on the ER, to
which PITPNB binds. Then, PI is transferred to the RO by PITPNB, and the PI on the RO
is phosphorylated by PI4KB, which had been recruited by the AiV proteins with the
mediation of ACBD3. Thus, the cholesterol/PI4P traffic cycle operates at the MCS
between the AiV RO and the ER. As a result, the ROs are enriched with cholesterol.
Inhibition of the PI4KB activity or cholesterol transport by OSBP alters viral protein-
positive membrane structures (Fig. 7 and 10E and F) (29). Therefore, the cholesterol/
PI4P traffic and subsequent cholesterol accumulation seem to be important for the
morphogenesis of AiV ROs.

Electron microscopy showed formation of the two types of AiV-induced vesicle-like
structures in the cytoplasm in AiV RNA-transfected cells (Fig. 12). The larger vesicles, but
not the smaller structures, were found 4 h after transfection with replicon RNA,
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suggesting that the larger clear vesicles convert into the smaller vesicle-like structures
with unclear shapes. For enteroviruses, single-membrane structures were formed at the
early stage and transformed into double-membrane structures as infection progressed
(53, 54). The AiV-induced larger vesicles were single-membrane structures. On the other

FIG 13 Model for cholesterol trafficking at membrane contact sites between the ER and AiV replication
organelles. (A) In noninfected cells, OSBP bridges the ER, containing VAP-A/B and SAC1, and the Golgi
apparatus, containing PI4P, and exchanges cholesterol trafficking from the ER to the Golgi apparatus for
PI4P trafficking in the opposite direction. PI4P production by PI4K at the Golgi apparatus, PI4P dephos-
phorylation by SAC1 at the ER, and PI transport by PITP provide the energy driving the OSBP-mediated
cholesterol transfer. (B) In infected cells, each of the viral proteins (VP) 2B, 2BC, 2C, 3A, and 3AB forms
a complex with ACBD3 and PI4KB to synthesize PI4P on AiV replication organelles. Both VP and ACBD3
can directly interact with OSBP, VAP-A/B, and SAC1, resulting in the formation of membrane contact sites
between the ER and AiV replication organelles. The AiV-controlled OSBP-mediated cholesterol transport
pathway, where ACBD3 participates in tethering between the two organelles, allows the accumulation
of cholesterol at AiV replication organelles.
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hand, the smaller structures were irregularly shaped, and some of them appeared to
lack membranes. We could not find the structure surrounded by a clear double
membrane that was observed in enterovirus-infected cells (53, 54). Further research is
required to clarify the morphological alteration of intracellular membranes that oc-
curred in AiV-replicating cells. The local lipid composition generates membrane curva-
ture (55). Accumulation of cholesterol and PI4P may be involved in membrane curva-
ture, resulting in the formation of vesicle-like structures that serve as platforms for RNA
replication.

In conclusion, this study indicates that AiV hijacks the OSBP-mediated cholesterol
transport pathway to maintain the lipid homeostasis of AiV ROs through protein-
protein interactions that include the newly found ones involving ACBD3. Enteroviruses
and HCV also hijack the same pathway, but they accomplish this by producing PI4P.
Previously, our studies and others revealed different requirements for ACBD3 in viral
RNA replication among AiV, enteroviruses, and HCV (23, 26, 27, 30, 56). Also, AiV and
enteroviruses are known to use a PI-4 kinase different from that used by HCV and
cardioviruses for PI4P production on their ROs (16–25). This study has provided new
evidence demonstrating the commonality and diversity of the strategies of positive-
strand RNA viruses for cholesterol accumulation at the ROs.

MATERIALS AND METHODS
Plasmids for expressing AiV proteins. The plasmid pCMV-polyprotein expresses the AiV polypro-

tein under the control of the CMV promoter in mammalian cells (29). The plasmids pCI-HA-L, -2B, -2C,
-2BC, -3A, and -3AB were described previously (23). Plasmids for expression of 2B, 2C, and 3A without the
HA tag sequence were described previously (29).

Clones of ACBD3 and PI4KB. The plasmid pCI-HA-ACBD3 was constructed by replacing the FLAG
tag sequence inserted into the NheI/MluI sites of pCI-FLAG-ACBD3 (23) with the HA tag sequence, which
was obtained by annealing the oligonucleotides NheI-kozak-HA-MluI Fw (5=-CTAGCCACCATGGAGTACC
CATACGACGTACCAGATTACGCTA-3=) and NheI-kozak-HA-MluI-Rv (5=-CTAGCCACCATGGAGTACCCATACG
ACGTACCAGATTACGCTA-3=). pACT- and pBIND-ACBD3 and pACT- and pBIND-PI4KB were described
previously (23).

pCI-FLAG-VAPA and pCI-FLAG-VAPB. The VAPA- and VAPB-coding regions were amplified by
reverse transcription (RT)-PCR from HeLa cell total RNA using the following primer pairs containing
MluI/XbaI restriction sites: Mlu-VAPA-Fw1 (5=-CGACGCGTATGGCGTCCGCCTCAGG-3=) and Xba-VAPA-Rv
(5=-GCTCTAGACTACAAGATGAATTTCCCTAGAAAG-3=) for VAPA and Mlu-VAPB-Fw1 (5=-CGACGCGTATGG
CGAAGGTGGAGCAGG-3=) and Xba-VAPB-Rv (5=-GCTCTAGACTACAAGGCAATCTTCCCAATAAT-3=) for VAPB.
The PCR products were digested by MluI and XbaI and cloned into the MluI/XbaI sites of pCI-FLAG-ACBD3
(23), generating pCI-FLAG-VAPA and pCI-FLAG-VAPB. The coding regions of VAPA and VAPB cloned were
249 and 243 amino acids (aa), respectively, in length.

pACT- and pBIND-VAPA and pACT- and pBIND-VAPB. The VAPA- and VAPB-coding sequences
were obtained by PCR using pCI-FLAG-VAPA and pCI-FLAG-VAPB, respectively, as templates and the
following primer pairs: Mlu-VAPA-Fw2 (5=-CGACGCGTGGATGGCGTCCGCCTCAGGGGC-3=) and EcoRV-
VAPA-Rv (5=-ATCCTACAAGATGAATTTCCCTAGAAAG-3=) for VAPA and Mlu-VAPB-Fw2 (5=-CGACGCGTGG
ATGGCGAAGGTGGAGCAGGT-3=) and EcoRV-VAPB-Rv (5=-ATCCTACAAGGCAATCTTCCCAATAATTAC-3=) for
VAPB. The PCR fragments were digested with MluI and inserted into MluI/EcoRV-digested pACT and
pBIND, generating pACT- and pBIND-VAPA or pACT- and pBIND-VAPB, respectively.

pCI-FLAG-OSBP. The OSBP-coding sequence was amplified from pLEGFP-N1-hOSBP (36), which was
kindly provided by M. Arita (National Institute of Infectious Diseases, Tokyo, Japan) using the primers
MluI-OSBP-F (5=-AAACGCGTATGGCGGCGACGGAGCTGAGA-3=) and Sal-OSBP-Rv (5=-AAGTCGACTCAGAAA
ATGTCCGGGCATGAG-3=). The amplicon was digested with MluI and SalI and then cloned into the pCI
vector containing a FLAG tag sequence, generating pCI-FLAG-OSBP.

pACT- and pBIND-OSBP. The 3= half of the OSBP-coding sequence (the XbaI-BamHI [blunt ended]
fragment of pLEGFP-N1) was cloned into the XbaI-NotI (blunt ended) sites of pACT and pBIND. Then, the
5= half of the OSBP-coding sequence (the SacI [blunt ended]-XbaI fragment of pLEGFP-N1-hOSBP) was
cloned to the EcoRV-XbaI sites of pACT and pBIND, which contain the 3= half of the OSBP sequence,
generating pACT- and pBIND-OSBP.

pACT- and pBIND-CERT. The plasmid, pEGFP-hCERT (57), which was kindly provided by K. Hanada
(National Institute of Infectious Diseases, Tokyo, Japan), was digested with HindIII (blunt ended) and KpnI,
and the resultant fragment containing the human CERT (hCERT)-coding sequence was cloned between
the BamHI (blunt ended) and KpnI sites of pACT and pBIND, generating pACT- and pBIND-CERT.

pCI-FLAG-CERT. The hCERT-coding sequence was amplified from pBS-hCERT (58), which was kindly
provided by K. Hanada (National Institute of Infectious Diseases, Tokyo, Japan), using the primers
XbaI-CERT-F (5=-TTTCTAGAATGTCGGATAATCAGAGCTGG-3=) and CERT-M (5=-CTAGAACAAATAGGCTTTCC
TG-3=). The amplicon was digested with XbaI and cloned into the XbaI-SmaI sites of the pCI mammalian
expression vector (Promega) containing a FLAG tag sequence between the NheI and MluI sites,
generating pCI-FLAG-CERT.
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pACT- and pBIND-SAC1. The coding sequence of SAC1 was amplified by PCR using the following
primer pair: Mlu-SAC1-Fw (5=-CGACGCGTGGATGGCGACGGCGGCCTAC-3=) and EcoRV-SAC1-Rv (5=-ATCTCAG
TCTATCTTTTCTTTCTGGAC-3=) from a cDNA clone (Kazusa Genome Technologies Inc.; pFN21ASDA0851). The
PCR products were digested with MluI and cloned into MluI/EcoRV-digested pACT and pBIND, yielding pACT-
and pBIND-SAC1.

pCI-FLAG-SAC1. pCI-FLAG-ACBD3 (23) was digested with MluI and NotI and then inserted into the
cassette that was obtained by annealing the oligonucleotides pCI-BindAct MluI-NotI cassette Fw (5=-C
GCGGGACGCGTTGATATCATCTAGAGC-3=) and pCI-BindAct MluI-NotI cassette Rv (5=-GGCCGCTCTAGATG
ATATCAACGCGTCC-3=), resulting in pCI-FLAG-cassette. pCI-FLAG-cassette was digested with MluI and
NotI and cloned into the corresponding sites in pACT-SAC1, generating pCI-FLAG-SAC1.

Antibodies and reagents. Rabbit or guinea pig polyclonal anti-2B, -2C, -3A, and -L antibodies; rabbit
polyclonal anti-FLAG antibody; mouse monoclonal anti-HA antibody; rabbit polyclonal anti-ACBD3
antibody; mouse monoclonal anti-dsRNA antibody; and mouse monoclonal IgM anti-PI4P were described
previously (23, 29). Rabbit polyclonal anti-OSBP, anti-VAPA, and anti-VAPB antibodies were purchased
from Atlas Antibodies; rabbit polyclonal anti-SAC1 antibody (ab102983) was purchased from Abcam;
rabbit polyclonal anti-PITPNB antibody was purchased from Sigma; and rabbit polyclonal anti-CERT
antibody was purchased from Atlas Antibodies and Bethyl Laboratories. Rabbit polyclonal anti-calnexin
and anti-calregulin antibodies were obtained from Santa Cruz Biotechnology. Secondary anti-mouse,
anti-rabbit, and anti-guinea pig antibodies coupled to Alexa Fluor 488, 594, or 350 were purchased from
Molecular Probes, and AMCA-conjugated anti-guinea pig was acquired from Millipore. Guinea pig
antibodies that recognized either VAPA or VAPB were prepared (Medical & Biological Laboratories Co.,
Ltd. [MBL], Nagoya, Japan) by using the variable central domain of VAPA and VAPB as antigens, according
to the method of Teuling et al. (59). The VAPA nucleotide sequence encoding aa 139 to 232 and the VAPB
nucleotide sequence encoding aa 132 to 225 were amplified from pACT-VAPA using the primers
Bam-VAPA-415Fw (5=-AAGGATCCTTGAATGATATGGAACCTAGC-3=) and Sal-VAPA-696Rv (5=-AAAGTCGAC
TTAAAGAAGTGAAGGAAGAGG-3=) and from pACT-VAPB using the primers Bam-VAPB-394Fw (5=-AAGG
ATCCCCACATGATGTAGAAATAAATA-3=) and Sal-VAPB-675Rv (5=-AAAGTCGACTTACAAGAGCCGGGTGCTA
AG-3=) and cloned into pGEX-6P3 (Amersham Pharmacia Biotech). The glutathione S-transferase (GST)
fusion proteins were expressed in Escherichia coli cells as described in the manufacturer’s protocol and
purified as described previously (23), and antibodies against these proteins were raised in guinea pigs
(MBL, Nagoya, Japan). Filipin III was purchased from Cayman Chemical. 25-HC was obtained from Sigma
and was added to the culture medium at a concentration of 3.1 �M. T00127-HEV1 (42) was kindly
provided by M. Arita (National Institute of Infectious Diseases, Tokyo, Japan) and added to the culture
medium at a concentration of 5 �M.

AiV replicon RNA. pAV-FL-Luc-5=rzm carries full-length AiV cDNA in which the capsid-coding region
is replaced by a firefly luciferase gene (60, 61). In vitro transcription and luciferase assays for examining
viral RNA replication were described previously (23).

RNA and DNA transfection. The replicon RNA was electroporated into Vero cells for analysis of the
effect of 25-HC treatment and immunostaining, as described previously (23). To transfect siRNA-treated
cells with the replicon RNA, Lipofectin reagent (Invitrogen) was used. DNA transfection was performed
as described previously (23, 29).

Gene silencing with siRNA. Control siRNA (On-Target Plus nontargeting siRNA 1) and siRNAs
(On-Target Plus Smart Pool siRNA) were purchased from Dharmacon. Transfection of Vero cells with
siRNA was performed as described previously (23).

M2H assays. M2H assays were performed as described previously using a Checkmate mammalian
two-hybrid system (Promega) (62).

Coimmunoprecipitation and immunoblotting. Coimmunoprecipitation assays and immunoblot-
ting were performed as described previously (23). Densitometry was performed using ImageJ software.

Immunofluorescence and lipid staining. Immunostaining of Vero cells were performed as de-
scribed previously (23, 29). For filipin III staining, Vero cells were cultured in medium containing 5%
lipid-free fetal bovine serum for 24 h, followed by electroporation with replicon RNA or transfection with
pCMV-polyprotein. The cells were fixed with 4% paraformaldehyde for 45 min and then permeabilized
with phosphate-buffered saline (PBS) containing 0.2% saponin and 3% bovine serum albumin (BSA) for
30 min (except for dsRNA staining, in which the permeabilization step was omitted). The cells were
incubated with appropriate primary and secondary antibodies diluted in PBS-3% BSA supplemented with
0.05 mg/ml filipin III and 0.05% saponin or Can Get Signal immunostain solution A (Toyobo). For 25-HC
treatment, cells were grown in medium with 3.1 �M 25-HC for 24 h prior to and after transfection with
pCMV-polyprotein. T00127-HEV1 treatment was performed as described previously (29). All images were
acquired using a fluorescence microscope (Keyence BZ-8000).

Cell viability. The viability of cells treated with siRNA or 25-HC was determined using the CellTiter-
Glo luminescent cell viability assay (Promega).

Membrane flotation analysis. Membrane flotation analysis was performed according to the method
of Shi et al. (63) and Shih et al. (64) with modifications. Vero cells were mock transfected or transfected
with AV-FL-Luc-5=rzm RNA by electroporation, and 6 h after transfection, the cells were scraped from the
culture dishes. The cells were resuspended in 1 ml of hypotonic buffer (10 mM Tris-HCl [pH 7.5], 10 mM
KCl, 5 mM MgCl2), incubated for 15 min on ice, and then passed through a 26-gauge needle 15 times.
The homogenate was centrifuged at 1,000 � g for 5 min at 4°C to precipitate the nuclei and unbroken
cells, and the supernatant was divided into two aliquots, one of which was treated with 1% NP-40 for 1
h on ice. Each aliquot (0.45 ml) was mixed with 1.8 ml of 72% sucrose in low-salt buffer (LSB) (50 mM
Tris-HCl [pH 7.5], 25 mM KCl, 5 mM MgCl2) and overlaid with 2.25 ml of 55% sucrose in LSB and 0.5 ml
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of 10% sucrose in LSB. The sucrose gradient was centrifuged at 37,000 rpm for 14 h at 4°C in a Beckman
SW55Ti rotor, and six fractions (0.83 ml) were collected from the top of the gradient. Each fraction was
concentrated using a 10-kDa-cutoff filter (Amicon ultra-0.5 ml) and then subjected to immunoblot
analysis.

Electron microscopy. Vero cells were mock electroporated or electroporated with AiV replicon RNA
and harvested 4 or 6 h after electroporation. Sample preparation and electron microscopy were
performed as described previously (65).
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