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Oxysterol-binding protein (OSBP) and OSBP-related proteins (ORPs) constitute a large gene family that differentially
localize to organellar membranes, reflecting a functional role in sterol signaling and/or transport. OSBP partitions
between the endoplasmic reticulum (ER) and Golgi apparatus where it imparts sterol-dependent regulation of ceramide
transport and sphingomyelin synthesis. ORP9L also is localized to the ER–Golgi, but its role in secretion and lipid
transport is unknown. Here we demonstrate that ORP9L partitioning between the trans-Golgi/trans-Golgi network
(TGN), and the ER is mediated by a phosphatidylinositol 4-phosphate (PI-4P)-specific PH domain and VAMP-associated
protein (VAP), respectively. In vitro, both OSBP and ORP9L mediated PI-4P–dependent cholesterol transport between
liposomes, suggesting their primary in vivo function is sterol transfer between the Golgi and ER. Depletion of ORP9L by
RNAi caused Golgi fragmentation, inhibition of vesicular somatitus virus glycoprotein transport from the ER and
accumulation of cholesterol in endosomes/lysosomes. Complete cessation of protein transport and cell growth inhibition
was achieved by inducible overexpression of ORP9S, a dominant negative variant lacking the PH domain. We conclude
that ORP9 maintains the integrity of the early secretory pathway by mediating transport of sterols between the ER and
trans-Golgi/TGN.

INTRODUCTION

The Golgi apparatus is a highly compartmentalized or-
ganelle that serves as a nexus for the processing, sorting, and
vesicular transport of protein and lipid cargo between or-
ganelles. Regulation of vesicular transport is dependent on
coat proteins and factors that control coat assembly/disas-
sembly, as well as membrane dynamics and individual lipid
regulators. A continuing challenge is the identification of the
proteins responsible for spatial generation of Golgi lipid
regulators by localized synthesis and/or transport (Hui-
jbregts et al., 2000; De Matteis et al., 2007). In this study we
investigated one such lipid-binding protein, oxysterol-bind-
ing protein (OSBP)-related protein 9 (ORP9), and its role in
endoplasmic reticulum (ER)-to-Golgi transport.

Lipid synthesis and transport to the Golgi apparatus
regulates local and distal cellular functions. For example,
synthesis of sphingomyelin (SM) and glycosphingolipids

(Huitema et al., 2004) in combination with cholesterol is
required for raft assembly in the Golgi and cargo delivery to
the apical surface of polarized cells (Hoekstra et al., 2003).
SM synthesis in the Golgi apparatus is dependent on deliv-
ery of ceramide from the ER by the ceramide transfer protein
(CERT; Hanada et al., 2003). Ceramide transport by CERT
involves binding of a phosphatidylinositol 4-phosphate (PI-
4P)-specific pleckstrin homology (PH) domain to the Golgi
apparatus and interaction with vesicle-associated membrane
protein (VAMP)-associated-protein (VAP) by the “two phe-
nylalanines in an acidic tract” (FFAT) motif (Hanada et al.,
2003). In addition, CERT activates protein kinase D activity
and secretory transport by a mechanism that could involve
localized diacylglyceride production (Fugmann et al., 2007).

Synthesis of complex glycosphingolipids (D’Angelo et al.,
2007; Halter et al., 2007) and generation of Golgi secretory
vesicles in the trans-Golgi network (TGN) is dependent on
FFAP2, a small PH-domain glucosylceramide (GlcCer)-bind-
ing protein (Godi et al., 2004). FFAP2 facilitates the Golgi-
to-ER or intra-Golgi delivery of GlcCer to glycolipid syn-
thases in distal Golgi elements (D’Angelo et al., 2007; Halter
et al., 2007). The FFAP2 PH domain interacts with Golgi-
localized PI-4P and ARF, and a C-terminal glycolipid trans-
fer protein domain binds GlcCer in donor membranes (Godi
et al., 2004).

CERT and FAPP2 are involved in interorganelle delivery
of lipid substrates to biosynthetic enzymes, but other Golgi-
localized lipid- and sterol-binding proteins, such as Nir2 and
OSBP, have less clearly defined functions with respect to
lipid transfer and/or signaling (Lev, 2004; Perry and Ridg-
way, 2005). All four of these proteins have unique lipid-
binding domains but functionally similar PH and/or FFAT
domains, indicating related modes of action involving dual
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interaction with the ER and Golgi apparatus at membrane
contact sites or through long-range targeted interactions
(Olkkonen and Levine, 2004). OSBP, the founding member
of a 12-gene family in mammals, has a N-terminal PH do-
main that interacts with PI-4P and ARF in the Golgi appa-
ratus (Levine and Munro, 2002; Lagace et al., 1997), an in-
ternal FFAT motif that binds VAP (Wyles et al., 2002;
Loewen et al., 2003), and a unique C-terminal sterol-binding
domain (Ridgway et al., 1992) termed the OSBP homology
(OSH) domain. By virtue of this domain organization, OSBP
partitions between the ER and Golgi apparatus in a sterol-
dependent manner (Ridgway et al., 1992; Mohammadi et al.,
2001). OSBP interaction with sterols and the Golgi apparatus
is required to activate CERT-dependent SM synthesis, pos-
sibly as a mechanism to coordinate the levels of these two
raft components in the Golgi compartment (Perry and Ridg-
way, 2006). Mechanistically, this could involve OSBP-medi-
ated sterol transport to the Golgi or activation of a signaling
pathway by the OSBP–sterol complex. OSBP and other
OSBP-related proteins (ORPs) have also been implicated it
variety of other cellular functions, such as signal transduc-
tion (Wang et al., 2005; Lessmann et al., 2007), cytoskeletal
dynamics (Johansson et al., 2007; Wyles et al., 2007), and gene
expression (Yan et al., 2007b, 2008), suggesting wide-reach-
ing roles related to sterol sensing or transfer.

Another OSBP family member that specifically localizes to
the ER and Golgi apparatus is ORP9/OSBPL9. The ORP9
gene encodes a full-length (ORP9L) and truncated version
(ORP9S) that initiates from an alternate promoter and is
missing the N-terminal PH domain (Wyles and Ridgway,
2004). Both ORP9S and ORP9L contain a FFAT motif that
binds VAP and an OSH domain with undefined sterol-
binding specificity (Suchanek et al., 2007). ORP9L parti-
tioned between the ER and Golgi apparatus in a VAP-
dependent manner, and enforced overexpression disrupted
the organization of the ER and ER–Golgi intermediate com-
partment (Wyles and Ridgway, 2004). Supporting the con-
cept that ORP9 is involved in the early secretory pathway,
heterologous expression of ORP9S in SEC14-null yeast phe-
nocopied the OSBP homologue Osh4p with respect to inhi-
bition of Golgi vesicular transport (Fairn and McMaster,
2005). In the current study we show that ORP9L is a choles-
terol-binding/transfer protein that interacts with the trans-
Golgi/TGN and ER, and is necessary to maintain Golgi
structure, ER–Golgi protein trafficking, and cholesterol dis-
tribution in the endosomes and lysosomes. On the other
hand, ORP9S is a potent dominant negative inhibitor of
ER–Golgi protein transport and cell growth. We conclude
that these two products of the ORP9 gene are sterol-bind-
ing/transfer proteins that have opposing affects on ER–
Golgi transport.

MATERIALS AND METHODS

MATERIALS

G418, hygromycin B, tissue culture media, anti-V5 antibody, and Amplex Red
Cholesterol Assay reagents were purchased from Invitrogen (Carlsbad, CA).
Doxycycline, FBS, glutathione, and anti-�-actin antibody were obtained from
Sigma/Aldrich (Oakville, ON, Canada). Hybond-C Extra, protein A-Sepha-
rose CL-4B, and glutathione-Sepharose 4B were from GE Healthcare (Piscat-
away, NJ). Complete protease inhibitor cocktail tablets were from Roche
Diagnostics (Mannheim, Germany). Phospholipids were purchased from
Avanti Polar Lipids (Alabaster, AL), and sterols were from Steraloids (New
Port, RI).

ORP9 and VAP-A rabbit polyclonal antibodies were previously described
(Wyles et al., 2002; Wyles and Ridgway, 2004). An anti-giantin AlexaFluor-488
conjugate was from Covance (Emeryville, CA). Calnexin, anti-V5 monoclonal,
and anti-�-actin rabbit polyclonal antibodies were purchased from Sigma/

Aldrich. Myc and PI 4-kianse III� antibodies were from Cell Signaling Tech-
nologies (Beverly, MA). Goat anti-mouse– and goat anti-rabbit–conjugated
horseradish peroxidase (HRP) secondary antibodies were from Bio-Rad (Mis-
sissauga, ON, Canada). ECL substrate was purchased from Millipore (Bil-
lerica, MA). AlexaFluor-488 and -594 goat anti-mouse and goat anti-rabbit
antibodies were purchased from Molecular Probes (Invitrogen, Eugene, OR).

Plasmids
Tetracycline-inducible expression vectors for ORP9S and ORP9L (pTRE-
ORP9L-V5, pTRE-ORP9S-V5), as well as FFAT domain mutants (pTRE-
ORP9L-FF/AA-V5 and pTRE-ORP9S-FF/AA-V5) were previously described
(Wyles and Ridgway, 2004). The ORP9 PH (pTRE-ORP9L-R22E-V5) and
sterol-binding domains (pTRE-ORP9L-�375-378-V5) were mutagenized using
the QuikChange II XL kit (Stratagene, La Jolla CA). pcDNA3.1-VSVG-tsO45-
(myc)3 was kindly given by Dr. Johnny Ngsee (Ottawa Health Research
Institute, University of Ottawa, ON, Canada). Bacterial expression and puri-
fication of GST-VAP was previously reported (Wyles et al., 2002).

Cell Culture and Transfections
Chinese hamster ovary (CHO)-K1 and CHO Tet-on cells were cultured in
DMEM containing 5% FBS and 34 �g proline/ml (medium A). For filipin
fluorescence experiments, cells were also cultured in DMEM containing 5%
lipoprotein-deficient serum (LPDS) and proline. Expression of ORP9 in Tet-on
cells were induced in medium A containing doxycycline (1 �g/ml) for times
indicated in figure legends.

ORP9L expression was knocked down by transfection with a pool of three
short interfering RNA (siRNA) duplexes (25 nM each, Dharmacon, Lafayette,
CO) or a nontargeting siRNA (100 nM) with Trans-IT TKO transfection
reagent (Mirus, Madison, WI) for 48 h (Lessmann et al., 2007).

Expression and Purification of Recombinant OSBP
and ORP9
A EcoRI-BamHI fragment encoding the ORP9 PH domain (aa 1-104) was
generated by PCR amplification, cloned into pGEX-3X, and transformed into
BL21 Escherichia coli. Expression of GST-ORP9-PH and GST-OSBP-PH was
induced with 100 �M IPTG for 3 h at 25°C and purified by glutathione-
Sepharose affinity chromatography (Wyles et al., 2002).

Full-length, C-terminal His-tagged OSBP, ORP9L, ORP9L �375-378 (�SB),
and OSBP PH-RR109,110EE (RR/EE) were expressed and purified from bacu-
lovirus-infected Sf21 cells. cDNAs were amplified by PCR and cloned into
pENTR/D-Topo (Invitrogen). Inserts were verified by sequencing, inserted
into linearized BaculoDirect (C-terminal V5-His tagged) by recombination,
and transfected into Sf21 cells. For large-scale expression and purification,
Sf21 cells were infected at an MOI of 0.1 for 1 h at 20°C, resuspended in
200–500 ml of Sf-900 II media with 0.5% FCS and incubated with shaking at
27°C. After 72 h, cells were collected by centrifugation at 300 � g for 10 min,
resuspended in one-tenth volume of phosphate buffer (50 mM potassium
phosphate and 300 mM NaCl, pH 7.4) containing 50 mM imidazole and
EDTA-free protease inhibitors, and lysed. OSBP or ORP9L were purified from
the supernatant fraction with Talon metal-affinity resin (Clontech, Palo Alto,
CA). OSBP required an additional purification step on DEAE-Sepharose.
Purified recombinant proteins were stored at �80°C.

Fluorescence Microscopy
After transfections, cells were cultured to 60% confluence on glass coverslips,
washed with phosphate-buffered saline (PBS), fixed in 4% (wt/vol) parafor-
maldehyde for 10 min, and permeabilized in 0.05% (vol/vol) Triton X-100 at
�20°C for 10 min before probing with primary and secondary antibodies.
Images were captured using a Zeiss LSM 510 Meta laser scanning confocal
microscope (0.8-�m sections; Thornwood, NY) using a 100� oil emersion
objective (NA 1.4).

CHO cells were fixed as described above, incubated with ORP9L primary
and secondary antibodies, and then with filipin (50 �g/ml) for 1 h. Filipin
fluorescence images were captured at identical exposure times using a Zeiss
Axiovert 200M inverted microscope (Thornwood, NY) equipped with a 63�
oil immersion objective (NA 1.4) and axioCam HRm CCD camera. Using NIH
Image J software (http://rsb.info.nih.gov/ij/), the background and threshold
on image fields of 20–30 cells were normalized and then subjected to fluo-
rescence intensity (integrated density/area) analysis. Intensity values were
normalized to cell number and expressed relative to siNT-transfected CHO
cells or uninduced CHO Tet-on cells cultured in media A (FCS).

Phospholipid Overlay Assay
Lipid (100 pmol) dissolved in chloroform:methanol:water (1:2:0.8, vol/vol)
were spotted on Hybond-C nitrocellulose membrane and dried at room
temperature for 1 h. Membranes were incubated with blocking buffer (Tris-
buffered saline, 3% fatty acid free BSA, and 0.1% Tween-20 (vol/vol) for 2 h.
Membranes were incubated with 100 nM glutathione S-transferase (GST),
GST-ORP9-PH, or GST-ORP9-PH-R22E for 1 h in blocking buffer, incubated
with an anti-GST monoclonal followed by a goat anti-mouse HRP secondary
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antibody, and detected by ECL. Full-length OSBP or ORP9L (100 nM) were
incubated with HyBond-C–immobilized lipids under the same conditions and
detected with monospecific antibodies.

045-Vesicular Stomatitus Virus Glycoprotein EndoH
Processing Assay
CHO-K1 cells were transfected with 75 nM siNT or siORP9 for 48 h before
transfection with pcDNA3.1-VSV-G-myc3 using Lipofectamine 2000. CHO
Tet-on cells were treated with or without doxycycline (1 �g/ml) for 24 h and
then transfected with pcDNA3.1-VSV-G-myc3 using Lipofectamine 2000.
CHO-K1 or CHO Tet-on cells were then shifted to 40°C for 16 h and incubated
with 20 �g/ml cyclohexamide for an addition 20 min before shifting to 32°C
for the times indicated in figure legends. Cells were harvested in PBS, col-
lected by centrifugation, sonicated in 10 mM Tris-HCl (pH 7.4), and centri-
fuged at 100,00 � g for 30 min. Pellets were resuspended in 0.1% SDS, 50 mM
sodium citrate (pH 5.5), and incubated for 16 h with 25 mU EndoH at 37°C
overnight. Samples were precipitated in 10% trichloroacetic acid and glyco-
sylated forms of vesicular stomatitus virus glycoprotein (VSVG) was ana-
lyzed by SDS-PAGE and immunoblotting using an anti-myc monoclonal.

Sterol-binding Assays
25-[3H]Hydroxycholesterol binding by OSBP and ORP9L was assayed by the
charcoal-dextran method in the presence or absence of a 40-fold molar excess
of unlabeled sterol (Kandutsch and Shown, 1981; Ridgway et al., 1992).
[3H]Cholesterol binding to OSBP and ORP9L could not be quantified using
the charcoal-dextran method because of high background. Instead, binding
assays contained 20 mM HEPES (pH 7.4), 150 mM KCl, and 0.05% Triton
X-100 (to disperse [3H]cholesterol). After incubation for 2 h at 20°C, OSBP or
ORP9L were bound to Talon metal-affinity resin for 15 min and washed three
times with HEPES/KCl buffer, and bound sterols released with 150 mM
imidazole. Specific binding was determined in the presence of a 40-fold molar
excess of unlabeled cholesterol.

The capacity of OSBP and ORP9L to bind and extract sterols from lipo-
somes was assayed as follows. PC liposomes (0.5 mM) with 1 mol% [3H]cho-
lesterol (specific activity 720 dpm/pmol) were prepared by drying down
lipids in chloroform under nitrogen and rehydration in 25 mM HEPES (pH
7.4) and 150 mM NaCl for 1 h at room temperature. Liposomes (400-nm
diameter) were prepared by filter extrusion using the Lipofast system (Aves-
tin, Ottawa, ON, Canada) and incubated with recombinant OSBP or ORP9L
(1:1; mol protein/mol sterol) for 30 min at 25°C. Liposomes were sedimented
by centrifugation at 100,000 � g for 25 min at 4°C and radioactivity in the
supernatant was measured by liquid scintillation counting. Specific extraction
of [3H]cholesterol from liposomes was determined by subtraction of back-
ground radioactivity in the absence of OSBP or ORP9L. The distribution of
OSBP and ORP9L in supernatant and pellet fractions were analyzed by
SDS-PAGE and Coomassie staining.

[3H]Cholesterol transfer assays were based on previous methods (Kasper
and Helmkamp, 1981; Raychaudhuri et al., 2006). Donor PC liposomes
(400-nm diameter) containing 10 mol% PE, 1 mol% cholesterol with or with-
out 10 mol% PI-4P, PI-3P, or PI-5P and acceptor PC liposomes (400-nm
diameter) containing 10 mol% PE, 10 mol% lactosyl-PE with or without 10
mol% PI4P, PI-3P, or PI-5P were prepared by extrusion. Before the assay,
liposomes were cleared by centrifugation at 13,000 rpm for 5 min. The transfer
assay consisted of 20 �l of acceptor and donor liposomes (100 pmol choles-
terol), recombinant OSBP or ORP9L (100 pmol) in 120 �l of 25 mM HEPES
(pH 7.4), 150 mM NaCl, 1 mM EDTA, and 3 �g of fatty acid–free BSA. After
incubation at 25°C for 25 min, 30 �g of R. communis agglutinin was added on
ice for 15 min and acceptor liposomes were sedimented at 15,000 rpm for 5
min. Radioactivity in the supernatant was measured by scintillation counting
and background (absence of OSBP or ORP9L) was subtracted.

RESULTS

ORP9L Is a PI-4P–dependent Cholesterol Transfer Protein
Endogenous ORP9L is primarily on the Golgi apparatus
(Wyles and Ridgway, 2004), but whether the PH and sterol-
binding domains regulate this interaction is unknown. To
establish the PI-phosphate–binding specificity of the OPR9L
PH domain, a lipid-overlay assay was used to compare the
GST-PH domains of ORP9L and OSBP, as well as purified,
full-length His-tagged ORP9L and OSBP expressed and pu-
rified from insect cells. Purified GST-fusion proteins (Figure
1A) and ORP9L and OSBP (Figure 1B) had the predicted
molecular mass on SDS-PAGE and were incubated with
phosphorylated PIs immobilized on nitrocellulose mem-
branes (Figure 1C). GST-ORP9-PH bound to phosphatidyl-
inositol 3-phosphate (PI-3P), PI-4P, and phosphatidylinosi-
tol 5-phsophate (PI-5P), but not other 4-phosphorylated
derivatives. GST-OSBP-PH displayed a similar pattern but
with reduced binding to PI-5P and increased binding of
PI-4,5 bisphosphate. The ORP9L PH domain contains sev-
eral basic residues (R11, R22, and R48) that were implicated
in PI-4P and PI-4,5 bisphosphate binding by the related
OSBP, CERT, and FAPP PH domain (Perry and Ridgway,
2005). Mutation of one of these arginine residues (ORP9
PH-R22E) dramatically reduced binding to all phosphory-
lated PIs (Figure 1C). ORP9L and OSBP had similar binding
specificities as the corresponding GST-PH domains, suggest-
ing that this activity resides solely in the PH domain. Bind-
ing of OSBP and ORP9L to phosphatidylcholine (PC) lipo-
somes containing increasing PI-4P was determined by
sedimentation (Figure 1D). By this method, �50% of ORP9L
was associated with liposomes containing 10 mol% PI-4P,
compared with 80–90% for OSBP.

The sterol-binding domain of ORP9 is homologous to
OSBP and other ORPs yet was reported not to bind pho-
toderivatives of 25-hydroxycholesterol and cholesterol
(Suchanek et al., 2007). As well, it is unclear if ORP9L or
OSBP can transfer sterols from donor to acceptor mem-
branes. This was investigated by comparing the in vitro
sterol-binding, extraction, and transfer activity of recombi-
nant OSBP and ORP9L (Figure 2). As expected, OSBP bound
[3H]25-hydroxycholesterol (Figure 2A) and [3H]cholesterol
(Figure 2B) under conditions where the ligand was dis-
persed in solution or 0.05% Triton X-100, respectively.
ORP9L did not bind either sterol under these conditions
(Figures 2, A and B) nor over a range of ligand concentra-
tions (results not shown).

Next, an assay was used that measured extraction of
[3H]cholesterol from PC/cholesterol liposomes by measur-

Figure 1. Phosphatidylinositol phosphate–binding speci-
ficity of the ORP9 PH domain. (A) Purified GST fusion pro-
teins of the OSBP, ORP9, and ORP9 R22E PH domains (2 �g)
were separated by SDS-12% PAGE and stained with Coo-
massie Blue. (B) His-tagged ORP9L and OSBP (2 �g) purified
from Sf21 cells were resolved on SDS-8% PAGE and stained
with Coomassie Blue. (C) GST-PH domain fusion proteins,
ORP9L and OSBP (300 pmol each), were incubated with the
indicated phospholipids (100 pmol) immobilized on Hybond
C filters. GST-fusion protein binding to phospholipids was
detected using an anti-GST monoclonal, whereas ORP9 and
OSBP were detected with monospecific polyclonal antibod-
ies. (D) OSBP and ORP9 (100 pmol) were incubated with PC
liposomes containing the indicated mol% of PI4P for 20 min
at 20°C and sedimented at 100,000 � g for 30 min, and the
pellet (P) and supernatant (S) fractions were resolved by
SDS-8% PAGE and stained with Coomassie Blue.
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ing soluble radioactivity after centrifugation. Extraction of
cholesterol was linear with increasing ORP9L protein (Fig-
ure 2C). Approximately 35% of liposome [3H]cholesterol
was extracted into the supernatant by 200 pmol of ORP9L
(Figure 2C) compared with extraction of only �5% liposome
phospholipid (results not shown). To demonstrate that cho-
lesterol extraction required the sterol-binding domain, an
ORP9L mutant with a deletion between the �-helical lid and
�1-sheet of the sterol-binding fold (�375-378, referred to
hereafter as �SB) was assayed for [3H]cholesterol extraction
activity. A similar mutation in OSBP and ORP4 reduced
cholesterol and 25-hydroxycholesterol binding by �90%
(Perry and Ridgway, 2006; Wyles et al., 2007). The activity of
ORP9L �SB was reduced by 80% compared with ORP9L
(Figure 2D), but was still present in the soluble fraction

similar to the wild-type protein (Figure 2E). OSBP also ex-
tracted cholesterol from liposomes to a similar extent as
ORP9L (Figure 2D). Attempts to assay extraction of [3H]25-
hydroxycholesterol from liposomes by OSBP and ORP9L
was not successful because of increased solubility of the
oxysterol and resulting high background. Finally, ORP9L-
and OSBP-mediated cholesterol transfer between donor and
acceptor liposomes was assayed using the lactosyl-phos-
phatidylethanolamine (PE)/R. communis agglutinin method
(Kasper and Helmkamp, 1981; Raychaudhuri et al., 2006;
Figure 2F). Both ORP9L and OSBP transferred �5% choles-
terol when PI-4P was excluded from the assay or present
only in acceptor liposomes. In contrast, ORP9L transferred
20% of donor liposome cholesterol when PI-4P was present
in donor liposomes or both donor and acceptor liposomes.
OSBP displayed significantly greater cholesterol transfer un-
der the same conditions. Although OSBP and ORP9L bound
PI-3P and PI-5P on nitrocellulose (Figure 1C), sterol transfer
was not stimulated when either of these lipids was included
in donor and acceptor liposomes (Figure 2G). PI-4P–depen-
dent transfer activity required the PH domain as shown by
reduced transfer activity of OSBP PH-RR/EE, a mutation
that prevents PI-4P binding (Levine and Munro, 2002; Figure
2G). Thus the physical state of sterol ligands presented to
OSBP does not affect binding, but ORP9L clearly shows a
preference for sterol ligands presented in phospholipid bi-
layers. More importantly, both proteins display cholesterol
transfer activity that was stimulated by PI-4P.

PH and Sterol-binding Domains Control ORP9L
Partitioning between the ER and trans-Golgi/TGN
Dual targeting of ORP9L to the ER and Golgi has striking
similarity to OSBP and CERT, suggesting a role in sterol
trafficking between these compartments. To establish which
Golgi compartment contained ORP9L, coimmunofluores-
cence experiments were conducted with cis (giantin), cis/
medial (PI-4 kinase III�), and trans-Golgi/TGN (�-adaptin)
markers (de Graaf et al., 2004; Weixel et al., 2005; Figure 3).
Immunofluorescence was performed in control cells and
cells treated with nocodazole to fragment the Golgi into
mini-stacks to enhance visualization. Giantin was closely
associated but did not overlap with endogenous ORP9L in
control or nocodazole-treated CHO cells. PI-4 kinase III�
generates a pool of PI-4P that targets the isolated PH do-
mains of CERT and OSBP to the trans-Golgi (Balla et al., 2005;
Toth et al., 2006). However, PI-4 kinase III� did not colocal-
ize with ORP9L. ORP9L colocalized with �-adaptin in the
TGN, but only partially because there were distinct regions
of nonoverlap (see magnified area in Figure 3, bottom
panel). This suggests that ORP9L is restricted to distal trans-
Golgi/TGN compartments.

We next identified how the lipid and VAP-binding do-
mains of ORP9L affected partitioning between the ER and
Golgi apparatus (Figure 4). To this end, vectors encoding
V5-tagged wild-type ORP9L and mutants in the sterol-bind-
ing (ORP9L-�SB), VAP (ORP9L-FY/AA), or PH domains
(ORP9L-R22E), were expressed in CHO cells under the con-
trol of the TET-repressor and induced with the doxycycline.
To confirm that the PH and sterol-binding domain muta-
tions did not affect the interaction with VAP, cells were
induced with doxycycline, and interaction of ORP9L mu-
tants with VAP was determined by GST-VAP pulldown and
coimmunoprecipitation. ORP9L, ORP9L-�SB, and ORP9L-
R22E bound VAP in GST-pulldown and immunoprecipita-
tion assays (Supplementary Figure S1, A and B). As ex-
pected, ORP9L-FY/AA did not bind to GST-VAP, but some
background binding was detected by coimmunoprecipita-

Figure 2. ORP9 preferentially binds and transfers liposomal cho-
lesterol. (A) [3H]25-hydroxycholesterol (100 nM) binding by OSBP
and ORP9L (100 pmol) was assayed using a charcoal-dextran
method (Ridgway et al., 1992). (B) OSBP and ORP9L (100 pmol)
were incubated with 600 nM [3H]cholesterol, and bound sterol was
quantified after binding to Talon nickel affinity resin. (C) Extraction
of [3H]cholesterol from liposomes was measured in the presence of
increasing amounts of ORP9L and quantified as described in Mate-
rials in Methods. Results are the mean of two separate experiments.
(D) Extraction of cholesterol from PC liposomes by OSBP, ORP9L,
and ORP9L �SB (100 pmol each). (E) Distribution of ORP9L, OSBP,
and ORP9L �SB in the supernatant (S) and pellet (P) fraction of a
cholesterol extraction assay in the presence and absence of 1 mol%
cholesterol liposomes as determined by SDS-PAGE. (F) [3H]Choles-
terol transfer from donor to acceptor liposomes by OSBP and
ORP9L was assayed as described in the Material and Methods. Lipo-
somes were prepared with or without 10 mol% PI-4P. (G) The sterol
transfer activity of ORP9L, OSBP, and OSBP PH-RR/EE (100 pmol)
was determined with donor and acceptor vesicles each containing
no addition or 10 mol% PI-3P, PI-4P, or PI-5P. Unless indicated,
results are the mean and SEM of 3–6 separate experiments.
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tion. The effect of inactivating the PH, sterol-binding and
FFAT domains of ORP9L on intracellular localization was
determined by immunofluorescence (Figure 4). As we pre-
viously reported, inducibly overexpressed ORP9L colocal-
ized in CHO cells with VAP in vacuolated ER structures
(Figure 4A). There was also limited perinuclear staining that
colocalized with giantin but significantly less than observed
for endogenous ORP9L, indicating that other factors are
limiting for Golgi interaction. Vacuolated ER and Golgi lo-
calization was lost when the FFAT motif was mutated (Fig-
ure 4B). ORP9L FY/AA was diffusely localized and occa-
sionally in large punctuate structures that contained the
ERGIC marker p58 (Wyles and Ridgway, 2004; Figure 3B).
The PH domain mutant ORP9L R22E was strongly localized
to condensed ER structures containing VAP (Figure 4C) that
were reminiscent of OSBP PH domain mutants (Wyles et al.,
2002) that caused ER membrane stacking due to weak pro-
tein–protein interactions between opposing bilayers (Snapp
et al., 2003; Amarilio et al., 2005). Lastly, sterol-binding–
defective ORP9L �SB was primarily localized to the Golgi
apparatus, but was also dispersed to a peripheral ER com-
partment that did not localize with the perinuclear ER
marker calnexin or the PM marker caveolin (results not
shown; Figure 3D). ORP9L �SB interaction with VAP also
resulted in mislocalization of this partner protein to the
Golgi apparatus. Collectively this shows that the ORP9L
FFAT and sterol-binding domains promote ORP9L retention
in the ER, whereas the PH domain promotes partitioning to
the trans-Golgi/TGN.

ORP9L Is Required for Golgi Organization and Protein
Transport
Similarities between ORP9L and OSBP domain organiza-
tion, sterol binding/transfer, and intracellular localization

suggested that ORP9L could also be directly or indirectly
involved in regulation of CERT and SM synthesis (Perry and
Ridgway, 2006). This was tested by depleting CHO cells of
ORP9L with siRNA as previously described (Lessmann et al.,
2007) and monitoring CERT-dependent SM synthesis by
[3H]serine incorporation in the presence and absence of
25-hydroxycholesterol (Figure 5A). As previously reported
in CHO and HEK293 cells (Perry and Ridgway, 2006), si-
lencing of OSBP by RNA interference (RNAi) minimally
affected basal SM synthesis but profoundly inhibited 25-
hydroxycholesterol–activated synthesis. In contrast, deple-
tion of ORP9L caused a slight increase in both basal and
25-hydroxycholesterol–stimulated SM synthesis. SM synthe-
sis in cells depleted of both OSBP and ORP9L was increased
slightly compared with OSBP knockdown. ORP9L depletion
did not affect synthesis of GlcCer or ceramide, indicating no
obvious role in sphingolipid synthesis in the ER or Golgi
apparatus. Immunoblots showing the siRNA-mediated
knockdown that resulted in 70–90% depletion of OSBP and
ORP9L (Figure 5B). Sphingomyelin synthesis was also mea-
sured in CHO cells inducibly expressing ORP9L (Figure 5C).
In this case, induction of ORP9L expression with doxycy-
cline did not affect basal SM and GlcCer synthesis but
blocked stimulation by 25-hydroxycholesterol. Because
OSBP and ORP9L share protein and lipid ligands, the inhib-
itory effect of ORP9L overexpression could be the results of
competition for these factors.

While analyzing ORP9L depleted cells, we noted that
immunofluorescence staining of Golgi resident proteins was
frequently dispersed. For example, Figure 6 shows coim-
munofluorescence localization of ORP9L with giantin or
�-adaptin in fields of CHO cells transfected with an ORP9L
siRNA. Cells with relatively low ORP9L expression (indi-
cated by an arrow) displayed conspicuous dispersion of
giantin and �-adaptin staining compared with adjacent cells
that expressed more ORP9L.

Fragmentation of the giantin-positive cis-Golgi in ORP9L-
depleted cells, a compartment in which ORP9L does not
reside (Figure 3), suggested that structural changes could be
due to defective retrograde or anterograde transport. To test
whether anterograde transport was affected, export of myc-
tagged, temperature-sensitive 045-VSVG from the ER to the
Golgi was monitored by endoH sensitivity. Control and
siORP9 transfected cells were maintained at the nonpermis-
sive temperature of 40°C to retain 045-VSVG in the ER,
followed by a shift to 33°C to initiate ER export and modi-
fication of trimmed N-linked carbohydrates in the Golgi
apparatus (Figure 7A). At 40°C, 045-VSVG carbohydrates
were completely endoH sensitive in siNT- and siORP9-
transfected cells. After a 2-h shift to 32°C, 70% of 045-VSVG
in siNT-transfected cells was transported to the Golgi where
it acquired endoH resistance, compared with 50% in ORP9L-
depleted cells. A comparison of the ratio of resistant to
sensitive 045-VSVG (Figure 7B) indicated consistently less
045-VSVG transport to the ER in ORP9L-depleted cells;
however, this result did not reach statistical significance.

Cholesterol is essential for transport through the secretory
pathway (Wang et al., 2000; Ying et al., 2003), where it is
progressively enriched from the ER to the plasma membrane
(Ridgway, 2000). Based on in vitro cholesterol transfer ac-
tivity, a primary function of ORP9L could be maintenance of
cholesterol distribution within the secretory pathway. RNAi
depletion of ORP9L and resulting effects on cholesterol
transport could be reflected in altered regulatory responses
in the ER. However, ORP9L depletion had no effect on
cholesterol or cholesterol ester synthesis, indicating its ac-
tivity is segregated from sterol-regulatory events in the ER

Figure 3. ORP9L localizes to the trans-Golgi/TGN. CHO cells cul-
tured in medium A were treated with nocodazole (2 �g/ml) or solvent
control for 1 h and immediately fixed and immunostained with an
ORP9 polyclonal antibody and a goat anti-rabbit AlexaFluor594-con-
jugated secondary antibody. This was followed by a giantin antibody
coupled to AlexaFluor488, a PI-4K III� monoclonal and goat anti-
mouse AlexaFluor488-conjugated secondary or a �-adaptin monoclo-
nal antibody, and a goat anti-mouse AlexaFluor488-conjugated sec-
ondary antibody. Images are single confocal sections (0.8 �m) taken
through the midplane of the cells. Selected high-magnification fields
are boxed and are shown in the bottom three panels.
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(Supplemental Figure 4A and results not shown). To deter-
mine whether ORP9L regulated cholesterol content of other
compartments, the cholesterol-binding polyene macrolide
filipin was used to visualize cholesterol in control and
ORP9L-depleted CHO cells (Figure 8). On visual inspection,
it was apparent that, compared with siNT-treated cells, cells
transfected with siORP9L and cultured in FCS had increased
filipin fluorescence primarily in punctate structures corre-
sponding to endosomes and lysosomes (Figure 8A). There
was no apparent change in filipin fluorescence in the PM or
other diffusely stained structures. Quantitation of these im-
ages showed that knockdown cells cultured in FCS or LPDS
had a 50–75% increase in filipin fluorescence relative to siNT
controls (Figure 8B). Measurement of cellular cholesterol
mass under the same conditions revealed that although
ORP9L-depleted cells cultured in FCS or LPDS had a con-
sistent 10–15% increase in total and unesterified cholesterol,
this result was not significant (Figure 8C). This indicates that
ORP9L maintains cholesterol distribution in the post-Golgi,
endosomal compartment rather than influencing regulatory
events in the ER.

ORP9S Is a Dominant Inhibitor of Cell Growth and
Protein Export from the ER
Several ORP genes encode truncated or “short” versions
encoding the C-terminal sterol binding and FFAT domains
(Lehto and Olkkonen, 2003). Although ORP9S protein and
mRNA is expressed in a variety of tissues and cells (Wyles

and Ridgway, 2004; Lessmann et al., 2007), its function rel-
ative to the full-length proteins is obscure. The absence of a
PH domain in ORP9S would restrict it to the ER where it
could interfere with the normal function of ORP9L or other
VAP-interacting proteins. To test this, CHO cell lines were
generated that expressed ORP9S, as well as VAP-binding
(ORP9S-FF/AA) and sterol-binding (ORP9S-�SB) mutants
under the control of a doxycycline-inducible promoter. GST-
pulldown and coimmunoprecipitation assays confirmed
that wild-type and ORP9S-�SB interacted with VAP, but the
FF/AA mutant was devoid of VAP-binding activity (Sup-
plementary Figure S1B). Overexpressed ORP9S was dis-
persed though out the cell but also colocalization with VAP
at several foci (Figure 9A). Similar to ORP9L-depleted cells
(Figure 6), the Golgi apparatus (visualized with giantin) was
fragmented in ORP9S-overexpressing cells (�Dox) com-
pared with uninduced cells (�Dox, Figure 9B). Dispersion of
the Golgi apparatus and colocalization with VAP was not
evident in cells expressing VAP (ORP9S-FF/AA) and sterol-
binding domain (ORP9S-�SB) mutants (Figure 9, C and D).

During initial characterization of overexpressing cells, it
became apparent that ORP9S caused growth inhibition.
Quantification of cell number over a 72-h induction period
revealed that ORP9S expression caused profound inhibition
of cell proliferation relative to uninduced controls (Supple-
mental Figure S2A). This was not due to activation of an
irreversible cell death pathway because removal of doxycy-
cline after induction of ORP9S for 36 h led to recovery of cell

Figure 4. The ORP9L sterol-binding and PH domains regulate interaction with the Golgi apparatus. CHO cells stably expressing ORP9L (A),
OPR9L-FY/AA (B), ORP9L- R22E (C), and ORP9L-�SB (D) under the control of the TET promoter were cultured in medium A and induced
with 1 �g/ml doxycycline. After 24 h, cells were fixed and immunostained with primary antibodies against V5 (ORP9L), VAP, and/or
giantin-conjugated AlexaFluor488, followed by goat anti-rabbit or goat anti-mouse secondary antibodies conjugated to AlexaFluor488
(giantin and VAP) or AlexaFluor594 (V5-tagged ORP9L). Images are single confocal scans (0.8 �m) though the middle plane of the cells.
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growth (Supplemental Figure S2B). As well, cells expressing
ORP9S did not display any indications of necrosis or apo-
ptosis (result not shown). VAP and sterol binding were
required for this phenotype because expression of ORP9S-
FY/AA or ORP9S-�SB did not affect cell growth (Supple-
mental Figure S2, C and D). Overexpression experiments
with wild-type and mutant ORP9L failed to effect cell
growth or viability (Supplementary Figure S3). Interestingly,
overexpression of ORP9L-R22E, which had defective PI-4P

binding and Golgi localization (Figures 1C and 4D), did not
affect cell proliferation, indicating that deletion of the entire
interval between amino acids 1-165 is required for the
growth arrest phenotype.

Fragmentation of the Golgi apparatus and cessation of cell
growth by ORP9S expression suggested that ORP9S was a
dominant-negative inhibitor of ORP9L functions related to
cholesterol distribution and function in the ER–Golgi path-
way. We initially determined whether enforced expression

Figure 5. Knockdown of ORP9L expression does not affect oxysterol-regulated SM synthesis. (A) CHO cells cultured in medium A were
transiently transfected with siOSBP (75 nM), siORP9L (75 nM), siOSBP and siORP9L (75 nM each), or a nontargeting control siNT (75 nM)
for 48 h. Cells then received serine-free medium A containing no addition ( ) or 25-hydroxycholesterol (2.5 �g/ml; f) for 2 h followed by
pulse-labeling with [3H]serine (10 �Ci/ml) for 2 h. [3H]Serine-labeled SM, GlcCer and ceramide were extracted from cells, separated by
thin-layer chromatography, and quantified as previously described (Perry and Ridgway, 2006). Results are the mean and SE for three separate
experiments. (B) Expression of OSBP and ORP9L in CHO cells transiently transfected with control and targeting siRNAs. (C) CHO cells
expressing ORP9L under the control of the Tet repressor were cultured in medium A without (�Dox) or with doxycycline (�Dox, 1 �g/ml)
for 24 h. Cells then received solvent control ( ) or 25OH (f) and were pulse-labeled with [3H]serine as described in A. Results are the mean
and SEM for three separate experiments.

Figure 6. Knockdown of ORP9L expression results in
Golgi fragmentation. CHO cells were transfected with
siORP9 for 48 h in medium A and processed for immu-
nostaining of ORP9L and giantin or �-adaptin as de-
scribed in the legend to Figure 4. Fields were identified
in which ORP9L expression displayed variability be-
tween individual cells. ORP9L expression was almost
undetectable in cells indicated by arrows. Images are
single confocal sections (0.8 �m) through the midplane
of the cells.
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of ORP9S influenced cholesterol homeostasis and cellular
distribution. Overexpression of ORP9S, but not ORP9L, caused
a two-fold decrease in cholesterol synthesis measured by
[3H]acetate incorporation (Supplemental Figure S4A). This
was accompanied by a significant reduction in filipin fluo-
rescence in the endosomes/lysosomes of ORP9S cells cul-
tured in FCS or LPDS, but no significant change in choles-
terol mass (Supplemental Figure S4, B and C). Enforced
expression of ORP9L did not affect either of these parame-
ters (Supplemental Figure S4, D and E).

The effect of ORP9S expression on ER–Golgi protein trans-
port was determined by assessing 045-VSVG transport and
sensitivity to endoH. For these experiments, CHO cells were
cultured in the absence or presence of doxycycline to induce
ORP9S, transfected with 045-VSVG at the nonpermissive
temperature, and 045-VSVG transport to the Golgi was as-
sessed by endoH sensitivity after shifting to the permissive
temperature (Figure 10). At the permissive temperature,
045-VSVG processing to an endoH-resistant form in cells
expressing ORP9L was evident after 120 min (Figure 10A),
although there appeared to be a slight delay compared with
uninduced cells. In contrast, cells expressing ORP9S had a
complete block in processing at all time points compared
with uninduced cells. In a related experiment, CHO cells
expressing ORP9L, ORP9S, and ORP9S mutants were tran-
siently transfected with 045-VSVG and treated without and
with doxycycline at 33°C for 16 h to assess steady-state
export and carbohydrate processing in the Golgi apparatus
(Figure 10B). Under these conditions, 045-VSVG was pro-
cessed to an endoH-resistant form in ORP9L expressing

cells, although there appeared to be slightly less relative to
uninduced cells. In contrast, expression of ORP9S prevented
transport of 045-VSVG to the Golgi as indicated by a com-
plete lack of the endoH-resistant form. Consistent with the
lack of effect of ORP9S FY/AA and �SB on cell growth
(Supplemental Figure S3), processing of 045-VSVG carbohy-
drates was similar to matched uninduced cells (Figure 10B).
Results from Figure 10B were quantified by densitometry
and expressed relative to matched uninduced controls (Fig-
ure 10C). It is evident there was a significant block in steady-
state processing in cells expressing ORP9S relative to those
expressing ORP9L or the ORP9S mutants. Thus ORP9S-
mediated inhibition of ER–Golgi transport is correlated with
cell growth arrest and requires interaction with VAP and
sterol ligand(s).

DISCUSSION

It is well established that cholesterol is required for cargo
delivery to and from the Golgi apparatus. The trans-Golgi/
TGN is enriched in cholesterol relative to the cis and medial
cisternae (Orci et al., 1981), a distribution that coincides with
the site of sphingolipid synthesis and raft assembly. This
distribution is apparently essential for the organization and
function of the Golgi apparatus (Wang et al., 2000; Ying et al.,
2003) and is perturbed in the Niemann-Pick C cholesterol
storage disorder (Coxey et al., 1993). Delivery of the SREBP-
SCAP complex to the Golgi apparatus is stimulated by re-
duced membrane cholesterol (Nohturfft et al., 2000). In con-
trast, constitutive COPII-mediated export of cargo from the

Figure 7. Knockdown of ORP9L expression partially
suppresses VSVG transport to the Golgi apparatus. (A)
CHO cells cultured in medium A were transfected with
siORP9 (75 nM) or siNT (75 nM). After 48 h, cells were
shifted to 40°C and transiently transfected with
pcDNA3.1-VSV-G-tsO45-(myc)3 for a further 16 h. Cells
were then maintained at 40°C or shifted to 33°C for 120
min to initiate folding and export of 045-VSVG to the
Golgi apparatus. Cells were harvested, total extracts incubated with and without endoH, and sensitive and resistant forms of VSVG were
detected by SDS-10%PAGE and immunoblotting as described in Materials and Methods. (B) The distribution of endoH-resistant and -sensitive
forms of VSVG was quantified by densitometry. Results are the mean and SEM of three independent experiments.

Figure 8. Silencing of ORP9L expression promotes cholesterol retention in the endosomal/lysosomal compartment. CHO cells cultured in
medium A were transfected with siORP9 (75 nM) or siNT (75 nM) for 32 h. Cells then received medium containing 5% FCS or lipoprotein
deficient serum (LPDS) for an additional 16 h. Cells were fixed and incubated with an ORP9L polyclonal antibody, and goat anti-rabbit
AlexaFluor594-conjugated secondary antibody and cholesterol was detected with filipin. (A) A representative field of siNT- and siORP9L-
transfected cells cultured in FCS and stained with an ORP9L antibody and filipin (cholesterol). (B) Fluorescent intensity of filipin staining was
quantified in control and ORP9L knockdown cells cultured in FCS or LPDS for 16 h as described in Material and Methods. Results are the mean
and SEM of three independent experiments that quantified 10–12 fields of 20–30 cells. (C) Total (T) and unesterified cholesterol (U) mass was
quantified in control and ORP9L-depleted CHO cells cultured in medium with 5% FCS or LPDS. Results are the mean and SEM of three
separate experiments.
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ER is suppressed by cholesterol depletion (Ridsdale et al.,
2006; Runz et al., 2006). Although cholesterol is clearly im-
portant for ER–Golgi function, it is unclear whether its dis-
tribution is maintained by constitutive membrane transport
coupled with protein- and/or lipid-mediated sequestration
or by specific cholesterol transport proteins. In this study we
have identified ORP9, a cholesterol-binding protein that par-
titions between the ER and Golgi apparatus, as a potential
regulator of sterol homeostasis in the secretory pathway.

Similar to OSBP, ORP9L has PH-, FFAT-, and sterol-bind-
ing domains that regulate partitioning between the ER and
Golgi apparatus. Analysis of the binding specificity of the
ORP9 and OSBP PH domains, both in isolation and in the
context of the full-length protein, revealed a preference for
monophosphorylated PIs, most notably PI-4P. Interaction of
the OSBP PH domain with the Golgi apparatus is dependent
on PI-4P synthesized by the PI 4-kinases III� (Balla et al.,
2005) and/or II� (Wang et al., 2003), as well as other factors
such as ARF (Levine and Munro, 2002) and Nir2 (Peretti et
al., 2008). ORP9L did not localize with PI-4 kinase III� at the
Golgi apparatus, and RNAi experiments showed that this
kinase was not required for ORP9L localization (results not
shown). However, a role for the PH domain in Golgi target-
ing was supported by the absence of the PI-4P-binding
defective ORP9L R22E at the Golgi and its appearance in
condensed ER structures with VAP. The lack of influence of
ORP9L on SM synthesis indicates it is functionally distinct
from OSBP and thus could interact with a different PI-4P
pool or with other PH domain-specific lipid or protein li-
gands.

The influence of sterols on OSBP localization suggests that
an intramolecular interaction between the sterol-binding
and PH domains is involved in differential targeting to
membranes (Ridgway et al., 1992; Mohammadi et al., 2001).
Because ORP9L localization was not affected by oxysterols
or cholesterol, cholesterol binding was disrupted by a small
deletion of conserved residues between the �-helical lid and
�-sheet-1. This mutation caused ORP9L to localize to the
Golgi apparatus and peripheral ER, suggesting that impair-
ment of sterol binding produces an open conformation that
relieves inhibition of the PH domain and enhances interac-
tion with the Golgi apparatus. This is similar to the effect of
sterols on OSBP; the apo form is primarily in the cytoplasm
and ER but undergoes a shift to the Golgi compartment
upon sterol binding, where it stimulates ceramide transfer
and SM synthesis (Perry and Ridgway, 2006). Interestingly,
ORP9L �SB coimmunoprecipitated and colocalized with
VAP at the Golgi apparatus and peripheral ER. The presence
of VAP at the Golgi apparatus could indicate that ORP9L
�SB has been trapped at membrane contact sites where
sterols are transferred between the ER and Golgi (Olkkonen
and Levine, 2004). However, VAP is a predicted C-terminal
tail-anchored protein that is inserted into membranes post-
translationally (Egan et al., 1999) and thus could be nonspe-
cifically targeted to membranes enriched in one of its partner
proteins.

ORP9L-bound cholesterol by a mechanism that was mark-
edly different from OSBP, ORP4, ORP8, and ORP1, which
bound radiolableled sterols in vitro when these ligands were
presented as aqueous or detergent dispersions (Lagace et al.,
1997; Wyles et al., 2007; Yan et al., 2007a, 2008). Under these
assay conditions, recombinant ORP9L (Figure 2) and ORP9L
and ORP9S expressed in CHO cells (Wyles and Ridgway,
2004) were completely devoid of cholesterol- and 25-hy-
droxycholesterol–binding activity. However, both OSBP
and ORP9L extracted and transferred cholesterol between
liposomes, indicating that ORP9L must interact with mem-

Figure 9. Inducible expression of ORP9S fragments the Golgi ap-
paratus. CHO cells stably transfected with plasmids encoding the
indicated ORP9S proteins were cultured in medium A with or
without doxycycline (1 �g/ml) for 24 h. (A) CHO cells expressing
ORP9S were induced with doxycycline and localization with VAP
was determined. (B) CHO cells expressing ORP9S from the Tet
promoter were cultured in the absence (�Dox) or presence of doxy-
cycline (�Dox) and localization of ORP9S and giantin was deter-
mined by immunofluorescence as described in the legend to Figure
3. (C) After induction with doxycycline, localization of ORP9S-
FF/AA with VAP and giantin was determined as described above.
(D) After induction with doxycycline, localization of ORP9S-�SB
with VAP and giantin was determined as described in above. Im-
ages are single confocal sections (0.8 �m) through the midplane of
the field of cells.
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branes before uptake of sterol into the binding fold. Based
on the crystal structure and molecular modeling of the yeast
OSBP homologue Osh4p (Im et al., 2005; Canagarajah et al.,
2008), it is proposed that several conserved basic residues
positioned around the entrance to the binding pocket facil-
itated interaction of the apo form of the receptor with mem-
branes. Once bound, sterol is taken up into the binding
pocket, the receptor disengages, and a flexible �-helical lid
closes over the pocket. Based on this model, ORP9L could
adopt a closed apo structure that does not bind soluble
ligands, but interaction with membranes displaces the lid,
allowing sterols access to the binding pocket. ORP9 possess
the four basic residues implicated in membrane interaction
of Osh4p, but the �-helical lid is uniquely enriched in pos-
itively and negatively charged amino acids that could also
interact with membranes.

These properties of ORP9L indicate it is suited for binding
and transfer of hydrophobic ligands between membranes
rather than uptake of soluble oxysterols. Indeed, ORP9L and
OSBP transferred cholesterol between liposomes in PI-4P–
dependent manner. The lack of effect of PI-3P and PI-5P on
cholesterol transfer suggests that, in a native membrane
environment, PI-4P is the primary activating lipid through
interaction with the PH domain. However, OSBP PH-RR/
EE, which is devoid of PI-4P–binding activity (Levine and
Munro, 2002), had residual cholesterol transfer activity
(�25% of wild type), suggesting that other domains could
interact with PI-4P to stimulate transfer. Interestingly, PI-4P
did not stimulate transfer when included in acceptor lipo-
somes devoid of cholesterol. Under these conditions, OSBP
and ORP9L would be sequestered on PI-4P–enriched lipo-
somes and effectively removed from the transfer reaction
(see Figure 1D). Stimulation of transfer by inclusion of PI-4P
in donor liposomes indicates that both lipid ligands must be
in the same membrane for efficient cholesterol extraction
and delivery to the acceptor membrane. During sterol trans-
fer to an acceptor membrane, OSBP or ORP9L could remain
tethered to the donor membrane via PI-4P and transfer sterol
upon encountering a cholesterol-poor acceptor liposome.
Alternatively, sterol loading of OSBP or ORP9L could
disengage the PH domain from PI-4P and release the
protein for delivery of the sterol ligand to cholesterol-
poor acceptor membranes. Similar to several yeast OSH
proteins (Raychaudhuri et al., 2006; Prinz, 2007), it appears

that the primary function of ORP9L and OSBP is sterol
transport.

If ORP9L is a sterol transfer protein, altered expression
should influence the cholesterol content of target organelles.
ORP9L depletion did not affect ER cholesterol homeostatic
responses, potentially indicating no change in ER cholesterol
content, but significantly increased cholesterol deposition in
the endosomal/lysosomal compartment, as measure by fili-
pin binding (Figure 8). The TGN is an important delivery
site for endocytosed cholesterol (Urano et al., 2008) that, in
the absence of ORP9L, appeared to backup into the endo-
somes and lysosomes. This suggests that ORP9L maintains
cholesterol flux from the endosomal pathway to the trans-
Golgi/TGN by transferring cholesterol to the ER or other
organelles. Alterations in Golgi and ER cholesterol content
would immediately impact on protein transport and or-
ganelle structure. Inhibition of protein export from the TGN
and dispersion of the Golgi apparatus were observed when
cells were enriched with cholesterol (Ying et al., 2003). Cho-
lesterol depletion with cyclodextrin partially blocked export
of apical raft-associated hemagglutinin A but not VSVG
(Keller and Simons, 1998); however, only after removal of
50% of cellular cholesterol was Golgi morphology affected
(Hansen et al., 2000). On the other hand, depletion of ER
cholesterol with statins (Ridsdale et al., 2006) or cyclodextrin
(Runz et al., 2006) inhibited export of VSVG either by inter-
fering with lateral mobility or loading into ER exit sites,
respectively. These results support the concept that ORP9L
could retrieve cholesterol from the trans-Golgi/TGN to the
ER. In the absence of ORP9L, cholesterol would be depleted
from the ER and accumulate in the trans-Golgi/TGN and
endosomes/lysosomes, resulting in disruption of protein
transport. On the basis of the relatively minor effect of
ORP9L knockdown on VSVG export, we propose that either
1) transfer is localized, affecting the cholesterol content of a
restricted membrane environment or 2) the activity is redun-
dant with other ORPs or lipid-binding/transfer proteins.
Indeed, enforced expression of ORP9S caused complete ces-
sation of ER export, inhibition of cholesterol synthesis and
reduced endosomal/lysosomal cholesterol, suggesting it se-
questers VAP and/or sterols from ORP9L as well as other
transport proteins that rely on these factors.

Although both ORP9L and OSBP affect distinct Golgi
functions, the unifying mechanism appears to be sterol

Figure 10. Enforced expression of ORP9S pre-
vents ER–Golgi transport of 045-VSVG. (A)
CHO cells stably expressing ORP9L and ORP9S
under the control the Tet-repressor were trans-
fected with pcDNA3.1-VSV-G-tsO45-(myc)3 for
6 h at 40°C. Cells then received medium A with
or without doxycycline (Dox, 1 �g/ml) for 10 h
at 40°C. Cells were shifted to 33°C and at the
indicated times harvested for analysis of VSVG
glycosylation as described in Materials and
Methods. (B) CHO cells expressing ORP9L,
ORP9S, ORP9S-FF/AA, and ORP9S-�SB under
the control of the Tet-repressor were trans-
fected with pcDNA3.1-VSV-G-tsO45-(myc)3 for
6 h and then incubated in the presence or ab-
sence or doxycycline for 10 h at 33°C before
harvesting and analysis of VSVG endoH sensi-
tivity. (C) Quantification of data in B showing
the relative proportion of endoH-sensitive O45-
VSVG in control and overexpressing cells. Re-
sults are the mean and SEM of three experi-
ments.
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transport between the ER and Golgi apparatus that involves
PI-4P– and VAP-dependent interaction with these or-
ganelles. We propose that ORP9L specifically modifies the
membrane environment by delivery of cholesterol to target
membranes and activation of associated proteins. On the
other hand, loss of Golgi interaction by N-terminal trunca-
tion of ORP9S renders it a dominant inhibitor of this activity.
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