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Abstract Oxysterol binding protein-related protein 2 (ORP2)
is a member of the oxysterol binding protein family, previously
shown to bind 25-hydroxycholesterol and implicated in cellular
cholesterol metabolism. We show here that ORP2 also binds
22(R)-hydroxycholesterol [22(R)OHC], 7-ketocholesterol,
and cholesterol, with 22(R)OHC being the highest affinity
ligand of ORP2 (Kd 1.43 1028 M). We report the localization
of ORP2 on cytoplasmic lipid droplets (LDs) and its function
in neutral lipidmetabolismusing the humanA431 cell line as a
model. The ORP2 LD association depends on sterol binding:
Treatment with 5 mM 22(R)OHC inhibits the LD association,
while a mutant defective in sterol binding is constitutively LD
bound. Silencing of ORP2 using RNA interference slows
down cellular triglyceride hydrolysis. Furthermore, ORP2
silencing increases the amount of [14C]cholesteryl esters
but only under conditions in which lipogenesis and LD forma-
tion are enhanced by treatment with oleic acid. The results
identify ORP2 as a sterol receptor present on LD and provide
evidence for its role in the regulation of neutral lipid metabo-
lism, possibly as a factor that integrates the cellular metabo-
lism of triglycerides with that of cholesterol.—Hynynen, R.,
M. Suchanek, J. Spandl, N. Bäck, C. Thiele, and V. M.
Olkkonen. OSBP-related protein 2 is a sterol receptor on
lipid droplets that regulates the metabolism of neutral lipids.
J. Lipid Res. 2009. 50: 1305–1315.
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Oxysterols are oxygenated derivatives of cholesterol
formed either enzymatically, mainly by the action of cyto-
chrome P450 sterol hydroxylases or through nonenzymatic

cholesterol autoxidation [reviewed in (1–4)]. Oxysterols
are present in cells at very low amounts compared with
cholesterol, but they are suggested to execute important
signaling functions. Certain oxysterols activate liver X re-
ceptors, key transcriptional regulators of cholesterol
homeostasis (5), and inhibit the processing of sterol regula-
tory element binding proteins (SREBPs) via binding to the
Insig proteins, which retain SREBP/SCAP complexes in the
endoplasmic reticulum (ER) (6). The cytosolic oxysterol re-
ceptor, oxysterol binding protein (OSBP), was identified in
the 1980s (7). Families of OSBP-related proteins (ORPs)
have recently been identified in practically all eukaryotic
organisms studied (8). Most of the information on the
ORP proteins has been obtained using yeast (Saccharomyces
cerevisiae) or mammalian cells. The yeast ORPs (Osh pro-
teins) are suggested to play major roles in the intracellular
transport of sterols (9), in vesicle budding from the Golgi
apparatus (10, 11), and in the establishment of cell polarity
(12, 13), while mammalian ORPs have been suggested to
participate in the regulation of lipid metabolism, vesicle
transport, and cellular signaling (8).

All ORPs contain in their C-terminal part a structure des-
ignatedOSBP-related domain (ORD), which is homologous
to the oxysterol binding domain of OSBP (8). In addition to
the ORD, most ORPs contain an N-terminal region involved
in their subcellular targeting. The N-terminal extensions
containing a pleckstrin homology domain target ORP1L
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to late endosomes (14), ORP3, -6, and -7 to the plasma
membrane (15), and OSBP (16, 17) and ORP9 (18) to
the Golgi complex. OSBP is targeted to Golgi complex in
response to treatment of cells with its high-affinity ligand
25-hydroxycholesterol (25OHC). In several cases, the ORP
pleckstrin homology domains are known to mediate the
binding of phosphoinositides, but also the ORDs of ORP1,
-2, -9, and -10 seem to be capable of binding these negatively
charged phospholipids (19–21). A motif called FFAT (two
phenylalanines in an acidic track), whichmediates the bind-
ing to the ER resident protein VAP-A (for vesicle-associated
membrane protein-associated protein), specifies associa-
tion of several ORPs with the ER membranes (22).

Lipid droplets (LDs) are intracellular organelles com-
posed of a neutral lipid core surrounded by a monolayer
of phospholipids and cholesterol (23–25). In adipocytes,
their main function is to store energy in the form of tri-
glycerides (TGs), while in steroidogenic cells, LDs store
cholesteryl esters (CEs) to be used as precursors for steroid
hormone biosynthesis. In other cell types, LDs serve as
storage organelles for fatty acids and cholesterol needed
for cell membrane renewal and signaling purposes.

Whereas the role of ORPs in cholesterol metabolism has
been addressed in a number of studies, their possible roles
in TG metabolism have gained less interest. In the study of
Yan and Olkkonen (8), overexpression of OSBP in mouse
liver resulted in an increased amount of TG in liver tissue
as well as enhanced secretion of TG into the circulation,
apparently due to elevated activity of the lipogenic tran-
scription factor SREBP-1c. On the other hand, overexpres-
sion of ORP2, a ubiquitously expressed ORP family
member (26), was shown to decrease the amount of both
TG and CE in Chinese hamster ovary (CHO) cells (27). In
this study, we examine further the role of ORP2 in neutral
lipid metabolism in the human A431 cell system. We show
that ORP2 binds several oxysterols and localizes on the
surface of intracellular LDs. Silencing of ORP2 affects
the rate of TG hydrolysis and the degree of cholesterol es-
terification, thus suggesting that ORP2 acts as a sterol re-
ceptor involved in the integrated control of cholesterol
and TG metabolism.

EXPERIMENTAL PROCEDURES

cDNA constructs, site-directed mutagenesis, short
interfering RNAs, and antibodies

cDNAs for transient transfections were subcloned into the
pcDNA4HisMaxC expression vector (Invitrogen, Carlsbad, CA),
which encodes hexahistidine and Xpress™ epitope tags fused
at the N terminus of the insert proteins. ORP2 cDNA engineered
by PCR to remove the stop codon was also inserted in the BamHI
site of pHcRed-N1 (BD Biosciences Clontech, San Jose, CA). For
protein production in Escherichia coli, cDNAs were subcloned in
the BamHI site of pGEX-1lT (GE Healthcare, Little Chalfont,
Buckinghamshire, UK). The full-length ORP open reading frames
used in this study were ORP1L (AF323726), ORP2 (BC000296),
and ORP3 (NM_015550). The glutathione S-transferase (GST)-
MLN64 START domain construct was a kind gift from Prof. Elina
Ikonen (Institute of Biomedicine, University of Helsinki, Finland).

The sequences of ORP2 short interfering RNA (siRNA) du-
plexes (Sigma Genosys, St. Louis, MO) were as follows: ORP2
siRNA 1, GGGAAGAUUUAGGAUUCAGtt (sense) and
CUGAAUCCUAAAUCUUCCCtg (antisense); ORP2 siRNA 2,
CGUAUGAAUUAAUCAGGGAtt (sense) and UCCCUGAUU-
AAUUCAUACGtt (antisense); ORP2 siRNA 3, GGACACAUU-
CAAGACAAAAtt (sense) and UUUUGUCUUGAAUGUGUCCtt
(antisense); and ORP2 siRNA 4, GGACCGGCAAACCAUUUAAtt
(sense) and UUAAAUGGUUUGCCGGUCCtc (antisense). The
sequences of control siRNA duplexes were UAGCGACUAAACA-
CAUCAATT (sense) and UUGAUGUGUUUAGUCGCUATT
(antisense). The rabbit ORP2 antibody was described in (26). A
monoclonal mouse antibody (mab) against the Xpress™ epitope
tag was purchased from Invitrogen, themab against GM-130 fromBD
Biosciences-Transduction Laboratories (San Jose, CA), the mab
against transferrin receptor from Zymed (San Francisco, CA),
the mab (clone H4A3) against Lamp1 from Developmental Stud-
ies Hybridoma Bank (Iowa City, IA), and the mab against GAPDH
from Novus Biologicals (Littleton, CO). Alexa-labeled fluorescent
goat secondary antibody conjugates were from Invitrogen.

Cell culture
The human epithelial carcinoma cell line A431 was grown in a

5% CO2 atmosphere in DMEM with 4.5 g/l glucose and sodium
pyruvate (Sigma-Aldrich, St. Louis, MO) supplemented with 10%
FBS (Invitrogen-Gibco BRL, Carlsbad, CA), 100 IU/ml penicil-
lin,and 100 mg/ml streptomycin at 37°C for a maximum of 30 pas-
sages. The cells were transfected with Lipofectamine 2000
(Invitrogen) according to the manufacturerʼs instructions.
siRNA-mediated gene silencing was carried out with HiPerFect™
(Qiagen) according to the manufacturerʼs instructions using the
fast-forward transfection protocol. LDs were induced in A431
cells by overnight treatment with 350 mM oleic acid-BSA com-
plexes prepared according to (28). Stably transfected ORP2
HeLa TRex cells were cultured and induced with doxycyclin as
previously described (21).

Fluorescence microscopy
A431 cells were fixed with 3% (w/v) paraformaldehyde in PBS

for 30 min. Permeabilization of the cells and the blocking of non-
specific binding of antibodies were done simultaneously in PBS
containing 0.5% BSA and 0.1% saponin (blocking buffer) for
30 min. Primary antibodies and secondary antibody conjugates
were diluted in blocking buffer and incubated for 1 h at room
temperature. When LDs were stained, 50 mM Bodipy 493/503
(Invitrogen-Molecular Probes, Carlsbad, CA) was added in the
secondary antibody dilution. Washes after the antibody incuba-
tions were done three times with blocking buffer. Finally, the cover
slips were washed three times with PBS and once with water, after
which they were mounted in Mowiol 4-88 (Sigma-Aldrich) con-
taining 2.5% 1,4-diazabicyclo[2.2.2]octane (Sigma-Aldrich). When
antibody incubations were not required, cells were stained with
50 mM Bodipy 493/503 and with 4′,6-diamidino-2-phenylindole
for 30 min before fixation. Images were acquired with Zeiss Meta
or Leica TCS SP1 confocal microscopes.

Immunoelectron microscopy
For immunoelectron microscopy, A431 cells were transfected

with ORP2-pcDNA4HisMaxC and loaded with 350 mM
oleic acid-BSA complexes overnight. The cells were then fixed
with 4% paraformaldehyde, scraped, and pelleted in gelatin.
Polyvinylpyrrolidone/sucrose-infiltrated specimens were sec-
tioned at 2110°C and picked up in methyl cellulose-sucrose. The
sections were treated with 1% fish skin gelatin (Sigma-Aldrich) and
1% BSA and incubated with the ORP2 antibody (1:70) for 1 h.
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Secondary antibody (Protein A-10 nm gold; University of Utrecht,
The Netherlands) was applied for 1 h, and sections were em-
bedded in uranyl acetate-methyl cellulose and examined with a
Jeol 1200 EX II electron microscope.

Protein purification
GST fusion proteins of ORP2 and MLN64 (Metastatic lymph

node 64) START (Steroidogenic acute regulatory protein-related
lipid transfer) domain were produced in E. coli BL21(DE3) and
purified on glutathione sepharose 4B (GE Healthcare) according
to the manufacturerʼs instructions. Protein concentrations of the
specimens were determined by the DC assay (Bio-Rad, Hercules,
CA). Before oxysterol binding experiments, the protein prepara-
tions were resolved on Laemmli gels, which were stained with
Coomassie blue, scanned, and analyzed using Scion Image soft-
ware (http://www.scioncorp.com/). According to this, adjust-
ment of the protein amounts added was performed to ensure
that the desired concentrations of the full-length fusion proteins
were reached.

Charcoal-dextran oxysterol binding assay
Binding of [3H] labeled 7-ketocholesterol (65 Ci/mmol; Ameri-

can Radiolabeled Chemicals, St. Louis, MO), 25-hydroxycholesterol
(20 Ci/mmol), 22(R)hydroxycholesterol (20 Ci/mmol; American
Radiolabeled Chemicals), or 27-hydroxycholesterol (45 Ci/mmol;
a gift fromProf. IngemarBjörkhem, Karolinska Institute,Huddinge,
Sweden) to the purified GST-ORP2 was assayed as described pre-
viously (29). Briefly, proteins (0.25 or 1 mM) were incubated over-
night at 14°C with 5, 10, 20, 40, and 80 nM (in some cases up to
160 nM) [3H]oxysterol in the absence or presence of a 40-fold
excess of the corresponding unlabeled oxysterol (purchased
from Sigma-Aldrich; except 27-hydroxycholesterol, which was
from I. Björkhem). The free sterol was thereafter removed with
charcoal-dextran, and the protein-bound [3H]sterol remaining in
the supernatant was analyzed by liquid scintillation counting. Kd

values were determined by Scatchard analysis. The data were nor-
malized for specific radioactivity of the different labeled oxysterols.

Cholesterol binding assay
To be able to study the interaction of ORP2 and cholesterol in

solution, cholesterol was complexed with methyl-b-cyclodextrin
(mbCD; Sigma-Aldrich) according to (30). Briefly, 1 mg of mbCD
was dissolved in 1 ml of binding buffer (10 mM HEPES, pH 7.4,
50 mM KCl, and 0.02% NP-40) and added on the top of the film
of cholesterol and [3H]cholesterol (44 Ci/mmol; GE-Healthcare-
Amersham) in a glass tube. The mixture was then probe soni-
cated 3 3 5 min and microcentrifuged at full speed for 15 min.
For the cholesterol binding assay, 50 mg of GST (negative control),
GST-ORP2, or GST-MLN64 START (positive control) were bound
to glutathione sepharose beads, which were then incubated with
cholesterol-mbCD (330 ng cholesterol per assay) for 30 min at
room temperature. Competition of the cholesterol binding was
tested using a 40-fold molar excess of 22(R)-hydroxycholesterol
[22(R)OHC]. After the binding, the beads were washed and the
radioactivity of the supernatant, the washes, and the pellet was
measured by liquid scintillation counting.

Analysis of TG synthesis and breakdown
A431 cells on six-well plates were treated with siRNAs as de-

scribed above. In the case of TG synthesis assay, 350 mM oleic
acid-BSA complexes containing [3H]oleic acid (5 mCi per dish;
7 Ci/mmol; GE Healthcare-Amersham) were added to the cells
40 h after the transfection. The cells were harvested at different
time points in 2%NaCl. Lipids were extracted using the Bligh-Dyer
protocol, and the extracts were separated by TLC using hexane/

diethyl ether/acetic acid/water (65:15:1:0.25). The TLC plates
were stained with iodine, the TG spots identified by comigration
with a triolein standard were scraped off, and the radioactivity
was measured with a liquid scintillation counter. Protein con-
centrations of the cell specimens were measured with the DC
Protein Assay (Bio-Rad), and the results were corrected with the
protein amounts. In the case of TG breakdown assay, similar
[3H]oleic acid-oleic acid-BSA complexes were added to cells after
24 h of transfection. After 18 h, the cells were washed three times
with PBS, and the loading/labeling medium was replaced with
chase medium (DMEM, 5% delipidated serum). The cells were
harvested at several time points and treated further as in the TG
synthesis assay.

Assay for [14C]cholesterol esterification
A431 cells on 35 mm dishes were treated with siRNAs as

described above. After 6 h [14C]cholesterol (0.2 mCi/well;
58 mCi/mmol; GE Healthcare-Amersham) was added to the cells
for 40 h. To analyze the distribution of the [14C]label between
free cholesterol and CEs, the labeled cells were harvested in
2% NaCl and the lipids extracted using the Bligh-Dyer protocol.
Aliquots of the cells were used for protein determination (see above).
The neutral lipids were separated by TLC using petrolether/diethyl
ether/acetic acid (60:40:1). The TLC plates were stained with
iodine, the cholesterol and CE spots identified based on comigra-
tion with unlabeled standards were scraped off, and the radio-
activity was measured with a liquid scintillation counter.

RESULTS

ORP2 binds several oxysterols with different affinities
We recently reported that ORP2 binds 25OHC with

micromolar affinity (31). We now wanted to study the
oxysterol binding properties of ORP2 more extensively.
For this, we employed a charcoal-dextran pull-down assay
of [3H]oxysterols with GST-tagged ORP2 produced in
E. coli as previously. To determine the specific binding,
we performed the assays in the absence or presence of
40-fold excess of unlabeled oxysterol, and the nonspecific
binding was subtracted from the total binding (Fig. 1A).
In these experiments 22(R)OHC was bound by ORP2 with
the highest affinity (Kd 5 1.4 3 1028 M), followed by
7-ketocholesterol (Kd 5 1.6 3 1027 M) and 25OHC, which
displayed weak but reproducible binding to the protein.
However, no specific binding of 27-hydroxycholesterol
was detected. We also tested the oxysterol binding prop-
erties of a mutant ORP2 (ORP2 I249W) previously shown
to be defective in 25OHC binding (31). This mutant
also failed to bind 22(R)OHC (Fig. 1A). From these assays,
we conclude that ORP2 binds several oxysterols with dif-
ferent affinities, the highest affinity ligand so far being
22(R)OHC.

ORP2 binds cholesterol
In a previous study, we presented data suggesting that

overexpressed ORP2 enhances the intracellular transport
of cholesterol (21). Therefore, we wanted to study whether
ORP2 might, in addition to oxysterols, bind cholesterol.
Since cholesterol is markedly more hydrophobic than
oxysterols, we designed a cholesterol binding assay in

ORP2 is a sterol receptor on lipid droplets 1307
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which [3H]cholesterol is solubilized using methyl-b-
cyclodextrin and subjected to pull down with GST-tagged
recombinant proteins. The START domain of the choles-
terol binding protein MLN64 was used as a positive (32)
and GST as a negative control. In this assay, GST-ORP2
showed significant cholesterol binding over the background
signal of GST. However, the binding was modest compared
with that of the GST-MLN64 START domain (Fig. 1B). The
specificity of the binding was tested by adding a 40-fold
excess of unlabeled 22(R)OHC in the assay. The choles-
terol binding was efficiently competed by the oxysterol, sug-

gesting that the binding is specific and occurs in the same
pocket as that of the oxysterols, as shown for the homolo-
gous yeast protein Osh4p (33).

ORP2 localizes to the surface of intracellular LDs
The subcellular localization of ORP2 has so far been un-

clear. The data of Laitinen et al. (26) suggested partial
Golgi localization of human ORP2 in CHO cells, but when
overexpressed in several human cell lines under standard
culture conditions, the human ORP2 was diffusely distrib-
uted throughout the cytoplasm with no sign of Golgi asso-
ciation (Fig. 2A–C; data not shown). In this study, Xpress
epitope-tagged ORP2 was expressed in the human epithe-
lial carcinoma cell line A431 with abundant endogenous
ORP2 expression. In the normal growth medium with
10% FBS ORP2 displayed a relatively even staining of the
cytoplasmic compartment with additional small dot- or
ring-like ORP2-positive structures. These structures were
also found to be stained with Bodipy 493/503, a neutral
lipid stain, suggesting that they may represent cytoplasmic
LDs (Fig. 2A–C).When the cells were treated overnight with
350 mM oleic acid-BSA to enhance lipogenesis and LD for-
mation, prominent ORP2 localization on Bodipy 493/503-
positive spherical structures was evident (Fig. 2D–F). The
spherical structures were not stained with antibodies recog-
nizing the Golgi (GM130; Fig. 2G–I), lysosomes (Lamp1;
Fig. 2J–L), or early/recycling endosomes (transferrin re-
ceptor; Fig. 2M–O). We thus concluded that ORP2 localizes
on the surface of neutral LDs. The LD association was not
unique for A431 cells: Overexpressed ORP2 displayed LD
association also in other cell lines, such as HeLa, HepG2,
and Cos7 (data not shown). ORP2 was also seen on the
LD of stably transfected HeLa TRex cells induced to over-
express untagged ORP2 (21) (Fig. 3A–C), demonstrating
that the localization is not specific for the Xpress epitope-
tagged protein. Furthermore, ORP2 with the fluorescent
HcRed protein fused at its C terminus displayed a similar
LD localization, showing that the LD distribution is not a re-
sult froman artifactual association that could arise during the
immunofluorescence staining protocol (Fig. 3D–F). This ob-
servation also demonstrates that modification of the C ter-
minus of ORP2 does not interfere with the LD localization.

Importantly, a faint staining of endogenous ORP2 with
the rabbit antibody could be seen in the area of LD accu-
mulation in nontransfected, oleic acid-loaded A431 cells,
providing evidence that the endogenous ORP2 also associ-
ates with the LD (Fig. 3G–I). The endogenous staining ap-
peared punctuate, being thus somewhat different from the
ring-like LD staining observed for the overexpressed ORP2.
This staining vanished when the ORP2 antibody was pre-
incubated with purified GST-ORP2 (Fig. 3J–L), confirming
the specificity of the immunoreactivity.

To test the specificity of ORP2 LD association, ORP1L
and ORP3 were transfected in A431 cells loaded with oleic
acid. As previously reported for other cell lines (14, 15),
ORP1L localized to late endo/lysosomal structures (see
supplementary Fig. IA–C) and ORP3 to the ER and the
cytosol (see supplementary Fig. 1D–F). No colocalization

Fig. 1. Binding of oxysterols and cholesterol by ORP2. A: Specific
oxysterol binding. Different concentrations of [3H]oxysterols were
incubated overnight with 1 mM GST-wild-type (wt) ORP2 or the
mutant ORP2 I249W (indicated on the top). Unbound oxysterols
were pulled down with charcoal-dextran, and the radioactivity in
the supernatant was determined. Specific binding was determined
by subtracting the values obtained in the presence of 40-fold excess
of unlabeled oxysterol from those obtained with the [3H]sterol only.
The data represent mean6 SEM (n5 4, except for 27OHC, n5 2).
B: Cholesterol binding by ORP2. Fifty micrograms of GST-ORP2,
GST (negative control), or the GST-tagged START domain of
MLN64 (positive control) was bound to glutathione-sepharose
beads and incubated with [3H]cholesterol-methyl-b-cyclodextrin
complexes, after which the beads were pulled down. The bars repre-
sent the percentage of the radioactivity associated with the beads
(mean 6 SEM; n5 6; ***, P, 0.001, t-test). Competition of choles-
terol binding by 22(R)OHC was determined by including a 40-fold
excess of unlabeled 22(R)OHC in the assay.

1308 Journal of Lipid Research Volume 50, 2009
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of these proteins with Bodipy 493/503 was detected, sug-
gesting that the LD association is specific for ORP2.

Immunoelectron microscopic localization of ORP2
To investigate the ORP2 localization at the ultrastruc-

tural level, we carried out cryosection immunoelectron
microscopy of transfected A431 cells using the polyclonal
rabbit antibody. Immunogold was detected lining LDs,
while specific staining of other membrane structures was
not detectable (Fig. 4). Even though the FFAT motif of
ORP2 could specify ER targeting (22), no significant label-
ing of ER elements was observed. Furthermore, immuno-
labeling was prominent on LD surfaces at which no closely

associated ER membrane was evident. This observation is
consistent with the fact that no significant ER association
of ORP2 was detected in immunofluorescence experi-
ments (data not shown).

ORP2 overexpression causes dispersal of LDs
The LD in A431 cells are typically clustered at a juxta-

nuclear location. Fluorescence microscopy observation of
oleic acid-loaded cells revealed that the distribution of
the LD in cells overexpressing ORP2 was different from
the neighboring untransfected cells. The droplets were
no longer clustered but were dispersed throughout the
cytoplasm (Fig. 5). Even though the present observation

Fig. 2. ORP2 localizes to the surface of intracellular LDs. Xpress-tagged ORP2 was expressed in A431 cells
grown in the absence (A–C) or presence (D–F) of 350 mM oleic acid-BSA complexes. ORP2 (shown in red in
the left-most panels) was stained with rabbit polyclonal ORP2 antibodies and the LDs with Bodipy 493/503
(in green in the center panels). The staining of ORP2 does not colocalize with other organellemarkers (G–O).
ORP2 was expressed in A431 cells grown in the presence of 350 mM oleic acid-BSA. ORP2 was stained with a
rabbit antibody (in red in the left-most panels), the Golgi apparatus with GM-130 antibody (H), lysosomes with
Lamp1 antibody ( J), and early/recycling endosomes with transferrin receptor (TfnR) antibody (N). Merged
images are shown on the right. Bars 5 10 mM.

ORP2 is a sterol receptor on lipid droplets 1309
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was made under overexpression conditions, it suggests
that ORP2 is capable of modulating the LD organization,
which could impact the metabolism of neutral lipids in
these organelles.

22(R)hydroxycholesterol inhibits the LD association
of ORP2

The addition of oxysterols to cells has been shown to
affect the localization of OSBP (17) and an ORP3:OSBP
chimera (15). We wanted to test if the same applies to
ORP2. A431 cells overexpressing ORP2 were treated over-
night with 350 mM oleic acid-BSA to induce LD formation
in the presence of 5 mM 22(R)OHC. The association of
ORP2 with LDs was clearly inhibited in the oxysterol-treated
cells. On the vehicle (ethanol) treated control cover slips,
ORP2 was associated with LDs in 63% of the transfected
cells, while only 6% of the cells on 22(R)OHC-treated cover
slips displayed LD association, the ORP2 showing a diffuse,
often dotty cytoplasmic distribution (Fig. 6A–C; quantifica-
tion in 6M). The same effect was detected in stably trans-
fected HeLa cells induced to express ORP2: The 22(R)
OHC treatment abolished the LD association and led to

an altered distribution of ORP2 with a prominent plasma
membrane aspect (Fig. 6D–F). To investigate whether this
effect is dependent on the oxysterol binding by ORP2, we
expressed the oxysterol binding defective mutant I249W
in A431 cells subjected to the same treatments as above.
In the absence of oxysterol, the mutant associated with
the LD similar to the wild type protein (Fig. 6G–I, M). How-
ever, in contrast to wild-type ORP2, addition of 22(R)OHC
did not affect the LD association of ORP2 I249W (54% of
the cells; Fig. 6J–L, M).

When testing the concentration dependency of the
22(R)OHC effect on ORP2 LD localization, we found that
0.05 mM 22(R)OHC was not able to inhibit the LD associa-
tion, and 0.5 mM oxysterol had a mild effect detectable in
some cells (Fig. 6N, O). It is hard to estimate the effective
intracellular oxysterol concentration reached; the 0.05 mM
and possibly also the 0.5 mM concentration may be insuf-
ficient to reach full ligand occupancy in live cells. As
expected, the other oxysterols displaying lower or no de-
tectable affinity for ORP2, 7-ketocholesterol, 25OHC,
and 27OHC were unable to inhibit the ORP2 LD associa-
tion at 5 mM concentration (data not shown). The data

Fig. 3. Specificity of ORP2 LD localization. A–C:
Doxycyclin-induced TREx HeLa cells expressing un-
tagged ORP2 were grown in the presence of 350 mM
oleic acid-BSA complexes. ORP2 was stained with poly-
clonal ORP2 antibodies (A) and LD visualized with
Bodipy 493/503 (B). D–F: HcRed-tagged ORP2 (D)
was expressed in A431 cells treated with 350 mM oleic
acid-BSA, and the LDs were stained with Bodipy 493/
503 (E) in the absence of detergent permeabilization
of the cells. G–L: The endogenous ORP2 in A431 cells
treated with 350 mM oleic acid-BSA was stained with
polyclonal rabbit ORP2 antibodies (G) or with the
same antibodies preincubated with GST-ORP2 to in-
hibit specific immunoreactivity (J). LDs were stained
with Bodipy 493/503 (H and K). Merged images are
shown on the right. Bars 5 10 mM.
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suggest that ligand binding to ORP2 is capable of inducing
a conformational change that inhibits the association of
the protein with LD surface.

ORP2 silencing slows down the TG breakdown
To silence ORP2 expression in A431 cells, four different

siRNAs were designed. Of these, ORP2 siRNAs 1, 2, and 4

showed the highest silencing efficiency compared with a
control siRNA (Fig. 7A) and were used for further studies.
The effect of ORP2 silencing on LD morphology was as-
sessed. A431 cells were treated with siRNAs for 72 h in
10% fetal calf serum (FCS) and oleic acid-containing me-
dium, after which the LDwere stained with Bodipy 493/503.
ORP2 silencing appeared to result in clearly increased in-
tensity of perinuclear LD staining as compared with control
siRNA-treated cells (Fig. 7B, left panels). When the cells
were first treated for 48 h with siRNAs in 10% FCS and oleic
acid containing medium and then chased for 24 h in me-
dium containing 5% delipidated FCS to induce TG break-
down, the effect of ORP2 silencing became clear. Cells
treated with control siRNA lost nearly all the LDs as judged
by Bodipy 493/503 staining, but the ORP2 siRNA-treated
cells still had clearly visible LDs (Fig. 7B, right panels), sug-
gesting that the silencing of ORP2 stabilizes the LD and
slows down the mobilization of neutral lipids.

To investigate the phenomenon using a biochemical
approach, A431 cells were treated with control or ORP2
siRNAs and labeled for 16 h with a mixture of unlabeled
and [3H]oleic acid bound to BSA. The cells were then chased
in a medium containing delipidated serum and analyzed at
different time points. The [3H]TGs were quantified and the
results normalized for cell protein. After the labeling period
(the zero time point) the amount of [3H]TG was 29 6 15%
higher in the cells subjected to ORP2 silencing. During the
chase, the amount of [3H]TG declinedmore slowly in ORP2
silenced cells than in the controls (presented as percentage
of theDPM/mgprotein at the start of chase forORP2 siRNA1
in Fig. 7C). Similar results were obtained with the other
ORP2 siRNAs tested (siRNAs 2 and 4; see supplementary
Fig. II). ORP2 silencing had no significant effect on [3H]oleic
acid incorporation into TG during a 3-h time course (data
not shown). The results suggest that the endogenous ORP2
facilitates the breakdown of TG.

ORP2 silencing increases CEs in oleic acid-loaded cells
In addition to TGs, LDs store cholesterol in the form of

CEs. Since there are suggested connections between the
metabolism of TG and CE in LDs (34, 35), we wanted to
study the effect of ORP2 silencing on cholesterol esterifica-
tion in A431 cells in normal growth medium or under oleic

Fig. 4. Immunoelectron microscopy confirms ORP2 localization
on the surface of LDs. ORP2 was expressed in A431 cells treated with
350 mM oleic acid-BSA, and the cells were processed for cryo-
immunoelectron microscopy using ORP2 antibodies. Abundant
immunogold labeling of LD surfaces (white areas) was observed
(A). No label was seen over the ER (arrowheads in B); only occa-
sional individual gold particles were found associated with ER mem-
branes in close vicinity of LDs. M, mitochondrion. Bars 5 200 nm.

Fig. 5. ORP2 overexpression causes a dispersal of LDs. A431 cells transfected with the ORP2 cDNA were
treated overnight with 350 mM oleic acid-BSA, fixed, and processed for immunofluorescence microscopy
using rabbit ORP2 antibodies. LD clusters in untransfected cells are indicated with arrows and dispersed LD
in ORP2 overexpressing cells with arrowheads. A: Staining for ORP2. B: LDs visualized with Bodipy 493/503.
C: Overlay of the channels. Bar 5 10 mm.

ORP2 is a sterol receptor on lipid droplets 1311
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acid loading conditions. The cells were treated for 48 h
with ORP2 or control siRNAs and concomitantly labeled
for 40 h with [14C]cholesterol. Part of the cell specimens
were treated overnight with 350 mM oleic acid-BSA.
The [14C]CE radioactivity as percentage of total cellular

[14C]cholesterol was determined. In the normal growth con-
ditions (DMEM, 10%FBS),ORP2 silencing had no effect on
the quantity of [14C]CE (Fig. 8). When TG synthesis and
LD formation were enhanced by overnight treatment with
oleic acid-BSA, a difference between cells treated with

Fig. 6. 22(R)OHC inhibits the LD localization of ORP2. A–C: A431 cells were transfected with Xpress-tagged ORP2 and treated with 350 mM
oleic acid-BSA and 5mM22(R)OHCovernight. ORP2 was stained withORP2 antibody (A) and LDs with Bodipy 493/503 (B). D–F: Doxycyclin-
induced TREx HeLa cells expressing ORP2 were treated with oleic acid-BSA and 22(R)OHC as above. G–L: Oxysterol binding deficient mu-
tant ORP2 I249Wwas expressed in A431 cells that were treated with oleic acid-BSA in the absence (G–I) or presence (J–L) of 5mM22(R)OHC
and stained as above.M:Quantification of the localization data.Wild-typeORP2 (wt) orORP2 I249Wwere expressed in A431 cells grown in the
presence of 350mMoleic acid-BSA. The cells were treated with the vehicle (ethanol; white bars) or 5mM22(R)OHC (black bars) overnight and
stained as above. The LD association of ORP2 (three cover slips analyzed) is expressed as a proportion of cells displaying clear ORP2 LD
localization (mean 6 SEM, 100 transfected cells counted from each cover slip). N, O: ORP2 expressing oleic acid-BSA treated cells were
incubated with 0.5 mM [N] or 0.05 mM (O) 22(R)OHC. Only the ORP2 channel (red) is shown. Bars 5 10 mm.
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ORP2 and control siRNAs became evident. The amount of
[14C]CE in oleic acid-loaded cells subjected to ORP2
silencing was 87% higher than in the controls. The results
were the same irrespective of whether they were calculated
as percentage [14C]CE of total [14C]cholesterol or CE radio-
activity per mg cell protein (data not shown). Notably, the
amount of [14C]CE was also increased in control siRNA
treated cells upon oleic acid-BSA treatment, probably due
the fact that oleic acid is a good substrate for ACAT (36, 37).

DISCUSSION

The starting point of this study is the novel finding that
ORP2 localizes on intracellular LDs. The LD localization
was prominent when the cells were loaded with oleic
acid-BSA complexes, but ORP2 could be detected on
LDs also in unloaded cells. The localization was detected
in a number of human cell lines, and its specificity was con-
trolled for in several ways. Although ORP2 localizes to the
LD in every cell model we have studied, the protein has
not been identified as a LD component in the studies iden-
tifying the mammalian LD proteome (38–41). Consistently,
we were unable to detect endogenous ORP2 in LD fractions
of A431 cells using the sucrose gradient isolation procedure
described in (42) (data not shown). We find it likely that
ORP2 readily dissociates from the LD during the gradient
centrifugation procedures used for LD isolation.

We identified 22(R)OHC as the highest affinity ligand of
ORP2 among the oxysterols tested, the Kd 1.4 3 1028 M
being similar to that of OSBP for 25OHC, 8–10 3 1029 M
(43, 44). Addition of 22(R)OHC to cells inhibited the LD
association of ORP2; on the other hand, a mutant ORP2
(I249W) defective in sterol binding was constitutively LD
bound even in the presence of 22(R)OHC. Although the
present findings do not allow us to draw firm conclusions
of how ligand occupancy modulates ORP2 function, they
demonstrate that ligand binding by ORP2 has the capacity
to regulate the localization of the protein. A shift of sub-
cellular localization has also been described for OSBP, which

Fig. 8. Silencing of ORP2 increases the amount of CEs in the pres-
ence of elevated TG levels. Control siRNA (shown in white) or ORP2
siRNA 1 (in black) treated A431 cells were labeled with [14C]choles-
terol for 40 h and grown for 16 h in the presence (1OA) or absence
(2OA) of 350mMoleic acid-BSA. Lipids were extracted and resolved
by TLC, and the distribution of [14C]cholesterol between free choles-
terol and CEs was determined. The results show the percentage
of [14C]CEs of the total [14C]cholesterol and represent a mean
(6 SEM) of three experiments (n 5 3; ***, P , 0.001, t-test).

Fig. 7. Silencing of ORP2 stabilizes cellular TGs. A: Lysates (20 mg
of total protein) of A431 cells treated with a control and four ORP2
specific siRNAs (1–4, indicated on the top) were analyzed byWestern
blotting. ORP2 was detected with polyclonal rabbit antibodies,
and GADPH antibody was used to control for equal protein loading.
B: A431 cells were either treated with siRNAs for 72 h in 10%FCS and
oleic acid-containing medium (panels labeled “FCS”) or treated for
48 h with siRNAs in 10% FCS and oleic acid-containing medium
and then chased for 24 h in medium containing 5% delipidated
FCS (panels labeled “chase”). The cells were fixed and stained with
Bodipy 493/503 and 4′,6-diamidino-2-phenylindole to visualize LDs
and nuclei, respectively. Bar5 10mm.C: A431 cells were treated with
control siRNA or ORP2 siRNA 1 and subjected to a 16-h treatment
with 350 mM [3H]oleic acid-BSA, after which they were chased in
medium containing 5%delipidated serumand harvested at different
time points. The amount of [3H]TG was determined and corrected
for the amount of total cell protein. The figure shows the percentage
of [3H]TG of that at the zero time point and represents the mean6
SEM of three independent experiments.

ORP2 is a sterol receptor on lipid droplets 1313
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resides in the cytosol or cytoplasmic vesicles and in the ER in
the absence of oxysterol ligand and translocates to Golgi
membranes when 25OHC is added (17). Thereby ligand
binding activates OSBP function in ceramide transport
from the ER to the Golgi complex, resulting in enhanced
sphingomyelin synthesis (45).One interpretation of our data
is thatORP2 differs fromOSBP in its functional regulation by
ligand. The effects of ORP2 silencing on neutral lipidmetab-
olism would be consistent with a function at the LD surface,
and ligand binding could in this case remove the protein
from its site of function. However, we do not know whether
ORP2 on the LD surface is unliganded or occupied by an un-
known endogenous cellular ligand that might be displaced
by the added 22(R)OHC. The fact that the mutant ORP2
I249W localizes constitutively on the LD indicates that un-
ligandedORP2may be capable of LD association. Liganding
of OSBP by cholesterol or 25OHC has distinct effects on
OSBP function inmodulating the phosphorylation and activ-
ity of extracellular signal-regulated kinases: Cholesterol-
OSBP facilitates dephosphorylation of the extracellular
signal-regulated kinase, while the oxysterol-boundOSBP fails
to do this (46). The present data leave open the interesting
question whether interaction of ORP2 with cholesterol or
oxysterols might similarly result in different functional out-
comes. Detailed characterization of the functional role of
ORP2 ligand occupancy remains a topic for future studies.

A common property of a number of LD proteins is the
ability to shift dynamically between LD and the ER (47, 48)
or the plasma membrane (49, 50) induced by changes in
cellular fatty acid or cholesterol supply. Our data suggest
that ORP2 behaves in a similar fashion. Known LD pro-
teins do not seem to have any common LD targeting motif.
Small Rab GTPases associate with LD via a C-terminal hy-
drophobic isoprenoid moiety. Caveolin-1, NADH sterol
dehydrogenase-like protein, and diacylglycerol acyl trans-
ferase 2 are inserted into the LD surface and core lipid via
a long hydrophobic segment most likely forming a hairpin-
like structure [reviewed in (25)]. The exact determinants for
LD targeting of the perilipin-adipophilin-TIP47 family pro-
teins, major LD surface components, are even today some-
what controversial. However, these proteins appear to use
amphipatic a-helices for binding to the LD surface phos-
pholipid monolayer (25, 51). Based on the present data,
the molecular model of ORP2 structure (31), and the high-
resolution structure of Osh4p (33), we envision that the
ORP2 lid region and N terminus regulate the LD association
in a ligand-dependent manner. Whether the ability of ORP2
to bind acidic phospholipids (21) plays a role in the LD tar-
geting is an interesting issue to be addressed in future work.

What is the function of ORP2? The present finding that
ORP2 binds cholesterol suggests that the previously ob-
served enhanced cholesterol transport in cell overexpress-
ing ORP2 (21, 26) may be due to an excess of exogenous
cytosolic ORP2 capable of transferring cholesterol between
membranes. We now believe that the major function of
ORP2 occurs on LD and involves the metabolism of TGs
and CEs. The silencing of ORP2 resulted in a decreased rate
of TG hydrolysis under lipid depletion conditions, suggest-
ing that the endogenous ORP2 facilitates the breakdown of

TG in this situation. Furthermore, in oleic acid-loaded cells,
ORP2 knockdown resulted in increased cellular [14C]CE in
radiolabeling experiments. These findings are in accor-
dance with previous results demonstrating a decrease in
both cellular TG and CE in CHO cells overexpressing
ORP2 (27). The mechanism by which ORP2 could contrib-
ute to lipolysis is at present not known; it could plausibly act
to facilitate the hydrolytic activity of the major lipases acting
sequentially on the LD TGs, adipocyte triglyceride lipase,
hormone-sensitive lipase, and monoacylglycerol lipase
(52). We made attempts to elucidate by coimmunoprecipi-
tation whether ORP2 might interact physically with adipo-
cyte triglyceride lipase present abundantly in A431 cells,
but the results were not conclusive (data not shown).

This study forms a starting point for investigation of the
detailed mechanisms by which ORP2 impacts on neutral
lipids. Our results identify ORP2 as a sterol receptor pres-
ent on LD and provide evidence for its role in the regu-
lation of neutral lipid metabolism, putatively as a factor
that integrates the cellular metabolism of TGs with that
of cholesterol.
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