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ABSTRACT: D-threo-1-Phenyl-2-decanoylamino-3-morpholino-1-propamePOMP) is a frequently used
inhibitor of glycosphingolipid biosynthesis. However, some interesting characterisicBDMP cannot

be explained by the inhibition of glycolipid synthesis alone. In the present study, we showeeRbaiP

inhibits the activation of lysosomal acid lipase by late endosome/lysosome specific lipid, bis-
(monoacylglycero)phosphate (also called as lysobisphosphatidic acid), through alteration of membrane
structure of the lipid. When added to cultured fibroblast®,DMP inhibits the degradation of low-density
lipoprotein (LDL) and thus accumulates both cholesterol ester and free cholesterol in late endosomes/
lysosomes. This accumulation results in the inhibition of LDL-derived cholesterol esterification and the
decrease of cell surface cholesterol. We showeddkRDMP alters cellular cholesterol homeostasis in

a glycosphingolipid-independent manner usifigDMP, a stereocisomer ofPDMP, which does not inhibit
glycosphingolipid synthesis, and mutant melanoma cell which is defective in glycolipid synthesis. Altering
cholesterol homeostasis byPDMP explains the unique characteristics of sensitizing multidrug resistant
cells by this drug.

p-threo-1-Phenyl-2-decanoylamino-3-morpholino-1-pro- In the present study, we demonstrate tbaPDMP ac-
panol p-PDMPY is a well recognized inhibitor of UDP-  cumulates in late endosomes/lysosomes. A characteristic
glucose: ceramide glucosyltransferase (EC 2.4.1.80; GlcCerfeature of this organelle is its multivesicular structui®, (
synthase (GCS))1( 2). However, several interesting char- 16). The internal membranes of late endosomes are highly
acteristics ofo-PDMP, such as the chemosensitization of enriched with a unique acidic phospholipid, lysobisphos-
multidrug resistant cancer cell39) and the enhancement phatidic acid (LBPA, also called bis(monoacylglycero)-
of cholesterol efflux {0), cannot be explained by the phosphate (BMP); according to the suggestion of Kolter and
inhibition of GCS alone11). Previously it was shown that  Sandhoff (7) we use the abbreviation BMP throughout the
PDMP accumulates cholesterol intracellulary2). It has text) (18—20). Recently a BMP rich membrane domain has
been reported that-PDMP alteration of cellular cholesterol  been shown to be involved in both membrane traffic from
content depends on the cell typ&3( 14). This effect of late endosomes and the degradation of sphingolipids in the
D-PDMP has been explained as a result of trapping choles-organelle {7, 21—22). BMP is also involved in the formation
terol within glycosphingolipid (GSL)-laden compartments of multivesicular membranes, suggesting that the character-
due to physical association of cholesterol with GS18)( istic membrane structure is indeed a prerequisite for the
proper function of this membrane doma8). The addition
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'RIKEN. MATERIALS AND METHODS

8 Shujitsu University. _ _

"INSA (Institut National des Sciences Appliguees). Cells and Reagent€ultured human skin fibroblasts were

1 Abbreviations: b-PDMP, p-threo-1-phenyl-2-decanoylamino-3- . - . .
morpholino-1-propanol; BMP, bis(monoacylglycero)phosphate; ce- €Stablished as describeztl]. Cells were maintained in F10

NBD-Cer, 6-((N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)hexanoyl)- ~medium supplemented with 10% fetal calf serum (FCS), 100
sphingosine; GCS, UDP-glucose: ceramide glucosyltransferase, GlcCerunits/mL penicillin, and 10Q:g/mL streptomycin. A gly-

synthase; GSL, glycosphingolipid;PDMP, L-threo-1-phenyl-2-de- ~ 4qphingolipid-deficient mutant cell line of mouse melanoma,
canoylamino-3-morpholino-1-propanol; LBPA, 'lysobisphosphatidic GMO5 (24 ift of Dr. Y. Hirab hi (Brai
acid; LDL, low-density lipoprotein; MDR, multidrug resistandeB- / @9, was a generous gt of Dr. Y. Rirabayashi (Brain
DNJ, N-butyl-deoxynojirimycin. Science Institute, RIKEN, Japan). The cells were cultured
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in DMEM supplemented with 10% FCS, 100 units/mL (Fuji film, Tokyo, Japan), and the fluorescence intensity was
penicillin, and 100ug/mL streptomycin. Baby hamster normalized against protein concentration.

kidney cells were grown as describetB). Murine neuro- Electron MicroscopyHuman skin fibroblasts were grown
blastoma, Neuro-2a, was provided by Dr. H. Higashi (Brain on fibronectin-coated Aclar plastic sheets (Nisshin EM,
Science Institute, RIKEN, Japan). The cells were grown in Tokyo, Japan) for 2 days in the presence and absence of 10
DMEM supplemented with 5% FCS, 100 units/mL penicillin, «M p-PDMP. Cells were then fixed for 30 min at room
and 100ug/mL streptomycinb-threo-1-Phenyl-2-decanoy-  temperature with 4% paraformaldehyde and 2.5% glutaral-

lamino-3-morpholino-1-propanob{PDMP) and.-threo-1- dehyde in PBS, post-fixed with 1% osmium tetraoxide and
phenyl-2-decanoylamino-3-morpholino-1-propanatPD- 0.1 M imidazole, then stained with 0.2% tannic acid for 30
MP) were from Matreya Inc. (Pleasant Gap, PN)Butyl- min. The samples were then dehydrated in the graded series

deoxynojirimycin NB-DNJ), filipin, 25-hydroxycholesterol,  of acetone, embedded in Araldite resin, and sectioned with
and human lipoprotein-deficient serum were obtained from ultramicrotome (Leica EM UC6, Vienna, Austria). Thin
Sigma (St. Louis, MO). U18666A was from BioMol (Ply- sections were stained with uranyl acetate and lead stain
mouth Meeting, PA). 6-({-(7-Nitrobenz-2-oxa-1,3- diazol- ~ solution (Sigma-Aldrich Japan, Tokyo, Japan). For immu-
4-yl)amino)hexanoyl)sphingosine (C6-NBD-Cer), cholesteryl noelectron microscopyp-PDMP-treated cells were grown
4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diagandacene-3- on culture dishes, fixed with 4% paraformaldehyde and
dodecanoate (cholesteryl BODIPY FL C12), nile red, and 0.05% glutaraldehyde in PBS. The cells were scraped off
paclitaxel BODIPY FL conjugate (BODIPY FL paclitaxel) the dishes, pelleted, and embedded in low melting temper-
were from Molecular Probes (Eugene, OR). Anti-CD63 ature agarose. Cell pellets were infused with 20% polyvi-
antibody was purchased from Cymbus Biotechnology Ltd. nylpyrrolidone and 1.84 M sucrose and frozen in liquid
(Chandlers Ford, U.K.). 4-methylumbelliferyl oleate was Propane cooled in liquid nitrogen. Ultrathin sections were
from Fluka (St. Louis, MO). Anti-bis(monoacylglycero)- cut with an ultracryomicrotome (EM UC6 and FC6, Leica,
phosphate (BMP) antibody (anti-lysobisphosphatidic acid Austria), picked up in 1:1 (2.3 M sucrose):(2% methylcel-
(LBPA) antibody) was prepared as describ&8) ([1“C]Oleic lulose). Labeling of BMP was performed with mouse
acid (50.0 mCi/mmol) and [cholesteryl#4c] oleate (55 mCi/ monoclonal anti-BMP antibody and 10 nm colloidal gold
mmol) were from American Radiolabeled Chemicals Inc. conjugated-anti-mouse IgG antibody (Amersham Bioscienc-
(St Louisi MO) Strepto'ysin O was obtained from Dr. es,-BUCk|nghamSh|re, UK)AftEI’ Iabe“ng,the sections were
Sucharit Bhakdi (Johannes Gutenberg Universitat, Mainz, Stained and embedded in 1.8% methylcellulose and 0.3%
Germany). LDL was prepared by ultracentrifugation. [Cho- uranyl acetate. Both sections for conventional and immu-
lesteryl-434C] oleate-containing LDL (16:Ci/mg protein) noelectron microscopy were observed under a transmission
and cholesteryl BODIPY FL C12-containing LDL (350 electron microscope (JEOL 1200EX II, Tokyo, Japan).
fluorophore/mg protein) were prepared as descrit2&. ( Electron micrographs recorded on imaging plates were

- : . scanned and digitized by an FDL 5000 imaging system (Fuji

Cell Staining. All manipulations were done at room

t t Cell l hed with Photo Film, Tokyo, Japan).
pehn;ggﬁitiri'uﬁ;;d%r;m ?SBC§)V2;Z|$r?e¥|vsvrgrgvﬁieg fovrwzo Subcellular Fractionation and Lipid Analysikate endo-
min with 3% paraformaldehyde in PBS. The cells were somal fractions were prepared as describifl €0, 28).

. : Briefly, cells were homogenized, and then a post-nuclear
washed with PBS and quenched with 50 mM J0Hfor 15 )
min. After washing with PBS, cells were permeabilized by supernatant was prepared. The post-nuclear supernatant was

' ) S
treating with 50ug/mL digitonin for 5 min. The specimens adjusted to 40.6% sucrose, 3 mM imidazole, pH 7.4, loaded

. L . at the bottom of an 50 Ultra clear tube (Beckman), and
were_blocked with 9'2% g_elatln n PBS for 30 min. After overlaid sequentially with 35% and 25% sucrose solutions
30 min treatment with the first antibody, cells were washed

and labeled with the fluorescent second antibody. When Lrhg.m;\/FLgm:g&ZC;IEéfollg '4:’; argiﬂtr}?nr:dh:zngggegﬁa;ﬁ? b'LIj']:zr

cholesterol was stained, 2@/mL filipin was added in both
primary and secondary antibody solutions. Nile red (100 ng/
mL) was added in the second antibody solution. The stained e teq at the 25% sucrose/HB interface. Lipids of the late
cells were washed and mounted in Mowiol and examined g, 4550me fraction were extracted and then separated by two-
under a Zeiss LSM 510 confocal microscope equipped with yimensional chromatograph¥§ 20). The first direction was
C-Apochromat 63XW Korr (1.2 n.a.) objective. When cells 1\, with chloroform, methanol, and 32% ammonia (65:35:5
were labeled with nile red, the dye was included in Mowiol. ) and the second direction with chloroform/acetone/

gradient was centrifuged for 60 min at 35 000 rpm using a
Beckman MLS50 rotor. The late endosome fraction was

Measurement of Glycolipid Synthedituman skin fibro- methanol/acetic acid/water (10:4:2:2:1 v/v). Lipids were
blasts were grown on 60 mm plastic culture dishes for 3 visualized by spraying primuline followed by UV detection.
days in the presence of various concentratiom-6fDMP, Matrix-Assisted Laser Desorption/lonization Time-of-

L-PDMP, orNB-DNJ. Cells were then washed with serum Flight Mass Spectrometryvatrix-assisted laser desorption/
free medium. The culture medium was then changed to theionization time-of-flight mass spectrometry (MALDI-TOF
serum free medium containing®1 C6-NBD-Cer prepared ~ MS) analysis was performed using an AXIMA-CFR (Shi-
by addirg a 5 mMethanol solution of the fluorescent lipid madzu Corp., Kyoto, Japan) equipped with a 337 nm nitrogen
to F10 medium. Afte 1 h incubation, cells were harvested laser. A saturated solution of 2,5-dihydroxybenzoic acid
using a rubber policeman and lipids extract2d, 7) after (DHB; Wako Pure Chemical Industries, Osaka, Japan) in
protein measurement. Extracted lipids were applied to anwater was used as the matrix, and the extracted and dried
HPTLC plate (Merck) and developed in CHEH;OH/H,O D-PDMP spot was dissolved in gL of HPLC grade
(65:25:4). Fluorescent lipids were quantified using FLA3000 chloroform (Wako Pure Chemical Industries). The matrix
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andp-PDMP solutions were mixed in equal proportions, and ug/mL protein. The reaction was started by the addition of
4 ulL aliquots of the resulting mixture were placed on a target substrate (final concentration 100 nM), and the increase of
plate for crystallization. Crystallization was accelerated by fluorescence intensity at 449 nm (excitation at 327 nm) was
a gentle stream of cold air. Then, the target plate carrying monitored.
cocrystals of matrix and analytes was introduced into the Uptake of Reconstituted LDHuman skin fibroblasts were
mass spectrometer. Mass spectra were calibrated externallygrown in F10 medium supplemented with 10% FCS, 100
with peaks from peptide calibration standard bradykinin units/mL penicillin, and 10Q«g/mL streptomycin (medium
fragments 7 (Sigma-Aldrich Japany/z 757.40) and DHB A) in the presence and the absence o{Mp-PDMP. After
(m/z 154.12). 24 h of incubation, the medium was replaced with medium
Small-Angle X-ray Scattering (SAXS) Measuremengs. B (medium A in which 10% FCS is replaced with 5% human

Dioleoyl-sn 1,1-BMP was chemically synthesized as de-
scribed previouslyZ9). For X-ray measurements, dried films
of 100 nmol of BMP were hydrated and vortexed with 100
uL buffer solutions that contained various drugs with 1 or

lipoprotein-deficient serum) with 1Qig/mL cholesteryl
BODIPY FL Cl2-containing LDL in the presence and
absence of 1«M D-PDMP. After 5 h of incubation, a
fluorescence image was acquired under a Zeiss LSM 510

2.5 mM concentration, pelleted, and brought into a sample confocal microscope quipped with a C-Apochromat 63XW
cell which had a path length of 1.5 mm and a pair of thin Korr (1.2 n.a.) objective.
quartz windows (3Qum). The final concentration of BMP Hydrolysis of Cholesteryl-[44C] Oleate-Containing LDL.
was approximately 2.5 mM. SAXS measurements were Hydrolysis of LDL was measured using the following
carried out at RIKEN Structural Biology Beamline | (BL- protocol (format 1): On day 0, monolayer stock flasks of
45XUV) (30) at SPring-8, 8 GeV synchrotron radiation source, human skin fibroblasts were trypsinized and seeded into a
Hyogo, Japan. The X-ray wavelength used was 0.9 A, and 3.5 cm dish in 1 mL of medium A. On day 1, monolayers
the beam size at the sample position was 0.4.7 mnt. were washed and the medium was changed to 1 mL of
The distance of sample to detector was 851 mm. The samplemedium B. On day 3, cells were washed and the medium
temperature was controlled to 37.800.01°C with a high was replaced with 1 mL of medium C (medium B containing
precision thermoelectric device. Buffer profiles were also 20 uM mevinolin and 0.25 mM mevalonate) with and
taken for background subtraction purposes. The SAXS without inhibitors. On day 4, the medium was replaced with
patterns were recorded with 30 s exposure by a beryllium- medium C with and without inhibitors in the presence of 10
windowed X-ray image intensifier which was coupled with ug/mL cholesteryl-[4+C] oleate-containing LDL (0.2Ci/
a cooled CCD camera (1008 1018 pixels) 81). The mL). After 2 h ofincubation, the medium was replaced with
recorded images were applied to the required correctionsfresh medium C with and without inhibitors. At appropriate
(32). The two-dimensional powder diffraction patterns after intervals, lipids were extracted and the degradation of
the image distortion correction were circularly averaged and cholesteryl-[41C] oleate to [4¥‘C] cholesterol was quanti-
reduced to one-dimensional profiles using FIT2D version fied after separation of radioactive lipids on HPTLC, using
12.012 (http://www.esrf.fr/lcomputing/scientific/FIT2D/), a hexane/diethyl ether/glacial acetic acid (80:20:2) as a solvent.
2-D data reduction and analysis program. The reciprocal Measurement of Cellular Cholesterol and Cholesterol
spacing §) and scattering vectorsj), Ester ContentHuman skin fibroblasts were grown on 60
i mm plastic culture dishes for 3 days in the presence and
s=1/d = (2/)sin6 absence of inhibitors. Cells were harvested using a rubber
— _ ; policeman, and protein was measured followed by lipid
q = 27s = (4x/2)sin 0 extraction 85). Extracted lipids were applied to an HPTLC
plate (Merck) and developed in hexane/diethyl ether/glacial
acetic acid (80:20:2 for cholesterol measurement and 90:
behenate by the long-period spacing of 5.838 133).( 10:1 for cholesterol ester measurement). Lipids were stained
Dynamic Light ScatteringThe average hydrodynamic with phosphomolybdic acid and quantified using LAS1000
diameter ofo-PDMP dispersions was measured at pH 4.6, (Fuji film, Tokyo, Japan). Data were normalized against
7.4, and 8.5 by a Malvern Zetasizer Nano ZS (ZEN3600), a protein concentration.
DLS apparatus (Malvern Instruments Ltd., Worcester, En- Measurement of Cholesterol Esterificatidduman skin
gland), using disposable square cells. Solution samples (0.5fibroblasts were grown according to format 1. On day 3,
mM) were subjected to scattering by monochromatic light cells were washed and the medium was replaced with 1 mL
(4.0 mW He-Ne laser, wavelength of 633 nm), and the of medium C with and without LDL and 25-hydroxycho-
scattering light intensity was measured at a scattering anglelesterol in the presence and absence of inhibitors. After 24
of 173. All measurements were carried out at 7. The h of incubation, each monolayer was labeled with &G
particle sizes and polydispersities were calculated from the [*Cloleate. Afte 1 h incubation, cells were washed with
autocorrelation function of light scattering intensity with the PBS and were harvested using a rubber policeman. Then
Dispersion Technology Software package (Malvern Instru- lipids were extracted3b) after protein measurement. Ex-
ments Ltd., Worcester, England). tracted lipids were applied to HPTLC plate (Merck) and
Measurement of Acid Lipase Adty. The acid lipase  developed in hexane/diethyl ether/glacial acetic acid (80:20:
activity of the homogenate from human skin fibroblasts was 2). Radioactive lipids were quantified using BAS2500 (Fuji
measured as described using 4-methylumbelliferyl oleate asfilm, Tokyo, Japan), and the radioactivity was normalized
a substrate34). Cell homogenate was prepared by sonication against protein concentration. Cholesterol esterification in
in 0.2 M citrate buffer, pH 4.6. BMP dispersions (1001) GM95 and Neuro-2a was measured in FCS-containing
containing various amounts ofPDMP were added to 24 medium by adding 0.5uCi [**Cloleate for 1 h. The

whered is the lattice spacing,is the scattering angle, and
A is the wavelength of X-ray, were calibrated with silver
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incorporation of radioactivity to cholesteryfCJoleate was 200 Cor GlcCer
determined as described above.
Streptolysin O TreatmentHluman skin fibroblasts were Kfim:fl
grown on 24 well dishes for 3 days in the presence and § '™ ) f
absence of 1M p-PDMP. Cells were then washed with
serum free medium followed by 10 min incubation on ice
in the serum free medium containing various concentrations 0 10 20 0 10 20 0 10 20
of streptolysin O. Viability of cells was measured using MTT uM o i
assay 36) Cer GlcCer SM
Cytotoxicity of PaclitaxelNeuro-2a cells were grown in %
6 well dish in DMEM supplemented with 5% FCS for 1 :{H—{
day in the absence and presence of inhibitors. Then the
medium was changed to paclitaxel containing medium with
and without inhibitors, and cells were grown for 3 days.
During incubation, the medium was changed to fresh medium 0 200pM 490 0 200pM 400 uM
with paclitaxel in the absence and presence of inhibitors Figure 1: b-PDMP andNB-DNJ but not.-PDMP inhibit glycolipid
every 24 h. After incubation, viability of cells was measured synthesis. Human skin fibroblasts were incubated with various
as described abov&e). concentrations ab-PDMP (circle),L.-PDMP (square), oNB-DNJ
. (triangle) for 3 days. C6-NBD-Cer was then added and the
Upta_ke of Fluorescent PaCIIta)_(eNeuro-Za cells Were_ formation of C6-NBD-glucosylceramide and C6-NBD-sphingomy-
grown in DMEM supplemented with 5% FCS for 3 days in  elin was measured as described in Materials and Methods. Data
the absence and presence of inhibitors. Cells were thenare mean of triplicate experiments SD. Cer, C6-NBD-Cer;
washed and further incubated fbh at 37°C in phenol red ~ GlcCer, C6-NBD-glucosylceramide; SM, C6-NBD-sphingomyelin.
free DMEM F12 with 5% FCS and 50 nM BODIPY FL
paclitaxel in the absence and presence of inhibitors. The . N
medium was then removed, followed by solubilization of various |nh|b|tors._ C_Z6-NBD-Cer was then adde_d to the
cells in PBS containing 0.1% Triton X-100. 10% Triton medium, and the I|p|d§ were extracted. The specimen gave
X-100 solution was added to the removed medium so as tothree spots on the thin layer chromatogram, corresponding
adjust the final detergent concentration to 0.1%. The to C6-NBD-Cer, C6-NBD-glucosylceramide and C6-NBD-
fluorescence of both the medium and the cell suspension Wassph!ngomyelm. The_ relative fluorescence intensity is shown
measured with a fluorometer (JASCO, FP-650@x= 505 In Figure 1. As previously reported,(6), o-PDMP and\B-
nm, 2em = 515 nm). Whenp-PDMP-treated cells were DNJ inhibited the synthesis of CG-NBD—qucosyIcergm!dg.
further treated with methyB-cyclodextrin (M3CD)/choles- 5-10 uM D'PPMP was necessary to c_ompletely inhibit
terol complex, the cells were incubated for 30 min at’@7 glucosylcgramlde synf[he.sys.wherea_s 20 times rhigHONJ
in DMEM with 5% FCS containing MCD/cholesterol (final was reqt_nre_d_for the inhibition. Unhke-F_’DMP, L-PDMP
concentration of cholesterol, 100M). Cells were then did not inhibit C6-_NBD-qu_cosyIceram|de synthesis, but
washed and incubated with BODIPY FL paclitaxel in phenol "ather. the synthesis was slightly accelerated by the reagent
red free DMEM FE12 with 5% FCS fol h at 37°C. as described4(l). In the following study, 1Q¢M D- and
Incorporation of fluorescent paclitaxel was measured as It_hZ[():'(\a/:r eiggrisn?%;ﬂs NB-DNJ were employed in most of
ggrsigggegnébove. NCDIcholesterol was prepared as de D-PDMP Alters thg Morphology of Bi_s(mon_oacylglycero)-
phosphate (BMP)-Rich Membran&seviously it was shown
RESULTS that PDMP induces vacuolization of late endosomes/lysos-
omes 42). The internal membranes of late endosomes are
D-PDMP and NB-DNJ but Not-PDMP Inhibit the highly enriched with a unique negatively charged lipid, BMP
Metabolism of C6-NBD-Cer to C6-NBD-GlcCear-threo- (18—20). In Figure 2, we examined the morphology of BMP-
1-Phenyl-2-decanoylamino-3-morpholino-1-propaneot (  containing membranes using the specific antibody that
PDMP) andN-butyl-deoxynojirimycin NB-DNJ) are well- recognizes BMP 18). Immunofluorescence indicates that
known inhibitors of UDP-glucose:ceramide glucosyltransferase BMP-containing vesicles become enlarged during incubation
(GCS). In contrast to-PDMP, L-threo-1-phenyl-2-decanoy-  with b-PDMP (Figure 2A-D). Electron microscopy revealed
lamino-3-morpholino-1-propanol {PDMP) does not inhibit ~ the accumulation of multilamellar structures tABPDMP-
GCS. We first confirmed that these inhibitors properly inhibit treated cells (Figure 26l). These structures were labeled
glycosphingolipid (GSL) synthesis in our experimental with anti-BMP antibody (Figure 2J). Our results indicate that
settings. 6-({-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Jamino)- p-PDMP alters the morphology of BMP-containing or-
hexanoyl)sphingosine (C6-NBD-Cer) is a useful ceramide ganelles.
analogue for measuring GSL synthesis in various cell types p-PDMP Is Distributed in BMP-Containing Membranes.
(27, 38—40). When cells are incubated with C6-NBD-Cer, A fluorescent PDMP analogue is reported to accumulate in
two major products, 6-I-(7-nitrobenz-2-oxa-1,3-diazol-4- late endosomes/lysosome4$2( 43). Hydrophobic amines
yl)amino)hexanoyl)sphingosine-1-phosphocholine (C6-NBD- such aso-PDMP are thought to pass through membranes,
sphingomyelin, C6-NBD-SM) and 6N¢(7-nitrobenz-2-oxa-  and, once accumulated in the acidic compartment, the amino
1,3-diazol-4-yl)amino)hexanoyl)sphingosine glucoside (C6- group becomes positively charged and trapped inside the
NBD-glucosylceramide, C6-NBD-GlcCer) are formed. In organelle. However, the intracellular distribution of non-
Figure 1, human skin fibroblasts were treated for 3 days with fluorescent PDMP is not studied. In Figure 3, we investigated
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Ficure 2: p-PDMP alters the morphology of BMP-containing organelle—-() Human skin fibroblasts were grown in the presence of 10

uM p-PDMP. Cells were then fixed and labeled with anti-BMP antibody. Baya0(E—J) Electron micrographs of human skin fibroblasts
grown for 2 days in the absence (E and F) or presenceJjGf p-PDMP. E-I show conventional electron micrographs, J shows
immunoelectron micrograph of BMP. F shows the higher magnification image from E, similarly, H from G, and | from H, respectively.
Cell treated witho-PDMP had abundant multilamellar bodies (arrowheads in H), which were not seen in nontreated cells (E and F). The
immunogold labeling (arrowheads in J) indicates that the multilamellar body contains BMP. Bafls,1Eum; | and J, 500 nm.

whether b-PDMP is accumulated in late endosomes by observation that GCS is distributed in pre- and early Golgi
purifying the late endosome fraction from baby hamster apparatus44).

kidney (BHK) cells in which the protocol for isolating late D-PDMP Alters the Organization of BMP Membrane in a
endosomes is well established8( 28). p-PDMP was pH-Dependent MannerThe above results indicate that
detected by primuline staining after extraction and separationo-PDMP is distributed in BMP-containing membranes. BMP-
of lipids on thin-layer chromatography (TLC). The identity rich membrane domain is suggested to be involved in
of b-PDMP was confirmed by measuring the mass spec- membrane traffic from late endosomes as well as the
trometry of the extracted spot (Figure 3). The ions were degradation of sphingolipids in late endosomes/lysosomes
observed am/z 391.38 ([M+ H]*) and 413.38 ([M+ NaJ"), (17, 21, 22). The disturbance of membrane traffic by BMP
indicating that the detected spotosPDMP (calculatedn/z specific antibody suggests that the specific membrane
values are 391.30 and 413. 28, respectively). From the organization of the lipid plays an important role in the
primuline staining of standards we calculated that the BMP: function of BMP-rich membrane domain21-23). BMP
PDMP ratio in the late endosome fraction is roughly 1:3. has a uniqusn-1, sn-1' stereoconfiguration, and fatty acids
These results reveal that-PDMP is distributed in late  are esterified to unstable 2- anét@bsitions 20). In most
endosomes. However, our fractionation study shows thatmammalian cultured cells, the major molecular species is
D-PDMP is also distributed in membranes other than late dioleoyl (diC18:1) BMP. We chemically synthesized natu-
endosomes (data not shown), indicating thd®DMP is not rally occurring 2,2dioleoyl sn1, sn1'-BMP (23, 29) and
restricted in late endosomes. This is consistent with the examined the interaction between BMP and PDMP by
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391.38 organization ofp-PDMP itself may be the cause of the

alteration of BMP membrane by the drug at low pH.
D-PDMP Inhibits the Actiation of Lysosomal Acid Lipase
by BMP. The above results suggest thaPDMP is ac-
cumulated in late endosomes and interacts with BMP. The
scattering profile suggests thaPDMP covers the negative
charge of BMP under low pH conditiond). It is known
that acid lipase requires certain negatively charged phos-
pholipids for maximum activity46). BMP comprises more
than 50% of phospholipids in the internal membrane domains
of late endosomes and thus a major source of negatively
charged phospholipids ther2Qj. Figure 5 indicates that the
ek lysosomal acid lipase activity was enhanced by the addition
400 450 of BMP andp-PDMP inhibited this enhancement in dose-
Mass . . ..
dependent manner. The basal acid lipase activity was not

Ficure 3: p-PDMP distributes in late endosomes. (A) Baby hamster ) . ]
kidney (BHK) cells were grown in the presence of/d b-PDMP. affected byo-PDMP, suggesting thab-PDMP does not

After 24 h, late endosomal fractions were prepared as described indiréctly inhibit the enzyme. These results thus suggest that
Materials and Methods. Lipids were then extracted and separated>-PDMP modifies the organization of late endosome/
by two-dimensional chromatography. The arrow shows the position lysosome specific lipids and thus inhibits acid lipase activity
of p-PDMP whereas the arrowhead indicates BMP. The star points

413.38

350

to the origin of the spot. (B) Different amountsmDMP (PDMP)

and BMP were developed on one-dimensional chromatography

of the organelle.
D-PDMP andL-PDMP but Not NB-DNJ Inhibit Hydrolysis

followed by primuline staining in order to obtain a calibration curve.  Of [Cholesteryl-41C] Oleate-Containing LDL and Increase

(C) MALDI-TOF MS spectrum of theo-PDMP spot. The major
peaks corresponds to [M H]* at m/z 391.38 and [M+ Na]" at
m/z 413.38.

the Cellular Cholesterol Ester Contenfcid lipase is
involved in the degradation of low-density lipoproteins
(LDL). In Figure 6, we investigated the effect ofPDMP

measuring small-angle X-ray scattering (Figure 4). We on LDL uptake and LDL-cholesteryl ester hydrolysis in
investigated the effect of pH to mimic the environment of human skin fibroblasts. Figure 6A shows the incorporation
the lumen of endosomes/lysosomes. BMP alone gave broadf cholesteryl BODIPY FL C12-containing LDL in the
peaks atq = ~0.90 nm?! and q = ~1.50-1.90 nm?, absence and presence of A p-PDMP. The fluorescence
irrespective of the pH (Figure 4AC). The peak atj = 0.90 image shows that-PDMP enhanced the uptake of LDL. In
nm-* corresponds to the first order diffraction from a lamellar contrast, the presence ®PDMP dramatically inhibited the
structure of BMP, while the peak gt= ~1.50-1.90 nn! degradation of [cholesteryl-4C] oleate-containing LDL

is attributed to the bilayer form factor and the second order (Figure 6B).L.-PDMP also inhibited the degradation while
lamellar diffraction, indicating that BMP dispersion occurs NB-DNJ showed little effect on the degradation of [choles-
in the swollen and loosely packed lamellar structures. The teryl-4-1“C] oleate (Figure 6C). The cellular content of
addition of b-PDMP at low pH dramatically changes this cholesterol ester was then measured after treatment with
scattering pattern. At 1 mMb-PDMP, the intensity of the = p-PDMP, L-PDMP, andNB-DNJ (Figure 6D). Cholesterol
broad peak atj = ~0.90 nm! was decreased and a sharp ester content was significantly increased when cells were
diffraction appeared at= 1.30 nn1%. At 2.5 mMb-PDMP, incubated wittb-PDMP and.-PDMP. In contrastNB-DNJ

the diffraction peaks were shifted to the wide-angle region did not affect the cellular level of cholesterol esters.
and clear first and second order diffractions corresponding Intracellular accumulation of cholesterol esters was also
to a repeat distancg= 4.58 nm were observed, indicating examined by staining cells with nile red, which stains neutral
thatp-PDMP induced a closely packed multilamellar order- lipids (47) (Figure 7). Nile red stained the Golgi apparatus
ing of the membrane (Figure 4A). Since another set of first in control cells. After treating cells witlo-PDMP and
and second order diffractions corresponding to a repeatL-PDMP, nile red fluorescence was enhanced and partially
distance of 6.10 nm was observed at 2.5 noMPDMP colocalized with CD63, a protein which has four membrane
concentration, initial lamellar structures with a large repeat spanning domains and which localizes in late endosoge&s (
distance coexisted in a phase separated manner with thel8, 49), indicating late endosome/lysosome accumulation of
closely packed lamellar structures. This effect was pH- neutral lipids. Figure 7 shows that the shape of late endosome
dependent ancd-PDMP did not significantly alter the  changed from small dots to large vacuoles upon treatment
scattering pattern at neutral and alkaline pH (Figure 4B,C). with b- andL-PDMP as observed in Figure RB-DNJ did

We also examined the effects ofPDMP and NB-DNJ not significantly affect the distribution of nile red labeling.
(Figure 4D,E)L-PDMP altered the scattering pattern of BMP  Our results indicate that-PDMP and.-PDMP but notNB-
asp-PDMP did (Figure 4D) whereddB-DNJ did not affect DNJ inhibit the degradation of LDL.

the scattering profile (Figure 4E)- andL-PDMP andNB- D-PDMP andi-PDMP but Not NB-DNJ Inhibit Choles-
DNJ by themselves yielded no profile in small-angle scat- terol EsterificationWe then measured the effectmfDMP
tering under the present conditions (data not shown). Figureon low-density lipoprotein (LDL)-stimulated cholesterol
4F—H shows that the light scattering profile ofPDMP esterification. In Figure 8A, human skin fibroblasts were
changed in a pH-dependent manner. At neutral and alkalineincubated in medium C containing varying concentrations
pH, b-PDMP forms large micelles whereas the size of the of LDL in the absence and presence of ARl p-PDMP.
micelle is much smaller at low pH, suggesting the different b-PDMP strongly inhibited LDL-induced cholesteryl ester
packaging of the molecule at low pH. This alteration of the formation. We included mevinolin, a potent inhibitor of
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Ficure 4: p-PDMP modifies the organization of BMP membranes—@ Small-angle X-ray scattering (SAXS) profiles of BMP dispersions
containing various inhibitors. AC, BMP dispersions were mixed withPDMP in 200 mM sodium citrate buffer at pH 4.6 (A), in 20 mM
HEPES buffer containing 150 mM NacCl at pH 7.5 (B), and in 20 mM tricine buffer containing 150 mM NacCl at pH 8.5 (C). In D and E,
effects ofL.-PDMP (D) andNB-DNJ (E) on BMP dispersions in sodium citrate buffer at pH 4.6 are shown. The arrows in A indicate the
first and second order diffraction peaks corresponding to a lamellar repeat distance of 6.10 nm. The add{RIDMP changed the

SAXS pattern of BMP dispersions significantly so as to display clear sharp diffractions, characteristic of closely stacked multilamellar
structures. (FH) The average hydrodynamic diameter of PDMP aggregate investigated by DLS at pH 4.6 (F), 7.4 (G), and 8.5 (H). The
buffers used for respective pH conditions were the same as those employed in X-ray experiments. At pH 4.6, PDMP formed a highly
monodisperse micellar aggregate with an average hydrodynamic diamet@0afim, while at pH 7.4 and 8.5 it formed a polydisperse

large aggregate with an average diameter-800—1000 nm.

1000 BMP / PDMP significantly inhibited esterification. U18666A partially
170 inhibited 25-hydroxycholesterol-induced cholesterol esteri-
800 fication whereasNB-DNJ did not affect the cholesterol
= esterification.
f; 600 1o GMO95 cells have a defect in the first step of GSL synthesis
@ that is catalyzed by UDP-glucose:N-acylsphingosine gluco-
2 400 syltransferase, thus, they are entirely lacking GS. (After
- 1/025 cells were treated with 1M p-PDMP in the growth
200 1705 medium for 3 days, chol_esterol esterification was measured
11 by adding [C]oleate (Figure 8D). The esterification was
0 Control inhibited, as has been observed in human skin fibroblasts.
0 200 400 This result indicates that-PDMP alters cholesterol metabo-

Time (sec)

lism in a GSL-independent manner.
FIGUrRe 5. D-PDMP inhibits the enhancement of acid lipase activity ~ ,_.pDMP Alters Intracellular Distribution of Free Cho-
by BMP. Acid lipase activity of homogenates from human skin

fibroblasts was measured in the absence and presence of BMFJe.SterOLIn Figure 9A, human skin fibroblasts were tr.eated
dispersions containing various molar ratiosssPDMP. Control with 10 uM p-PDMP for 3 days. Cells were then fixed,
shows the enzyme activity in the absence of BMP. permeabilized, and labeled with a cholesterol probe, filipin
(54, 55). p-PDMP treatment resulted in accumulated intra-
mevalonate synthesis, in the medium. Thus, the observedcellular cholesterol. Accumulation of cholesterol was also
results were not due to impaired cholesterol biosynthesis in observed when cells were treated witi"DMP. In Figure
p-PDMP-treated cells. We then examined the effect of 9B, cholesterol distribution was compared with BMP. The

various inhibitors on LDL-stimulated cholesterol esterifica-
tion (Figure 8B). Whereas esterification was inhibitedoby
andL-PDMP as well as U18666/50-52), a well-character-
ized hydrophobic amine which specifically inhibits choles-
terol traffic from late endosomes/lysosom@&-DNJ did
not inhibit LDL-induced cholesteryl ester formation. Instead,
cholesterol esterification was slightly stimulateditg-DNJ

partial colocalization observed indicates tlhaPDMP ac-
cumulates cholesterol in late endosomes/lysosomes. In Figure
9C, human skin fibroblasts were grown in the presence of
various concentrations ob-PDMP and the cholesterol
content was determined. AlthoughtPDMP accumulated
cholesterol intracellularly, the content of cholesterol was not
significantly altered by-PDMP. Streptolysin O is a bacterial

treatment. Cellular cholesterol esterification is also stimulated toxin that kills cells in a cholesterol-dependent mandé, (
when cells are incubated with oxygenated sterols such as56). Thus the sensitivity of cells to this toxin closely reflects
25-hydroxycholesteroB5Q). In Figure 8C, we measured 25- the amount of cell surface cholesterol. In Figure 9D, cells
hydroxycholesterol-stimulated cholesterol esterification in were grown in the presence and absence QiNIl-PDMP
mevinolin-treated human skin fibroblasts incubated in the for 3 days and the sensitivity of cells to streptolysin O was
absence and presence of inhibitors. AgairandL-PDMP measured. Cells became slightly but significantly resistant



Alteration of Cellular Cholesterol Homeostasis Biochemistry, Vol. 45, No. 14, 20081537

CD63 nile red merge

Control

B c D N
30 20
5 400 =
£ 0O
g £15 2 300 py
= = 5]
B S = o
5 = T
B 810 g 200
=) o Q
o} @ 5}
8 10 a ; <
% 100 0
P =4
o =
oo —°
ob——— 0 0 (|
0 2 4 6 oo\‘o\c*io‘@ o 06(9\0@20@? o o
Time (h) FFE® FHL I ¥ A

FiGURe 6: D-PDMP and.-PDMP but notNB-DNJ inhibit hydroly-

sis of [cholesteryl-44C] oleate-containing LDL. (A) Uptake of
reconstituted LDL in the absence (control) and the presence of 10
uM Dp-PDMP (@-PDMP). Incorporation of BODIPY FL C12-
containing LDL was measured as described in Materials and Z
Methods. (B, C) Hydrolysis of [cholesteryl4€] oleate-containing a
LDL was quantified as described in Materials and Methods. (B) @
Time course of degradation. Squares show the results in the absenc
of b-PDMP whereas circles indicate the degradation in the presence

of 10 uM b-PDMP. (C) The effects of various drugs on the Fgure 7: p-PDMP accumulates neutral lipids in late endosomes.
degradation of [cholesteryl-#C] oleate-containing LDL were  Human skin fibroblasts were incubated with 2B of p-PDMP,
measured aftes h incubation. Control, without inhibiton-PDMP, L-PDMP, and 10Q:M NB-DNJ for 3 days. Cells were fixed and

10 uM p-PDMP; L-PDMP, 10uM L-PDMP; NB-DNJ, 500uM doubly labeled with nile red and anti-CD63 antibody. Bar 0.
NB-DNJ. Data are mean of triplicate experimeiit$D. (D) Human

skin fibroblasts were grown in the presence and absence of . .
inhibitors for 3 days. Lipids were extracted and separated on TLC, fluorescent paclitaxel was also observed{RDMP-treated

and the content of cholesterol ester was measured as described i€€llS. In contrast to- andL-PDMP,NB-DNJ did not affect
Materials and Methods. Control, without inhibitas;PDMP, 10 the uptake of fluorescent paclitaxel in Neuro-2a cells. These

uM D-PDMP; L-PDMP, 10uM L-PDMP;NB-DNJ, 500:M NB- results indicate that inhibition of GCS does not correlate with
DNJ. Data are mean of triplicate experimegtsSD. the enhanced uptake of fluorescent paclitaxel. Wben
PDMP-treated cells were further incubated with a methyl-
p-cyclodextrin (MBCD)/cholesterol complex, the uptake was
that b-PDMP alters the cellular distribution of cholesterol suppressed to a level below that in the abs_ence of inhibitors.
but does not significantly affect cholesterol content. MpCDI/cholesterol treatment is known to increase cellular
PDMP Modulates the Transport of Paclitaxel in Neuro- cholesterol. These results _therefore suggest that PDMP
blastoma Cells in a Cholesterol-Dependent Manrigne modulates transport of paclitaxel in neuroblastoma cells in
above results indicate thatPDMP inhibits the degradation ~ & cholesterol-dependent manner.
of LDL, and this leads to an inhibition of cholesterol
esterification and a decrease of cell surface cholesterol. It is
suggested that P-glycoprotein is associated with raft-like In the present study, we showed that, in addition to the
membrane domains and cholesterol modulates P-glycoprotein j '

activity (57, 58). We investigated whether the MDR cell Inhibitory effect on .C.;CS’D'PDMP. ac_:cumulates n Ia_te_
L . . endosomes and modifies the organization of BMP-containing
chemosensitization effect of PDMP is related to the alteration

of cholesterol homeostasis caused by PDMP. It is reported membranes. This results in an inhibition of the degradation

that PDMP chemosensitizes Neuro-2a cells to paclitaiel of lipoproteins and an alteration of cellular cholesterol

Figure 10A shows that botb+ andL.-PDMP chemosensitize roTeoftf‘;'?’ m(ijlzj‘qmgtha (ilecreaset |r} thet_ cell surface cr;o-
Neuro-2a cells whereadB-DNJ is without effect. Similar eﬁ' ero 'ff at mo |.|e§ N dransp?rho _asltl)c_:qncerf reagents.
to the result in human skin fibroblasts and melanoma '"€Se€ effects are independent of the inhibition of GCS.

mutants,p-PDMP inhibited cholesterol esterification and Inhibition of acid lipase activity resembles Wolman
accumulated cholesterol ester in Neuro-2a cells (Figure 10B).disease, a late endosomal/lysosomal acid lipase deficiency
In Figure 10C, we show the uptake of fluorescent paclitaxel (59). In Wolman disease, complete deficiency of acid lipase
in cells treated with various inhibitore-PDMP increased leads to massive accumulation of lysosomal cholesteryl
the uptake of BODIPY FL paclitaxel almost 2-fold. This esters. Defective release of free cholesterol from late
result agrees with a previous observation that PDMP endosomes/lysosomes inhibits LDL-dependent cholesterol
decreases the efflux of paclitaxel. The increased uptake ofesterification as observed mPDMP treated cells.

to the toxin, indicating that cell surface cholesterol had been
decreased by the-PDMP treatment. Our results indicate

DISCUSSION
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Ficure 8: p-PDMP and.-PDMP but notNB-DNJ inhibit cholesterol esterification. (A) Effect of the concentration of LDL on cholesterol
esterification in the presence (circle) and absence (square) @MLBDMP. The incorporation of radioactivity to cholester{i¢]oleate

was determined as described in Materials and Methods. Each data point represents the average of two wells. (B) Effects of various inhibitors

on LDL-stimulated cholesterol esterification. Control, without inhibit#?DMP, 10uM p-PDMP; L.-PDMP, 10uM L-PDMP; NB-DNJ,
500u4M NB-DNJ; U18666A, 1ug/mL U18666A. Each data point represents the average of two wells. (C) Effects of various inhibitors on

25-hydroxycholesterol-stimulated cholesterol esterification. Control,

without inhibtBHMP, 10uM p-PDMP;L-PDMP, 10uM L-PDMP;

NB-DNJ, 500uM NB-DNJ; U18666A, 1lug/mL U18666A. Each data point represents the average of two wells. (D) GM95 cells were
incubated with and without 1@M p-PDMP in the growth medium for 3 days followed by the addition ¥C]oleic acid. After 1 h
incubation, the incorporation of radioactivity to cholesterol ester was measured as described in Materials and Methods.

D-PDMP Alters Cholesterol Homeostasis in a Glycolipid-
Independent Mannep-PDMP is a well-recognized inhibitor
of GCS (L, 2). However, apart from its effect on sphingolipid
synthesis, PDMP is reported to also have other activities.
These include (i) inhibition of other enzymes involved in
glycolipid metabolism §0—62), (ii) cell cycle arrest §3),

(iii) inhibition of membrane traffic from the Golgi apparatus
(43, 64), (iv) induction of lysosome vacuolizatiod?), and

(v) accumulation of intracellular cholesterdlZ 13). Roff

et al. (L2) report the inhibition of cholesteryl ester formation
and lysosomal cholesterol accumulation by PDMP (RV-538).
Intracellular accumulation of a fluorescent PDMP analogue
is also reported42, 43). They hypothesized that PDMP and

suggest that cholesterol is involved in the P-glycoprotein-
induced MDR phenotype and controls both the ATPase and
drug efflux activities of P-glycoprotein. Our results indicated
thatp-PDMP inhibits the degradation of LDL and decreases
cell surface cholesterol. Concomitantly, the uptake of
fluorescent paclitaxel was increased in Neuro-2a cells,
suggesting an inhibition of P-glycoprotein activity. The
reversal of drug uptake by BCD/cholesterol treatment
suggests thab-PDMP modulates P-glycoprotein activity
mainly by altering the distribution of cell surface cholesterol.
It is reported that progesterone, but not U18666A, inhibits
P-glycoprotein activity %2). Progesterone is reported to
inhibit cholesterol transport from the plasma membrane to

other hydrophobic amines such as U18666A share a commorgR (70).

mechanism to inhibit cholesteryl ester formation and cho-
lesterol accumulation. Inokuchi et all3) hypothesize that
the accumulation of cholesterol lnyPDMP is a result of a
trapping of cholesterol within GSL-laden compartments due
to physical association of cholesterol with GSLs. We have
shown thato-PDMP accumulates in late endosomes and
modifies the structure of the BMP-containing membrane,
leading to inhibition of the degradation of LDL and thus an
altered cellular cholesterol homeostasis. This effect was
observed witht-PDMP, which does not inhibit GCS.
Inhibition of cholesterol esterification was also observed in
a glycolipid-null melanoma mutant. These results indicate
that o-PDMP alters cellular cholesterol homeostasis in a
glycolipid-independent manner.

p-PDMP Modulates the Transport of Anticancer Reagents
by Altering Cellular Cholesterol Homeostasis:PDMP is
able to sensitize MDR cell8{-8). A major cause of MDR
is the activation of P-glycoproteir6$, 66). P-glycoprotein
is a member of the ATP-binding-casette (ABC) transporter
superfamily and acts as an ATP-dependent efflux pump

Role of GCS in the MDR Phenotyp&.role for GCS in
the MDR phenotype is supported by following observa-
tions: (i) There are elevated levels of glycolipids and the
MDR phenotype correlate in some cancer cells/l—73).
(ii) Overexpression of GCS enhances the drug resistance of
MCF-7 breast cancer cell§4, 75). (iii) o-PDMP and its
derivatives are able to sensitize drug-resistant cancer cells
(3—9). Recently Veldman et al.7¢) reported that a GCS-
deficient melanoma mutant and a GCS transfectant showed
similar sensitivity to anticancer reagents. It has also been
shown that the GCS inhibitoldN-DGJ and\B-DGJ do not
chemosensitize MDR cells wherea®®DMP does under the
same conditions. It was concluded that the chemosensitization
achieved byp-PDMP cannot be caused by an inhibition of
GCS alone 11). Our results suggest thetPDMP chemosen-
sitizes cells by altering cellular cholestera@:PDMP is
reported to accumulate ceramide in certain cell tyde§ (
62). It is thus possible that ceramide-dependent signals are
involved in b-PDMP-dependent chemosensitization. How-

against a broad range of anticancer reagents. The lipidever, we consider this unlikely since ()PDMP, which does

environment influences the ATPase activity of P-glycoprotein
(57, 58, 67—69). Modok et al. 67) showed that P-
glycoprotein retains function in liquid-ordered cholesterol
and sphingolipid model membranes. Gayet etG8)) $howed

not inhibit GCS, behaves similarly mPDMP; (i) alteration

of cholesterol homeostasis was observed even in GCS-
deficient GM95 melanoma cells; and (iii) the effect of
D-PDMP was reversed by 30 min treatment wittB®D/

that cholesterol increases with the level of chemoresistancecholesterol. Such results suggest tha?DMP chemosen-

of the human CEM acute lymphoblastic leukemia. They

sitizes cancer cells in a glycolipid-independent manner.
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FiIGuRe 9: D-PDMP alters intracellular distribution of cholesterol.
(A) Human skin fibroblasts were incubated with 101 p- or
L-PDMP for 3 days. Cells were then fixed and labeled with filipin
as described in Materials and Methods. Bar, /0. (B) Human
skin fibroblasts were treated with 10/ p-PDMP for 3 days. Cells
were then fixed and doubly labeled with anti-bis(monoacylglycero)-
phosphate (BMP) antibody and filipin. Bar, 10n. (C) Human
skin fibroblasts were grown in the presence of various concentra-
tions of -PDMP for 3 days. Lipids were extracted and separated

Streptolysin O (ug/ml)

on TLC, and free cholesterol was measured as described in

Materials and Methods. Data are mean of triplicate experiments
SD. (D) Human skin fibroblasts were incubated for 3 days in the
presence (circle) and absence (square) of M0 b-PDMP.
Sensitivity of cells to streptolysin O was measured as described in

Materials and Methods. The data are representative results of four

independent experiments. The decreased sensitivity-RPDMP-

treated cells indicated that cell surface cholesterol was decreased

by the drug treatment.

The BMP Domain: A General Target for Hydrophobic
Amines?t has been demonstrated that certain hydrophobic
amines alter cellular cholesterol homeostasi®, (51).
However the mechanism(s) for this effect have not been well

characterized. Our results suggest that one target of these

compounds is late endosome/lysosome specific lipids. BMP
comprises less than 1% of the total phospholipids in most
cells. However, the content is increased to 15% in late
endosomesl@). In the specific internal membrane domains,
this lipid occupies more than 70% of the total phospholipids
(20). Using specific antibody, the role of this membrane
domain in the protein and lipid trafficking from late
endosomes have been reportéd, (22). BMP is also a
cofactor of several sphingolipid degradation complexes in
late endosomes/lysosomek?). The results reported here
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Ficure 10: PDMP modifies the uptake of fluorescent paclitaxel
in a cholesterol-dependent manner. (A) Neuro-2a cells were treated
with paclitaxel in the absence and presence of various inhibitors
as described in Materials and Methods. The viability was measured
using the MTT assay. (B) Neuro-2a cells were incubated with and
without 10uM p-PDMP in the growth medium for 3 days followed

by the addition of J*Cloleic acid. Afte 1 h incubation, the
incorporation of radioactivity to cholesterol ester was measured as
described in Materials and Methods (esterification). Neuro-2a cells
were grown as described above. The content of cholesterol ester
was then measured as described in Materials and Methods (Chol-
FA content). Data are mean of triplicate experime#it$SD. (C)
Neuro-2a cells were pretreated with various inhibitors, and the
uptake of BODIPY FL paclitaxel was measured as described in
Materials and Methods. Control, without inhibitaszPDMP, 10

uM b-PDMP; L-PDMP, 10uM L-PDMP; NB-DNJ, 500uM NB-

DNJ; b-PDMP + Chol, b-PDMP (10uM) followed by MSCD/
cholesterol treatment. Data are mean of triplicate experimgnts
SD.

indicate thab-PDMP modifies the organization of this lipid
and thus alters the function of the membrane domains. The
specific mechanism of the effect on the function of the
membrane domains will be the subject of future studies.
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