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Sphingomyelin Depletion Impairs Anionic Phospholipid
Inward Translocation and Induces Cholesterol Efflux*
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Background: Phosphatidylserine floppase activity of ABCAL is required for optimal cholesterol efflux, as demonstrated via

a floppase-impaired ABCA1 mutation.

Results: Sphingomyelin depletion compensates for floppase-impaired ABCA1 and increases cell surface phosphatidylserine.
Conclusion: Sphingomyelin depletion inhibits flip of anionic phospholipids and thus promotes cholesterol efflux.
Significance: Flippase inhibition may serve as a novel drug target to increase cholesterol efflux.

The phosphatidylserine (PS) floppase activity (outward trans-
location) of ABCA1 leads to plasma membrane remodeling that
plays a role in lipid efflux to apolipoprotein A-I (apoAl) gener-
ating nascent high density lipoprotein. The Tangier disease
W590S ABCA 1 mutation has defective PS floppase activity and
diminished cholesterol efflux activity. Here, we report that
depletion of sphingomyelin by inhibitors or sphingomyelinase
caused plasma membrane remodeling, leading to defective flip
(inward translocation) of PS, higher PS exposure, and higher
cholesterol efflux from cells by both ABCA1l-dependent and
ABCA1l-independent mechanisms. Mechanistically, sphingo-
myelin was connected to PS translocation in cell-free liposome
studies that showed that sphingomyelin increased the rate of
spontaneous PS flipping. Depletion of sphingomyelin in stably
transfected HEK293 cells expressing the Tangier disease W590S
mutant ABCA1 isoform rescued the defect in PS exposure and
restored cholesterol efflux to apoAl. Liposome studies showed
that PS directly increased cholesterol accessibility to extraction
by cyclodextrin, providing the mechanistic link between cell
surface PS and cholesterol efflux. We conclude that altered
plasma membrane environment conferred by depleting sphin-
gomyelin impairs PS flip and promotes cholesterol efflux in
ABCA1-dependent and -independent manners.

The plasma membrane has an asymmetric leaflet-specific
distribution of phospholipids with an exclusive enrichment of
phosphatidylserine (PS)? in the inner leaflet, whereas complex
sphingolipids reside mainly on the outer leaflet (1—4). Several
ABC (ATP-binding cassette) proteins mediate the transloca-

* This work was supported, in whole or in part, by National Institutes of Health
Grant PO1 HL098055 (to J.D.S.and S. L. H.).

" To whom correspondence should be addressed: Dept. Cellular and Molec-
ular Medicine, Box NC10, Cleveland Clinic, 9500 Euclid Ave., Cleveland, OH
44195. Tel.: 216-444-2248; Fax: 216-444-9404; E-mail: smithj4@ccf.org.

2 The abbreviations used are: PS, phosphatidylserine; SPT1, serine palmitoyl-
transferase subunit 1; SM, sphingomyelin; SMase, sphingomyelinase;
NaTC, sodium taurocholate; LUV, large unilamellar vesicles; DMPC, dimyri-
stylphosphatidylcholine; DPH, 1,6-diphenyl-1,3,5-hexatriene; MLV, multi-
lamellar vesicles; CTB, cholera toxin B subunit; FC, free cholesterol; 8-Br-
cAMP, 8-bromo-cAMP; POPS, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
L-serine; ABC, ATP-binding cassette; DMSO, dimethyl sulfoxide; ANOVA,
analysis of variance; PE, phosphatidylethanolamine; DAOS, N-ethyl-N-
(2-hydroxy-3-sulfopropyl)-3,5-dimethoxyaniline.

37166 JOURNAL OF BIOLOGICAL CHEMISTRY

tion of lipids from the inner to outer leaflet (floppase activity),
such as ABCA1, which transports PS to the outer leaflet (4),
whereas P-type ATPases are responsible for translocating
phospholipids from the outer to inner leaflet (flippase activity)
of the plasma membrane (4—6). ABCA1 is a multiple trans-
membrane domain protein that assembles lipid-free apolipo-
protein A-I (apoAlI) with cellular lipids to generate nascent high
density lipoprotein (HDL) that is released from the cell surface,
and thus mediates the cellular efflux of cholesterol and phos-
pholipids. ABCA1 has three distinct activities: PS floppase,
apoAl binding, and partial unfolding of the apoAI N-terminal
helix bundle, all of which are required for the efficient lipidation
of apoAl and generation of nascent HDL (7—15). Maintenance
of proper levels of HDL is important, as many studies have
shown that low levels of HDL are associated with higher inci-
dences of cardiovascular disease. Elevated levels of low density
lipoprotein (LDL) in plasma lead to deposition of cholesterol-
laden lipoproteins within the arterial wall, leading to the forma-
tion of macrophage foam cells, a hallmark of atherosclerosis.
Macrophages accumulate large amounts of cholesterol due to
their inability to down-regulate modified LDL uptake (16).
Macrophage cholesterol balance is thus dependent on choles-
terol efflux by the ABC transporters ABCA1, which generates
nascent HDL, and ABCG1, which effluxes cholesterol to exist-
ing HDL (17-20). The removal of cholesterol and lipids from
peripheral tissues, such as foam cells, initiated by ABCA1-
apoAl-mediated cholesterol efflux, and the delivery to the liver
for excretion in the bile is known as the reverse cholesterol
transport pathway. The significance of this pathway was
revealed upon discovery of mutations in the ABCAI gene in
Tangier disease patients (21-23). These patients have signifi-
cantly lower levels of HDL and accumulate higher levels of cho-
lesterol in their tissues. The W590S Tangier mutant allele of
ABCAL1 retains its ability to bind lipid-free lipoprotein apoAl,
but has impaired PS floppase activity and efflux of phospholip-
ids and cholesterol to apoAlI (15, 24 -26).

Cells detect changes in membrane composition and respond
by modulating the net biosynthetic output and trans-bilayer
translocation of various lipids. A complex network of signaling
cascades are activated upon perturbing lipid homeostasis, lead-
ing to changes in levels of sphingolipids and phospholipids to
maintain membrane structure and integrity (27, 28). A previous
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study using the potent sphingolipid biosynthesis inhibitor
myriocin reported increased cholesterol efflux to apoAl,
although the proposed mechanism for increased cholesterol
efflux was increased ABCAL1 trafficking to plasma membrane
(29, 30). Myriocin inhibits serine-palmitoyltransferase subunit
1 (SPT1, encoded by the SPTLCI gene), which catalyzes the
rate-limiting first step in the biosynthetic pathway of sphingo-
lipids (31).

In the present study, we report that reduction of cellular sph-
ingomyelin (SM) levels by either decreased synthesis or
increased catabolism led to increased cholesterol efflux by
ABCA1-independent and -dependent pathways. We found that
the inward translocation (flip) of phospholipids was diminished
upon SM reduction leading to enhanced exposure of PS on the
outer leaflet. We found that SM depletion by myriocin or
sphingomyelinase (SMase) treatment could compensate for the
defective PS floppase activity of the mutant W590S-ABCA1
isoform, restoring its cholesterol efflux activity to apoAl Over-
all, our data indicates that SM depletion led to a redistribution of
anionic phospholipids across the plasma membrane, decreased
lipid rafts, increased cholesterol availability to cyclodextrin by a
non-ABCA1 mediated pathway, and enhanced ABCA1-mediated
cholesterol efflux to apoAL

EXPERIMENTAL PROCEDURES

Cell Culture—All cell culture incubations were performed at
37 °C, unless otherwise indicated, in a humidified 5% CO, incu-
bator. Cells were grown in DMEM with added antibiotics and
10% EBS. Drugs were added to growth media at the indicated
concentrations and an equivalent amount of vehicle was added
as control. Myriocin, sphingomyelin (catalog number S0756,
from chicken egg yolk), methyl-B-cyclodextrin, and sphingo-
myelinase (from Staphylococcus aureus) were obtained from
Sigma; fumonisin B1 was from Cayman Chemicals; and 18:1
NBD-PS, 18:1 NBD-phosphatidylethanolamine (PE), 25-NBD-
cholesterol, NBD-sphingosine, and C2-dihydroceramide were
obtained from Avanti Polar Lipids. Human apoAl was purified
from human plasma as previously described (32).

Cholesterol Efflux Assay—On day 1, Abcal-GFP stably trans-
fected HEK293 cells (15), non-transfected HEK cells, or
RAW?264.7 murine macrophages were plated in 24-well plates
at a density of 400,000 cells per well. On day 2, the cells were
labeled with [*H]cholesterol in 1% FBS in DMEM. To induce
Abcal expression in RAW?264.7 cells, 0.3 mm 8-Br-cAMP
(Sigma) was added on the evening of day 2. On day 3, the cells
were washed and chased for 4 to 6 h in serum-free DMEM in the
presence or absence of 5 ug/ml of apoAl. The radioactivity in
the chase media was determined after a brief centrifugation to
pellet any residual debris. Radioactivity in the cells was deter-
mined by extraction in hexane:isopropyl alcohol (3:2) with the
solvent evaporated in a scintillation vial prior to counting. The
percent of cholesterol efflux was calculated as 100 X (medium
dpm)/(medium dpm + cell dpm).

DMPC-DPH Fluorescence Anisotropy Measurement—DMPC
dissolved in chloroform:methanol (2:1, v/v) plus 0.2 mol % DPH
was dried in a stream of nitrogen onto the sides of a glass culture
tube and kept in vacuum overnight. The DMPC film was rehy-
drated at 5 mg/ml in PBS by extensive vortexing and alternating
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freeze/thaw in a dry ice/ethanol and 37 °C water bath. The
resulting DMPC-DPH multilamellar vesicles (MLV) were
warmed to 37 °C and extruded 11 times through a polycarbon-
ate membrane using a mini-extruder (Avanti Polar Lipids) to
derive large unilamellar vesicles (LUVs) of 100 nm diameter.
DMPC:DPH (100:0.2 mol ratio) or DMPC:SM:DPH (75:25:0.2)
LUVs were subjected to anisotropy measurements using a flu-
orimeter (PerkinElmer LS-50B) with excitation at 360 nm and
emission at 430 nm. Measurements were performed over a
temperature range (10—40°C) in a water jacketed cuvette
holder with a circulating chilling/heating water bath.

NBD-PS Translocation Assay in DMPC LUVs—The assay
was adapted from an earlier study (33) describing rapid flip-flop
of phospholipids in biological membranes. DMPC or
DMPC:SM (75:25) LUVs were prepared as described above.
Liposomes (120 ug of lipid/ml) were incubated with 25 um
NBD-PS for 5 min at 4 °C. To start the reaction, the labeled
liposomes in 200-ul aliquots were transferred to a 96-well plate
and incubated at 23 °C, the phase transition temperature of
DMPC. At various time points NBD-PS fluorescence was meas-
ured after addition of either 20 ul of freshly prepared 1 m
sodium dithionite (quench resistant signal) or 20 ul of 100 mm
Tris, pH 10.0 (total signal). The fluorescent signal from samples
was recorded using a fluorescent plate reader with excitation
and emission wavelengths 470 and 530 nm, respectively. The
quench-resistant signal resides on the inner leaflet of the LUV,
and the percent of NBD-PS translocated was calculated as
100 X (quench resistant signal)/(total signal), and plotted
against time to determine the rate of NBD-PS translocation.

Fluorescent Microscopy—To assess NBD-lipid trafficking,
RAW264.7 cells were grown in 24-well plates for 24 h in growth
media with 10 um myriocin or DMSO vehicle. The cells were
washed gently with PBS and incubated with fresh phenol red-
free DMEM containing 25 uM NBD-labeled phospholipids at
37 °C for the indicated time period. The cells were washed and
media was replaced with PBS followed immediately by epifluo-
rescent microscopy. To assess lipid rafts, RAW cells grown in
the presence of 10 uM myriocin (16 h pretreatment) or treated
with SMase (treatment for 1 h with 3 units of SMase/ml media)
were incubated with 1 ug/ml of cholera toxin B (CTB):Alexa
647 for 5 min at 37 °C prior to PBS washing and fluorescent
microscopy at room temperature. All images were captured
using an Olympus IX51 inverted epifluorescent microscope,
Olympus LUCPIlanFl X40/0.6 lens, with a Q-Image EXi aqua
camera and Olympus cellSens Dimension version 1.7 software.
Post-imaging processing was performed in Adobe Photoshop
CS2.

Flow Cytometry Analysis—To measure cell surface PS, cells
were cultured in 6-well plates in growth media, washed twice
with PBS, and resuspended in 500 ul of Annexin V binding
buffer plus 1 ul of Annexin V-Cy5 (Biovision). The samples
were incubated at room temperature for 5 min in the dark. Flow
cytometry analysis was performed using a BD Biosciences LSR-
Fortessa cytometer using a 639-nm excitation laser and emis-
sion at 650—670 nm; and, data were analyzed using Flow]Jo
software.

To measure the inward translocation of various NBD-labeled
phospholipids, RAW cells were incubated with phenol red-free
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DMEM containing 25 um NBD-PS or NBD-PE for 5-15 min at
37 °C or RT. For neutral lipids, 2.5 um NBD cholesterol and 50
uM NBD sphingosine was used. The media was then replaced
with PBS. The cells were gently scraped and subjected to flow
cytometry analysis first without sodium dithionite to calculate
total NBD fluorescence, and then 5 min after the addition of 30
wl of a freshly prepared 1 M sodium dithionite solution to deter-
mine the fraction of the signal resistant to quenching (translo-
cated signal). Flow cytometry analysis was performed as above
using a 488-nm laser for excitation and emission at 505-525
nm.

To measure cell surface lipid rafts, CTB binding was assessed.
RAW cells were treated with DMSO vehicle, 10 um myriocin (16 h
pretreatment), or 3 units of SMase/ml of media (1 h pretreatment)
at 37 °C. These cells were then washed twice with PBS and gently
scraped in 1.5 ml of PBS. Alexa 647:CTB was added at final con-
centration of 1 ug/mland incubated for 1 min prior to flow cytom-
etry as described above using a 639-nm excitation laser and emis-
sion at 650—-670 nm.

SM Quantification—The levels of SM were determined by
using the enzymatic assay described earlier (34, 35). SM was
hydrolyzed by bacterial SMase and converted to N-acylsphin-
gosine and phosphorylcholine. Alkaline phosphatase was used
to convert phosphorylcholine to choline, which was then oxi-
dized by choline oxidase and further acted upon peroxidase in
the presence of DAOS (N-ethyl-N-(2-hydroxy-3-sulfopropyl)-
3,5-dimethoxyaniline, sodium salt), H,O,, and 4-aminoantipy-
rine to generate a blue colored dye. The SM standard solution
was prepared by dissolving 5 mg of SM in 10 ml of 2% Triton
X-100 in ethanol. Cells grown in 24-well plates were treated
with 10 uM myriocin for 6 h or 3 units of SMase for 1 h at 37 °C.
The cells were then washed twice with PBS and resuspended in
200 pl of Reagent 1 (2 units of SMase, 4.86 units of alkaline
phosphatase, 2 mm DAOS, and 0.05% Triton X-100, 0.05 M
Tris-HCI, 0.66 mm calcium chloride, pH 8). The cell suspension
was then gently mixed by pipetting up and down several times
and was transferred to a 96-well plate for a 20-min incubation at
37 °C. 100 pl of Reagent 2 (0.07 units choline oxidase, 3 units
peroxidase, 0.72 mMm 4-aminoantipyrine, 0.05 M Tris-HCI, 1 mm
calcium chloride, pH 8) was added and incubated at 37 °C for 30
min. Absorption was measured at 620 nm using a plate spec-
trophotometer. The amount of SM was calculated by compar-
ing it to a standard curve of SM and plotted per mg of cell
protein determined using the BCA assay (Pierce).

ApoAl Lipid Solubilization Assay—MLVs containing DMPC
or DMPC:SM (3:1 mol ratio) were prepared as described above.
20 pg of these MLVs in Tris-buffered saline:EDTA, pH 7.5,
were incubated with 1 ug of human apoAlI at 25 °C in a final
volume of 200 ul. MLV solubilization by human apoAI was
monitored by measuring sample turbidity (absorbance) at 325
nm using a plate spectrophotometer.

Total and Cell Surface ABCAI Levels—RAW267 4 cells were
cultured in DMEM with 10% FBS and treated with or without
300 um 8-Br-cAMP to induce Abcal for 16 h. Cells were incu-
bated with apoAlI (5 wg/ml) in the presence of either vehicle or
10 uMm myriocin (4 h) or 3 units/ml of SMase (4 h, plus 1 h
pretreatment). The cells were then incubated for 30 min on ice
with phosphate-buffered saline (PBS) containing 1 mg/ml of
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sulfo-NHS-biotin (Pierce). The PBS-washed cell pellet was
lysed in 200 ul of lysis buffer (150 mm sodium chloride, 5 mm
EDTA, 50 mm Tris phosphate, pH 8.0, 1% Nonidet P-40, and
10% protease inhibitor). Cell surface ABCA1 was determined
by purifying biotinylated proteins by overnight incubation of
250 pg of cell protein with 75 ul of UltraLink Plus Immobilized
Streptavidin gel (Pierce) at 4 °C on a platform shaker in a final
volume of 200 ul in PBS. The beads were spun down, washed,
and resuspended by boiling in 100 wl of 1 X NuPAGE LDS Sam-
ple buffer (Invitrogen). 45 ul of the bound protein samples
along with 20 ug of total protein were run on NuPAGE 3-8%
Tris acetate gels (Invitrogen) and transferred onto polyvi-
nylidene fluoride membranes (Invitrogen). Blots were incu-
bated sequentially with 1:500 mouse monoclonal antibody
raised against ABCA1 (Santa Cruz Biotechnology, catalog
number AC10) and 1:15,000 horseradish peroxidase-conju-
gated goat anti-mouse secondary antibody (Bio-Rad). The sig-
nal was detected with an enhanced chemiluminescent substrate
(Pierce).

ATP Quantification—RAW?267.4 cells were cultured in
DMEM with 10% FBS and allowed to grow further in the pres-
ence of glucose or 2 mm deoxy-p-glucose for 4 h. Cell lysates
were prepared using a buffer containing Nonidet P-40 and the
postnuclear supernatant was assayed immediately using an ATP
determination kit (Invitrogen, catalogue number A22066), per the
manufacturer’s protocol. Cellular ATP was calculated from an
ATP standard curve and the levels of ATP were normalized by the
supernatant protein content.

RESULTS

Myriocin Enhances Cholesterol Efflux and Restores Efflux
Activity of the W590S Abcal Mutation—We assessed the
effects of myriocin, a potent inhibitor of the first step in sphin-
golipid synthesis on cholesterol efflux to apoAl, a process that is
mediated by ABCAI, in stably transfected HEK293 cells
expressing equivalent levels of wild type (WT) murine and two
mutant ABCA1 isoforms (15). Baseline efflux to apoAl in the
absence of myriocin was low in non-transfected HEK cells and
significantly induced by 7.6-fold in cells expressing WT Abcal
(p < 0.0001 by ANOVA post test, Fig. 14). As previously
observed (15, 24-26), cholesterol efflux to apoAl from cells
expressing either the W590S (PS translocation deficient) or
C1477R (apoAl binding deficient) ABCA1 mutant isoforms
was partially, but not completely impaired compared with the
WT isoform (p < 0.001 compared with control HEK and WT
ABCA1 by ANOVA post test). Upon treatment with 10 pum
myriocin, cholesterol efflux was significantly increased in all
four cell types, however, the net increase was greatest for the
W590S mutant isoform (2.34% increase, 1.72-fold), with the
wild type ABCA1 isoform having a 1.44% net increase, and
the other two cell lines having <1% net increases. Thus, myri-
ocin treatment could overcome much of the impaired choles-
terol efflux activity of the W590S Abcal mutation, although not
greatly improving efflux from the C1477R mutation. To check if
the myriocin effect was reproducible in cells expressing ABCA1
endogenously, we performed similar experiments using the
murine macrophage cell line RAW264.7, in which the expres-
sion of ABCAL1 is inducible by cAMP analogues (36, 37). Treat-
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FIGURE 1. Myrocin induces cholesterol efflux. A, myriocin compensates for
the W590S-Abcal mutation. Non-transfected HEK293 cells along with HEK
cells transfected with WT-Abca1-GFP, W590S-Abcal-GFP, or C1477R-Abcal-
GFP isoforms were incubated with radiolabeled cholesterol and subse-
quently chased with apoAl (5 ug/ml) for 6 h. The chase media contained
either 10 um myriocin (black bars) or DMSO vehicle (open bars). B, RAW264.7
murine macrophages pretreated with or without 8-Br-cAMP to induce Abca1
were loaded with cholesterol and chased as described above. Values are %
cholesterol efflux mean = S.D., n = 4. Different numbers above the bars show
p < 0.001 for the samples treated in the absence of myriocin by ANOVA with
a Bonferroni post test. Asterisks represent the effect of myriocin in two-tailed
ttests; ¥, p < 0.05; **, p < 0.01; ***, p < 0.001.

ment of RAW cells with 10 uM myriocin during the apoAI chase
led to a small but significant increase in efflux in the absence of
Abcal induction, but had a larger (4% net increase) effect on
cholesterol efflux to apoAl when Abcal was induced (Fig. 1B).

Sphingomyelin Depletion Enhances Cholesterol Efflux Simi-
lar to Myriocin—Myriocin inhibits the first step in sphingolipid
synthesis and thus blocks the formation of all sphingolipids
including ceramide and SM. Additionally, a prior study impli-
cated that SPT1, the target of myriocin, interacts directly with
ABCAI retaining it in the ER, and that myriocin treatment dis-
rupts the SPT1-ABCAL interaction allowing ABCAL to traffic
to the plasma membrane (29). Thus, we examined whether the
myriocin effect on cholesterol efflux was specific to this SPT1
interacting drug, and if not, which sphingolipid species was
responsible for this effect. The pathway of sphingolipid synthe-
sis and the specific inhibitors used are shown in Fig. 2. First we
tested fumonisin B1, an inhibitor of ceramide synthase (38, 39),
and similar to myriocin, it induced efflux to Abcal-induced
RAW264.7 cells (Fig. 34), demonstrating that the myriocin
effect was due to sphingolipid depletion rather than the direct
effect of myriocin on ABCAL1 trafficking. To determine whether
SM was responsible for the myriocin and fumonisin B1 effects
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FIGURE 2. Sphingolipid biosynthetic pathway and SM inhibitors. Sche-
matic depicting SM depletion by different treatments. Myriocin blocks SPT1
that catalyzes thefirst and rate-limiting step in SM biosynthesis. Fumonisin B1
inhibits dihydroceramide synthase (DCS). SMase catalyzes hydrolytic cleav-
age of SM, generating ceramide and phosphocholine. Depletion of SM is
common to all three treatments, whereas ceramide is decreased by the first
two, and increased by the third treatment.

on cholesterol efflux, we used SMase treatment to directly
cleave the phosphocholine headgroup from SM and create cer-
amide. In 8-Br-cAMP-induced RAW?264.7 cells, SMase, as well
as myriocin significantly increased cholesterol efflux to apoAl
to the same extent (Fig. 34), thus demonstrating that SM deple-
tion is responsible for the observed effects as it is the only sph-
ingolipid change predicted to be shared by myriocin, fumonisin
B1, and SMase treatments (Fig. 2).

We performed cell surface biotinylation and examined total
and cell surface ABCA1 levels by Western blot. Treatment with
myriocin or SMase did not appreciably increase total or cell
surface ABCAL1 levels in 8-Br-cAMP-induced RAW?264.7 cells,
thus ruling out increased cell surface ABCA1 as the mechanism
for increased cholesterol efflux to apoAl in these studies (Fig.
3B). We also determined the effects of myriocin and SMase on
cellular lipid rafts by staining for the ganglioside GM1 with
Alexa 647-labeled cholera toxin B as assessed by fluorescence
microscopy and flow cytometry; and, as expected, both treat-
ments significantly reduced the cellular lipid rafts (Fig. 3, C-E).
We directly measured SM levels in RAW264.7 and HEK-Abca 1
cells, and found that 10 uM myriocin or 3 units/ml of SMase
both led to significant and similar ~70% reductions in cellular
SM levels (Fig. 3F).

We then compared the effects of depleting sphingomyelin on
the cholesterol efflux activity of the WT and W590S isoforms of
ABCAL in stably transfected HEK cells. Increasing levels of
SMase led to increased cholesterol efflux to apoAl for both
isoforms, such that at the highest dose of SMase, the W590S
isoform had as much efflux activity as the WT isoform in the
absence of SMase (Fig. 3G). Thus, we could obtain complete
restoration of the efflux activity of the ABCA1 W590S isoform
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with sufficient SM reduction, compared with the partial resto-
ration observed in Fig. 1A.

Although it has been previously reported that treatment of
cells with exogenous C2-dihydroceramide could induce
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ABCA1-mediated cholesterol efflux (40), we did not observe
any effect of C2-dihydroceramide treatment on the ABCA1-
mediated cholesterol efflux in RAW?264.7 cells (data not
shown). Taken together, our data strongly indicate that

VOLUME 288+NUMBER 52+-DECEMBER 27,2013



Sphingomyelin Depletion Impairs Phospholipid Flip

decreased SM, rather than increased ceramide, is responsible A
for the induction of cholesterol efflux, which can compensate a 2
for the impaired PS translocation in the W590S ABCAl g Il 2 T
mutation. f; " —
SM Depletion Increases Cholesterol Efflux to Nonspecific * 127
Acceptors—To determine whether SM depletion altered non- % 104
ABCA1-mediated cholesterol efflux, we incubated uninduced - o
RAW?264.7 cells with the nonspecific cholesterol acceptor % £ _’}_
B-methyl cyclodextrin for 5 min at 23 °C. These short incuba- 2 4
tions at room temperature are used to assess the level of avail- S5 2]
able cholesterol on the outer leaflet of the plasma membrane N 0 Control M'yr SMase
(41). Pretreatment with myriocin or SMase significantly up-
regulated cholesterol efflux to cyclodextrin by >3-fold (Fig. B 201 3
4A). To determine whether SM depletion altered cholesterol 8
efflux in non-transfected HEK cells that do not express ABCA1, & 15 A A
we incubated these cells with the weak detergent sodium tau- ° 2 3
rocholate (NaTC), a nonspecific cholesterol acceptor. NaTC § 1o B
increased cholesterol efflux by >3-fold, which was augmented E 2
by another 1.6-fold upon myriocin pretreatment (Fig. 4B). 2 5] 2 3
Although WT ABCA1 expression increased cholesterol efflux :\i 11 1 1
to NaTC to almost 6-fold, expression of the W590S ABCA1
isoform increased efflux to NaTC by only 3.1-fold, as previously NaTg A S S .
observed (15, 25). Myriocin increased cholesterol efflux from Myr - - + oo+ .+
cells expressing either ABCA1 isoforms (1.6-fold for the WT Cell type HEK ABCA1  W590S-ABCA1

and 2.1-fold for the W590S isoform), such that the myriocin-
treated W590S-expressing cells exhibited comparable efflux to

FIGURE 4. Sphingomyelin depletion induces ABCA1-independent choles-
terol efflux. A, RAW macrophages were incubated with radiolabeled choles-
terol. Control samples were treated with DMSO vehicle, whereas other sam-

NaTC as seen in the myriocin-untreated WT-ABCA1 express-
ing cells (see gray bars in Fig. 4B). Thus, the SM depletion effect
on cholesterol efflux is observed both in the absence and pres-
ence of ABCA1 expression, and can compensate for the W590S
Abcal mutation even with a non-selective acceptor.

SM Depletion Increases Cell Surface PS—The above data
indicate that depletion of SM increased cholesterol efflux to

ples were treated with either 10 wm myriocin for 16 h or 3 units/ml of SMase
for 1 hand then subjected to cholesterol efflux to 2 mm B-methyl cyclodextrin
for 5 min at 23 °C. Values are % cholesterol efflux mean = S.D., n = 3, different
numbers above the bars show p < 0.0001 by ANOVA with a Bonferroni post
test. B, SM depletion by myriocin increases ABCA1-independent and -depen-
dent cholesterol efflux to NaTC. HEK293 cells or stably transfected lines with
either WT or W590S isoform of Abca were incubated with radiolabeled cho-
lesterol and subsequently treated with or without 10 um myriocin for 12 h.
Cholesterol efflux to 1 mm NaTC for 4 h (continued presence of myriocin when

indicated) was determined. Values are % cholesterol efflux mean = S.D.,n =
3, different numbers above the bars show p < 0.05 within each cell type by
ANOVA with a Bonferroni post test. We also compared efflux to NaTC in the
three conditions shown in the gray bars. Here, different letters above the bars
show p < 0.01 by ANOVA with a Bonferroni post test.

apoAl as well as non-apoAl acceptors, but the mechanism was
unclear. Because the ABCAI W590S mutation has defective
translocation of PS to the outer leaflet of the plasma membrane
(11, 24), we assessed whether SM depletion altered the translo-
cation of phospholipids across the plasma membrane. Outer
leaflet PS was quantified by Annexin-V staining via flow cytom-
etry. The WT-Abcal expressing HEK cells showed significantly
higher (1.7-fold) cell surface PS as compared with control HEK
cells, indicating that ABCA1 expression led to increased PS

translocation as expected (Fig. 5A). As reported earlier, the
W590S-Abcal expressing HEK cells showed decreased cell sur-
face PS as compared with the WT isoform (15, 24, 25), only
1.3-fold higher than control HEK cells. However, upon treat-

FIGURE 3. A sphingomyelinase treatment increases cholesterol efflux and decreases a marker of lipid rafts. A, sphingomyelin depletion leads to
increased apoAl-mediated cholesterol efflux in RAW cells. 8-Br-cAMP pretreated RAW264.7 macrophages were cholesterol labeled and then chased with apoAl
(5 ng/ml) in the presence of 3 units/ml of SMase, 10 um myriocin (Myr), or 10 um fumonisin B1. Values plotted are % cholesterol efflux, n = 3, mean = S.D.,
different numbers above the bars show p < 0.01, by ANOVA with a Bonferroni post test. B, myriocin or SMase treatment do not increase total or cell surface ABCA1
levels. RAW267 .4 cells were incubated with or without 8-Br-cAMP to induce endogenous Abca. These cells were either treated with vehicle or 10 um myriocin
for 16 h or pretreated with 3 units/ml of SMase for 1 h at 37 °C. Cell surface proteins were labeled with biotin as described under “Experimental Procedures.” The
cells extracts were prepared and biotinylated proteins were isolated on streptavidin-agarose beads. Total and cell surface protein fractions were resolved on
SDS-PAGE gel, transferred to a membrane, and probed for ABCA1. Position of the molecular mass markers in kDa are shown to the left of each blot. C, cell surface
GMT1 levels, a marker for lipid rafts, were assessed by binding of cholera toxin B (CTB) in SM-depleted cells. RAW cells were treated with 10 wm myriocin (24 h)
or 3 units/ml of SMase (1 h) at 37 °C and washed twice with PBS. 1 ug/ml of Alexa 647-labeled CTB was added and cells were incubated for 1 min at RT. The cells
were washed again with PBS and visualized by epifluorescent microscopy. D, for quantification of CTB binding, RAW cells treated with myriocin or SMase were
washed with PBS and gently scraped from the wells in PBS. 1 ug/ml of Alexa 647-labeled CTB was added to cells and incubated for 1 min before subjecting to
flow cytometry analysis. Values are the mean = S.D. of the median fluorescence from 3 independent wells, different numbers above the bars show p < 0.01, by
ANOVA with a Bonferroni post test. E, primary flow cytometry data showing decreased binding of CTB to SM-depleted RAW264.7 cells. Red indicates untreated
cells, green and blue indicate SMase- and myriocin-treated cells, respectively. F, myriocin and SMase effects on cellular SM levels. RAW267.4 cells or HEK cells
transfected with either WT-AbcaT or W590S-AbcaT isoforms were treated with either 10 wm myriocin for 6 h or 3 units/ml of SMase for 1 hat 37 °C. SM levels were
determined by an enzymatic assay as described under “Experimental Procedures” (n = 3, mean = S.D., different numbers above the bars show p < 0.0001, by
ANOVA with a Bonferroni post test). G, SMase dose-response on cholesterol efflux to apoAl. HEK cells stably transfected with either WT-Abca1-GFP or
W590S-Abcal-GFP isoforms were loaded with radiolabeled cholesterol and chased with apoAl (5 wg/ml) for 6 h. Different units/ml of SMase were added during
the chase. Values are % cholesterol efflux mean = S.D. of duplicate wells.
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Values are the mean = S.D. of the median fluorescence from 3 independent wells, different numbers above the bars show p < 0.05 by ANOVA with a Bonferroni post test.
B, primary flow cytometry data showing shift in annexin V signal in HEK293, HEK-Abca1, and HEK-W590S-Abcal cells with or without treatment with myriocin. G RAW
macrophages were incubated with or without 8-Br-cAMP to induce Abca and with or without 10 um myriocin for 24 h. PS exposure was determined by flow cytometry via
annexin V binding. Values are the mean = S.D. of the median fluorescence from 3 independent wells, different numbers above the bars show p < 0.01, by ANOVA with a
Bonferroni post test. D, primary flow cytometry data showing shift in annexin V signal in RAW264.7 cells after treatment with cAMP or myriocin or both. E, flow cytometry
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brown and green lines indicate SMase (1 h) and myriocin treatments (4 h), respectively. The light blue line indicates the positive control using heat-treated dead cells.

ment of the W590S-ABACI cells with myriocin, there was an
almost complete restoration of cell surface PS (1.55-fold versus
control HEK cells) (Fig. 5, A and B). The myriocin-treated con-

trol HEK cells also exhibited a small (1.2-fold) but significant
increase in cell surface PS, again demonstrating an ABCA1
independent activity due to SM depletion (Fig. 5, A and B). To
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examine if myriocin treatment led to similar effects in cells with
physiological expression of ABAC1, we used RAW?264.7
macrophages. Uninduced RAW cells showed basal levels of PS
exposure, which, as expected, were increased by 2-fold upon
induction of Abcal expression by 8-Br-cAMP treatment (Fig. 5,
Cand D). Myriocin led to significant increases in cell surface PS
in RAW264.7 cells with or without expression of endogenous
ABCAL1, again demonstrating an ABCA1l-independent activity.
We measured dead cell levels in RAW 264.7 cells treated with
myriocin or SMase by flow cytometry. We observed practically
no dead cells upon SM depletion by myriocin or SMase treat-
ment (Fig. 5E).

SM Depletion Impairs Inward Translocation of Anionic
Phospholipids—The increased levels of cell surface PS upon
myriocin treatment could be due to an increased rate of PS
flopping (outward translocation) or a decreased rate of PS flip-
ping (inward translocation). We qualitatively and directly visu-
alized the flip of exogenously added NBD headgroup-labeled PS
in RAW?264.7 cells by fluorescent microscopy. In the absence of
myriocin, much of the exogenous NBD-PS moved to intracel-
lular compartments over a 10-min 37 °C incubation period (Fig.
6A). However, in myriocin-treated cells, more of the label was
observed in the plasma membrane. The flipping defect in myri-
ocin-treated cells was still apparent at the 20-min incubation
period, although some myriocin-treated cells showed intracel-
lular accumulation of NBD-PS (Fig. 6A4). To quantitatively
measure flipping, we took advantage of the membrane-imper-
meable NBD quenching reagent sodium dithionite. Control
RAW cells, or those depleted of SM by treatment with myriocin
or SMase, were incubated with different NBD-labeled phos-
pholipids and the amount flipped into the cells was calculated
by measuring the % of NBD fluorescence resistant to quenching
by sodium dithionite using flow cytometry. We performed a
time course for NBD-PS flipping into the cells. Over a 15-min
37 °C incubation period almost 80% of exogenously added
NBD-PS was flipped into the cells, but in SM-depleted cells,
only ~44% (myriocin) and 41% (SMase) of NBD-PS was flipped
(p < 0.01 by ANOVA, Fig. 6B). A similar result was obtained
using NBD-PE, in which untreated cells flipped 75%, whereas
SM-depleted cells flipped 53 (myriocin) and 50% (SMase) (p <
0.01 by ANOVA, Fig. 6C). We observed a similar inhibitory
effect of SM depletion on NBD-PS flipping at 23 °C, a temper-
ature at which most endocytosis is halted (42) (Fig. 6D). A pre-
vious study also showed that uptake of NBD-PS is via a non-
endocytic pathway (43). We also examined the flipping of two
neutral NBD-labeled lipids. Both NBD-sphingosine and NBD-
cholesterol were flipped efficiently into cells during a 20-min
incubation at 37 °C; however, unlike the anionic phospholipids,
there was no inhibitory effect of myriocin on the flip of these
neutral lipids (Fig. 6, E and F). Taken together, these results
show that SM depletion specifically inhibited anionic phospho-
lipid flipping, which cannot be accounted for by an effect on
endocytosis.

SM Increases the Inward Translocation of PS in Liposomes
and Impairs ApoAl Solubilization—To determine whether
there were inherent membrane effects of SM on PS flipping, we
measured NBD-PS translocation in LUV. We prepared DMPC
LUVs with or without 25% (mole ratio) SM and measured exog-
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enously added NBD-PS inward translocation using sodium
dithionate quenching at various times, adapting a previously
described method (33). Preliminary studies revealed that robust
NBD-PS translocation occurred at 23 °C, the DMPC phase
transition temperature, but not at 4 or 37 °C. DMPC:SM (3:1)
LUVs had 1.5-fold faster initial rates (over the first 5 min) of
NBD-PS inward translocation than pure DMPC LUVs (p <
0.0001, Fig. 7A). Because SM has a phase transition tempera-
ture of 42 °C, we determined the phase transition temperature
(T,,) of the DMPC and DMPC:SM LUVs directly by DPH ani-
sotropy. The DMPC and DMPC:SM LUVs had T, values of
23.0 and 24.9 °C, respectively; and the disordered phase for the
DMPC:SM LUVs had a higher plateau anisotropy value, indic-
ative of more order in the disordered phase compared with the
DMPC LUVs (Fig. 7B). At 23 °C, the DMPC LUVs were much
more disordered than the DMPC:SM LUVs; thus, the faster
initial rate of NBD-PS flip by the DMPC:SM LUVs cannot be
attributed to increased lipid disorder.

ApoAl incubation with ABCA1 expressing cells forms nas-
cent HDL, but apoAl can also spontaneously interact with
DMPC liposomes, solubilizing the lipids, decreasing the turbid-
ity of the liposome suspension, and generating reconstituted
HDL (44). This reaction occurs fastest at the lipid phase transi-
tion temperature, as it is thought that apoAl can best penetrate
the liposome surface at phase transition boundaries. We per-
formed apoAl-mediated MLV clearance assays at 25 °C, the
phase transition temperature of the DMPC:SM MLVs, and we
found that inclusion of SM in the DMPC MLVs greatly retarded
MLV clearance (Fig. 7C). These results indicate that at 25 °C,
where phase transition boundaries are expected to be more
prevalent for the DMPC:SM MLVs than the DMPC MLV, the
presence of SM impaired apoAI-mediated lipid solubilization.

To further probe the role of exposed anionic phospholipids
in enhanced cholesterol extractability from membranes, we
performed cyclodextrin-mediated extraction of radiolabeled
cholesterol from liposomes with varying amounts of PS. The
liposomes were made with POPC:cholesterol (9:1), a tracer
amount of radiolabeled cholesterol, and 0, 1, or 5% POPS. As
shown in Fig. 7D, the MLVs containing 5% PS had higher levels
of cholesterol extraction by cyclodextrin. Thus, membrane PS
had a direct effect on the extractability of cholesterol, which
was not dependent upon membrane SM.

Cellular PS Flip Is Dependent upon ATP—The reduced rate
of cellular flipping of NBD phospholipids upon depletion of SM
could be due to either a direct effect on the activity of ATP-de-
pendent flippases and/or to inherent changes in properties of
the plasma membrane independent of flippase function. To
examine the role of flippases on NBD-PS inward translocation,
we repeated the NBD-PS cellular translocation assay in cells
depleted of ATP by preincubation with 2-deoxyglucose. As
shown in Fig. 84 glucose deprivation by 2-deoxyglucose led to a
~5-fold decrease in cellular ATP levels. 2-Deoxyglucose treat-
ment also decreased NBD-PS flip by 59% versus control (p <
0.001), a larger decrease in PS flip than was observed by SMase
treatment (32% versus control, p < 0.001, Fig. 8B8). Combining
SMase treatment with ATP depletion led to an additional small
decrease in NBD-PS flip. Taken together with the liposome
studies, our data indicate that the majority of anionic phospho-
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FIGURE 6. SM depletion impairs anionic PL flip in RAW264.7 cells. A, myriocin impairs NBD-PS flip across the plasma membrane. RAW cells were treated with
10 um myriocin or vehicle for 24 h. These cells were then incubated with 25 um NBD-PS at RT for the indicated time, washed with PBS, and subjected to
fluorescent microscopy. B, quantification of NBD-PS translocated inside the cells upon SM depletion. RAW macrophages were treated with either 10 um
myriocin or vehicle for 24 h, orincubated with 3 units/ml of SMase for 1 h. These cells were then incubated with 25 um NBD-PS at 37 °C for different time periods
(minutes) in phenol red-free DMEM. The cells were gently scraped and then subjected to flow cytometry analysis in the presence or absence of sodium
dithionite as described under “Experimental Procedures” to calculate the % flipped. Values are the % NBD-PS translocated into the cells, mean = S.D. of the
median fluorescence from 3 independent wells, *, p < 0.0001 versus treated cells by ANOVA with a Bonferroni post test for each time point. C, quantification of
NBD-PE translocated inside the cells upon SM depletion. RAW macrophages were treated as above and then incubated with 25 um NBD-PE at 37 °C for 10 min
in phenol red-free DMEM. Values are the % NBD-PE translocated into the cells, mean = S.D. of the median fluorescence from 3 independent wells, different
numbers above the bars show p < 0.01, by ANOVA with a Bonferroni post test. D, same as in B, but the experiment was performed at 23 °C. Eand F, SM depletion
did not alter inward translocation of NBD-cholesterol or NBD-sphingosine. RAW macrophages were treated with either 10 um myriocin or vehicle for 16 h in
DMEM with 10% FBS. The cells were then incubated with 2.5 um 25-NBD-cholesterol (NBD-Cho) or 50 um NBD-sphingosine (NBD-Sph) at 37 °C for 20 min in
FBS-free DMEM. The cells were first washed with PBS and then gently scrapped from the plates in phenol red-free DMEM. These cells were then subjected to
flow cytometry analysis as described for the NBD-PS translocation assay. The graphs shows % NBD-cholesterol (E) or % NBD-sphingosine (F) flipped into the cell
(n = 3, mean = S.D. of the median fluorescence from 3 independent wells; NS, not significant by two-tailed t test).

lipid cellular flippase activity is mediated by ATP-dependent ids such as PS and PE are highly enriched in the plasma mem-

flippases, and suggest that SM can promote PS translocation by
two pathways: 1) by increasing the activity of cellular flippases;
and 2) by a direct change in the membrane property increasing
flippase-independent PS translocation.

DISCUSSION

Eukaryotic cells have evolved robust mechanisms to main-
tain their plasma membrane asymmetry. Anionic phospholip-

37174 JOURNAL OF BIOLOGICAL CHEMISTRY

brane inner leaflet due to the activity of cellular PS/PE flippases
belonging to class P4 type ATPases (3). In contrast, some mem-
bers of the ABC gene family (reviewed in Ref. 6) have floppase
activity, including ABCA1, which can mediate the flop of PS to
the outer leaflet of the plasma membrane (14).

Sphingomyelin is the second most abundant lipid and major
sphingolipid component of HDL and the plasma membrane,
and it forms lipid rafts that are enriched in free cholesterol
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FIGURE 7. Effect of SM on NBD-PS translocation, anisotropy and rHDL
formation in liposomes. A, DMPC and DMPC:SM (3:1 mole ratio) LUVs were
incubated with 25 um NBD-PS at RT and the rate of NBD-PS translocation was
determined by sodium dithionite quenching as described under “Experimen-
tal Procedures.” Values plotted are the mean = S.D., n = 3, * p < 0.05 versus
DMPC at each time point by two-tailed t test. B, the lipid phase transition
temperature was determined by DPH anisotropy in DMPC and DMPC:SM (3:1)
LUVs as described under “Experimental Procedures.” C, apoAl-mediated sol-
ubilization of DMPC (solid line) and DMPC:SM (3:1, dashed line) LUVs was
determined by incubating these LUVs with apoAl (20:1 mass ratio lipid:apoAl)
and recording the decrease in turbidity over time. D, B-methyl cyclodextrin-
mediated cholesterol stripping from liposomes containing different amounts
of PS. Cholesterol efflux to cyclodextrin was measured at 7 minat 23 °C(n = 3,
*,p < 0.05 versus 0 and 1% POPS by ANOVA with a Bonferroni post test).
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FIGURE 8. Majority of cellular NBD-PS translocation is ATP dependent.
RAW264.7 macrophages were grown in the presence of glucose or 2 mm
deoxy-D-glucose for 4 h. A, ATP levels were measured in freshly prepared cell
extracts using the ATP determination kit from Molecular Probes (n = 3;*,p <
0.001 by two-tailed t test). B, the ATP-depleted (deoxyglucose) and control
cells were treated with 3 units/ml of SMase for the final 1 h. These cells were
then incubated with 25 um NBD-PS at 37 °C for 10 min in phenol red-free
DMEM. After 10 min, the media was replaced with PBS. The cells were gently
scraped and then subjected to flow cytometry analysis as described in the
legend to Fig. 6. Values are the % NBD-PS translocated into the cells, mean =
S.D. of the median fluorescence from 3 independent wells, different numbers
above the bars show p < 0.001, by ANOVA with a Bonferroni post test.

(45, 46). Using somatic cell genetics, CHO cells defective in
ceramide transfer protein, which cannot produce endogenous
SM from ceramide, were found to have increased cellular cho-
lesterol efflux to cyclodextrin, without altering the level of cell
surface-free cholesterol, but increasing the availability of
plasma membrane-free cholesterol for efflux (47). A similar
finding was reported in fibroblasts incubated with SMase (48).
These studies demonstrate that SM plays a role in the availabil-
ity of plasma membrane-free cholesterol, but not its absolute
levels.

The mechanism for the stimulation of ABCA1 efflux activity
by SM depletion is controversial. Tamehiro et al. (29) reported
that myriocin treatment increases the cell surface expression of
ABCA1 without changing the overall expression of ABCAL.
They found that SPT1 binds directly to ABCA1, trapping it in
the ER, and that myriocin disrupts the SPT1-ABCA1 interac-
tion, allowing ABCAL to traffic to the plasma membrane. How-
ever, Yamauchi et al. (49) showed that cellular SM depletion by
SMase digestion increases ABCA1 levels by inhibiting its turn-
over. In SM-depleted mutant CHO cells, ABCA1-mediated
cholesterol efflux was increased without altering the cell sur-
face or total ABCAL levels (50). Also, a genetic lowering of
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macrophage SM via a different subunit of serine palmitoyl-
transferease (Sptlc2-hemizygous mice) was also reported to
increase the ABCA1-dependent cholesterol efflux to apoAl in
cholesterol-loaded cells, associated with a decrease in SPT1
protein and an increase in total ABCA1 protein levels (51).
Meanwhile Ghering and Davidson (40) reported that the addi-
tion of a short chain ceramide analog to ABCA1 expressing cells
increases ABCA1 levels and cholesterol efflux to apoAl,
whereas physiological ceramides had no effect.

In the current study, we found that treatment of cells with
myriocin, fumonisin B1, or SMase all led to increased ABCA1
activity. These three treatments all deplete SM levels, whereas
the first two are predicted to deplete and the third to increase
ceramide levels. Thus, the level of SM rather than any other
sphingolipid species seems to be critical for increasing ABCA1
activity. In addition, we did not see any increase in ABCA1
activity upon treatment of RAW264.7 cells with C2-dihydoce-
ramide, ruling out short-chain ceramides as the mediator for
enhanced cholesterol efflux. Furthermore, we found that both
myriocin and SMase treatments induced cholesterol efflux to
cyclodextrin in cells without ABCA1 expression, similar to
what was observed previously upon SMase treatment or in cells
with defective SM synthesis (47, 48, 50). In addition, SM deple-
tion by myriocin or SMase increased ABCA1 activity (Fig. 34)
without increasing total or cell surface ABAC1 levels (Fig. 3B).
Thus, any potential effects on ABCA1 levels cannot explain the
results in our studies. Our findings confirm those in mutant
CHO cells, in that both ABCA1-dependent and -independent
cholesterol efflux are stimulated when SM is depleted.

Overall, prior studies and our data indicate the existence of
links between SM depletion and ABCA1-dependent and -inde-
pendent cholesterol efflux activity, although the exact mecha-
nism of these effects are controversial or unknown. It is possible
that the ABCA1-dependent and -independent effects of SM
depletion may share the same mechanism or they may occur via
different mechanisms. One possibility is that SM depletion
decreases lipid rafts, where SM and free cholesterol (FC) are
enriched in microdomains of the plasma membrane, and deple-
tion of rafts would redistribute plasma membrane FC to non-
raft domains. This redistribution of cholesterol to a non-raft
microdomain was observed in mutant CHO cells defective in
endogenous SM synthesis (47). We confirmed in RAW267.4
mouse macrophages that depletion of SM by myriocin or
SMase treatment decreased rafts using cell surface GM1 levels
as a surrogate for rafts. Thus, the ABCA1-independent increase
in free cholesterol efflux to cyclodextrin (Fig. 44) may be in part
mediated by its redistribution to a non-raft domain. Most
researchers agree that ABCA1 is not located in lipid rafts and
that it mediates cholesterol efflux primarily from non-raft
domains (52-54). ABCA1 activity seems to destabilize lipid
rafts and has been shown to promote the transfer of FC from the
raft to the non-raft domain in BHK cells (55), and Abcal-defi-
cient macrophages are reported to have more lipid rafts (56).

However, Abcal induction has only a very minor effect on
the initial rates of cholesterol efflux to cyclodextrin at 37 or
21 °C in RAW264.7 macrophages (57), indicating that ABCA1
does not necessarily have a large effect on FC redistribution in
the plasma membrane in macrophages, and that there may be
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some degree of cell type specificity for ABCA1 effects on
plasma membrane FC distribution. Thus, SM depletion may
evoke a distinct mechanism in addition to FC redistribution
that can increase ABCA1l-mediated cholesterol efflux activity
to apoAl (Fig. 1). This was also indicated by our finding that
myriocin increased cholesterol efflux to NaTC in HEK cells, but
even more so in cells transfected with WT and particularly the
W590S mutant isoform of ABCA1 (Fig. 4B).

The first indication of what this separate mechanism might
be was our finding that SM depletion increased cell surface PS
in an ABCA1l-independent fashion (Fig. 5). In fact, ABCA1
itself also raises cell surface PS, although this activity is greatly
diminished in the W590S ABCA I mutation that leads to Tang-
ier disease (15, 24 —26). The SM depletion-mediated increase in
cell surface PS was sufficient to compensate for the defective PS
translocation in the W590S-Abcal expressing HEK cells,
restoring cholesterol efflux to apoAl (Fig. 3G) and NaTC (Fig.
4B), providing direct proof that the ABCA1 PS floppase activity
plays a role in ABCA1-mediated cholesterol efflux. Previously
we had demonstrated that increased cell surface PS is, by itself,
not sufficient to promote cholesterol efflux to apoAl although
we did not claim that the PS floppase activity of ABCA1 is not
required for its cholesterol efflux activity (58).

We identified that the mechanism by which SM depletion led
to increased cell surface PS is via a decrease in the rate of inward
translocation (flip) of anionic phospholipids, even in the
absence of ABCA1 expression (Fig. 6). The effect of SM to
increase PS flip was confirmed in DMPC liposomes (Fig. 7A).
This increase in cell surface PS could partially restore the activ-
ity of the PS-floppase-deficient Abcal W590S mutation (Figs.
1A and 3G). However, it is difficult to ascertain whether
increased cell surface PS mediates increased cholesterol efflux
independent of the SM content of the membrane. Therefore,
we used liposomes again, and demonstrated that adding 5% PS
to POPC:cholesterol (9:1) MLVs increased cholesterol extrac-
tion by B-methyl cyclodextrin (Fig. 7D). Thus, the combination
of cellular and liposome studies illuminate the role of SM on PS
flip, and the effect of PS on cholesterol efflux/extractability.

SM may play a role in regulating phospholipid movement
across membranes by virtue of its ability to make phase bound-
ary domains where gel and liquid disordered phases abut each
other and membrane lattice defects occur. These molecular
packing defects at the phase transition temperature have been
shown to promote the rapid transbilayer movement of NBD-
labeled phospholipids in liposomes (33). In agreement with this
finding, we observed the rapid flip of NBD-PS in the DMPC
liposomes at its phase transition temperature of 23 °C, but not
at 4 or 37 °C. We found only a minor increase in the phase
transition temperature of DMPC liposomes upon the addition
of 25% SM (Fig. 7B). At the lipid phase transition temperature,
the membrane lattice defects at phase boundaries are also
thought to mediate the increased rate of microsolubilization of
phospholipid liposomes by apoAl (59). However, we observed
less, and not more, apoAl-mediated solubilization of the
DMPC:SM (3:1) liposomes versus the DMPC only liposomes
despite performing this study at 25 °C, the measured phase
transition temperature for the DMPC:SM mixture. This result
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implies that SM may also have a direct effect on apoAl to inhibit
lipid solubilization.

Recently, SM was shown to alter the translocation of a neu-
tral lipid, diacylglycerol, although in the opposite direction of
what we observed with anionic phospholipids. Ueda et al. (60)
found that adding SM to liposomes decreased the spontaneous
flip of NBD-labeled diacylglycerol with no effect on the flip of
NBD-PC, and SM depletion was shown to increase flipping of
cell surface diacylglycerol. Combining our results with those
of Ueda et al. (60), SM appears to have contrasting effects on
diacylglycerol and anionic phospholipid flipping, with no effect
on the flip of PC.

Myriocin has been shown to decrease atherosclerosis and
induce lesion regression in apoE-deficient mice, associated
with its lowering of plasma cholesterol levels (28, 61— 63). Cho-
lesterol absorption is decreased in mice by myriocin treatment
as well as by hemizygous deficiency in the gene encoding for
SPT1, which are associated with increased expression of the
intestinal sterol exporters ABCG5 and ABCG8 and decreased
expression of ABCA1 (64). We speculate that SM reduction in
the intestinal epithelium could also play a role in decreased
cholesterol binding to the cell membrane and flipping choles-
terol to the inner leaflet of the membrane, similar to our
observed reduced flip of anionic phospholipid; although, cho-
lesterol flipping is thought to be independent of ATPase/flip-
pases, it may be decreased upon changes in phase boundaries
on the surface of the cell membrane after SM depletion.
Although we did not observe an effect of SM depletion on NBD-
cholesterol flipping in macrophages, this negative result could
be due to the disruptive effect of the NBD label on cholesterol.

Thus it appears that SM depletion may have several conse-
quences that can act together to increase cholesterol efflux.
First, SM depletion frees FC from rafts for more rapid extrac-
tion by cyclodextrin; second, SM depletion decreases the flip of
anionic phospholipids leading to higher levels cell surface PS
that can promote ABCAl-mediated cholesterol efflux; and
third, SM depletion may promote apoAl lipid solubilization,
independent of changes in the lipid phase boundaries. Further
work is required to identify the SM-dependent PS flippases that
play role in cholesterol efflux. These SM-dependent PS flip-
pases may provide novel therapeutic targets for increasing cho-
lesterol efflux from macrophages.
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