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ABSTRACT T 

Thee human MDR1 P-glycoprotein (Pgp), the ABC-transporter ABCB1, is ubiquitously 
expressed.. Often, its expression is high in cancer cells, where it causes multidrug 
resistancee by pumping out lipophilic drugs. In addition, MDR1 Pgp is capable of 
transportingg short-chain analogs of various membrane lipids across the plasma 
membrane.. Here, we monitored transport to the cell surface of the natural short-chain 
phospholipidd l-0-alkyl-2-acetyl-j«-glycero-3-phosphocholine (platelet activating 
factor;; PAF) by its accessibility to serum albumin in die extracellular medium. 
[I4C]PAFF synthesized intracellularly from exogenous alkylacetylglycerol and 
[l4C]cholinee reached the surface of pig kidney epithelial LLC-PK1 cells in the absence 
off  vesicular transport. Its translocation across the apical membrane was greatly 
stimulatedd by the expression of MDR1 Pgp, and inhibited by the MDR1 inhibitors 
PSC8333 and cyclosporin A. Basolateral translocation was not stimulated by expression 
off  the basolateral drug transporter MRP1 (ABCC1). It was insensitive to the MRP-
inhibitorr indomethacin and to depletion of glutathione which is required for MRP1 
activity.. While efficient transport of PAF across the apical plasma membrane may be 
physiologicallyy relevant in MDR1 expressing epithelia, PAF secretion in multidrug-
resistantt tumors may stimulate angiogenesis and thereby tumor growth. 

INTRODUCTION N 

Multidrugg resistance (reviewed in 1) occurs when cancer cells resist chemotherapy by 
beingg able to remove a broad range of lipophilic drugs from the cell interior. These 
cellss express high levels of the multidrug transporters MDR1 P-glycoprotein (Pgp), 
ABCB1,, or MRP1, ABCC1, which pump the drugs out across the plasma membrane. 
Bothh proteins belong to the ATP Binding Cassette (ABC) transporters (2), but display 
onlyy 14% amino acid identity (3). The human MDR3 Pgp, ABCB4, shows 75% 
identityy to MDR1 Pgp (see 3). It displays some capability for drug transport (4), but a 
rolee in multidrug resistance has not been documented. Whereas MDR1 Pgp is 
expressedd by most cell types, including fibroblasts, expression of MDR3 Pgp is 
essentiallyy limited to the bile canalicular membrane of hepatocytes (5,6). 

Thee major physiological function of MDR3 Pgp is the delivery of the phospholipid 
phosphatidylcholinee (PC) into bile (6). Besides the increase in PC transport across the 
plasmaa membrane of cells transfected with MDR3 Pgp (5), evidence for the notion that 
MDR33 Pgp is an actual PC translocator has come from the observation mat it can 
translocatee a PC analog with a short fluorescent acyl chain, Cft-NBD-PC, but not the 
correspondingg phosphatidylethanolamine across the membrane (7,8). Unexpectedly (7), 
alsoo MDR1 Pgp and MRP1, besides drugs, transport short-chain analogs of various 
membranee lipids across the plasma membrane (reviewed in 9). MDR1 Pgp mediated 
thee transbilayer movement of C6-NBD-, C6- and C8-short-chain analogs of the 
diacylglycerolipidss PC and phosphatidylethanolamine and of the sphingolipids 
glucosylceramidee (GlcCer) and sphingomyelin (SM; 8,10). MRP1 translocated C6-
NBD-GlcCerr and -SM and, like its drug transport function, this activity depended on 
cytosolicc glutathione (11). While no transport of CA-NBD-PC nor of C!(CrPC was 
observedd in one study (11), MRP1 has been reported to transport C„-NBD-PC and -
phosphatidylserinee in another study (12) and it has been suggested to contribute to the 
transbilayerr distribution of natural lipids in the erythrocyte membrane (13). 

Platelett activating factor (PAF; l-0-alkyl-2-acetyl-sn-glycero-3-phosphocholine) is a 
naturallyy occurring short-chain PC. Because MDR1 Pgp recognizes short-chain analogs 
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off  PC and is expressed in the plasma membrane of virtually every cell, we have 
suggestedd that MDR1 Pgp could be responsible for translocation of PAF across the 
plasmaa membrane (8). First experimental support for this has been obtained in a special 
celll  system, mesangial cells activated by a Ca2+ionophore (13; see Discussion). PAF is 
aa potent bioactive lipid that is synthesized by a broad range of cells, including 
circulatingg inflammatory cells, endothelial cells and epithelial cells (15-19). It is found 
inn a variety of tissues (20-24), in plasma (26), but also in other extracellular fluids like 
salivaa (27) and urine (28). PAF has a diverse array of biological effects, ranging from 
activationn of inflammatory cells to vascular and other physiological effects. In addition, 
PAFF is involved in various pathological conditions, like angiogenesis in various breast 
cancerss (29), metastasis, shock, sepsis and multiple organ failure, e.g. kidney (30), 
reviewedd in (31). 

PAFF is synthesized by two intracellular pathways (reviewed in 32,33). The "de novo" 
pathway,, presumably in the cytosolic leaflet of the ER (34), is analogous to the 
conventionall  PC biosynthesis and makes 1-O-alkyl-2-acetyl-^/i-glycerol (AAG; 35) as 
aa precursor that is converted to PAF by a unique CDP-choline:AAG-
cholinephosphotransferasee (35,36). It has been held responsible for constitutive PAF 
synthesis.. In contrast, the "remodeling" pathway accounts for stimulated PAF 
synthesis.. It involves a phospholipase A2-catalyzed release of arachidonate from the sn-
22 position of an alkyl-PC, yielding the PAF-precursor lyso-PAF and the eicosanoid 
precursorr arachidonic acid. Lyso-PAF is converted into PAF by the esterfication with 
acetate,, which is catalyzed by a specific acetyl-CoA:lyso-PAF acetyltransferase (37). 
AA key role in the action of PAF is the binding to a unique G-protein-coupIed seven 
transmembranee receptor in the extracellular leaflet of the plasma membrane (38-40; and 
reviewedd in 33). In order to bind to the PAF receptor in a target cell, PAF must move 
fromm its site of synmesis in the cytosol to the exoplasmic leaflet of the plasma 
membrane.. Once present on the surface it has been suggested to interact with the PAF 
receptorr on a neighboring cell via a high affinity binding site on the surface of the 
signalingg cell (33). However, to reach the actual binding site in the receptor PAF must 
diffusee as a monomer across the intercellular space. Either way, PAF must be 
translocatedd from the cytosolic to the non-cytosohc leaflet of a cellular membrane. This 
mightt occur in the ER membrane, after which PAF is transported to the exoplasmic 
leaflett of the plasma membrane on the lumenal side of transport vesicles. However, 
usingg a direct assay to measure transport of radiolabeled PAF into the medium, we here 
providee evidence for an alternative mechanism: PAF can be translocated directly across 
thee plasma membrane by MDR1 Pgp. 

MATERIA LL  AND METHOD S 

Material s s 

Brefeldinn A, D,L-buthionine (S,R)-sulfoximine (BSO), bovine serum albumin fraction 
VV (BSA), cyclosporin A, glutathione-ethylester (reduced), and phospholipase C, type 
IXX from B. cereus, were from Sigma (St. Louis, MO). [Merfry/-MC]choline chloride (2 
GBq/mmol)) and indomethacin were purchased from ICN (Aurora, OH); [l4C]serine 
(5.599 GBq/mmol) was from Amersham (Bucks, UK); PSC833 was a kind gift of 
Novartiss (Basel, Switserland). 6-(N-(7-nitrobenz-2-oxa-l,3-diazol-4-
yl)aminohexanoyl)-sphingosinee (C6-NBD-ceramide) was from Molecular Probes 
(Eugene,, OR). l-0-alkyl-2-acetyl-^n-glycero-3-phosphocholine (PAF) was from 
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Avantii  Polar Lipids (Alabaster, AL). Pefabloc, organic solvents and silica TLC plates 
weree from Merck (Darmstadt, Germany). Cell culture media were from Gibco (Paisley, 
UK).. Sep-pak CI8 reversed-phase columns were purchased from Waters (Milford, 
MA). . 

Synthesiss of AAG 

1.255 mg PAF was incubated in 2.5 ml 6.25 mM CaCL, 100 mM Tris-HCL pH 6.3 
containingg 5.5 U phospholipase C for 4 h at 37°C. After the incubation, lipids were 
extractedd and separated by TLC as for PAF (see below). PAF and AAG were visualized 
onn silica TLC-plates by iodine-staining. AAG was scraped and recovered from silica by 
extractionn for 1 h with 10 ml chloroform-methanol (2:1). Under these conditions, PAF 
wass completely converted to AAG. 

Celll  culture 

LLC-PK11 cells transfected with human MDR1 cDNA (LLC-PK1/MDR1) were 
obtainedd from A. Schinkel (41). LLC-PK1 pig kidney epithelial cells transfected with 
humann MRP I cDNA (LLC-PK1/MRP1) were a kind gift of R. Evers (42). Cells were 
culturedd (mycoplasma-free) in Ml99 medium supplemented with 10% FCS as 
describedd (40). For experiments, 2 x 10*  cells were seeded on 4.7 cm2 filters glued to 
thee bottom of plastic rings ("Transwell" 0.4 urn pore diameter, Costar, Cambridge, MA) 
andd were grown as monolayers for 4 days. Inhibitors were added to the medium 20 min 
priorr to the transport incubation from l.OOOx stocks in ethanol. They remained present 
throughoutt the transport incubation. Glutathione depletion was performed as before 
(11).. Apical medium was 1 ml, basolateral medium was 2 ml throughout. 

Assayy for  lipid transport 

AAG.AAG. Cell monolayers on filters were preincubated in Hanks' balanced salt solution 
withoutt bicarbonate, 10 mM Hepes, pH 7.4 (HBSS') containing 0.1% w/v BSA 
(HBSS'+0.1%% BSA) for 1 h at 37°C to reduce intracellular choline pools. AAG (25 uM 
finalfinal concentration) was complexed to BSA by injection of 10 p.1 of an ethanolic 
solutionn of the precursor into 3 ml HBSS'+0.1% BSA. 15 KBq/ml [14C]choline was 
addedd and cells were incubated in this medium for 1 h at 37°C. Subsequently, the apical 
andd basal medium were collected and replaced with HBSS' containing 1% BSA 
(HBSS'+1%% BSA) and incubated for 1 h at 37°C in order to allow further synthesis and 
transport,, and depletion of newly synthesized PAF from the cell surface. Apical 
mediumm and basal medium were collected, the cells were washed in HBSS'+1% BSA 
forr 30 min on ice and the corresponding media were pooled. 150 îM Pefabloc was 
presentt in all media in order to inhibit PAF-hydrolysis (43). The lipids were extracted 
fromm media plus wash solutions and from filters (cells), and the radiolabeled lipids 
weree quantitatively analyzed (see below). Transport of each lipid class to the apical and 
basolaterall  cell surface was calculated as the percentage of that lipid being recovered in 
thee apical and basal medium, respectively. 

CfNBD-ceramide.CfNBD-ceramide. C6-NBD-ceramide was complexed to BSA by injection of 10 ul of 
ann ethanolic ceramide stock into 3 ml HBSS'+1% BSA, final concentration 5 uM. It 
wass added to both sides of epithelial monolayers on filters for 3 h at 15°C as described 
beforee (8). During the incubation, newly synthesized short-chain GlcCer and SM 
appearingg on the cell surface were depleted from thé surface into the medium by BSA. 
Afterr 3 h, the apical medium and basal medium were collected and the cells were 
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washedd in HBSS'+1% BSA for 30 min on ice. The lipids were extracted from media 
pluss wash solutions and from filters, and quantitatively analyzed (see below). Transport 
wass calculated as above. 

Extractionn of PAF from cell homogenates by BSA 

Confluentt cell monolayers in 3 cm dishes were incubated with AAG and [l4C]choline as 
describedd for cells on filters. After 1 h the cells were cooled on ice, scraped in HBSS' 
withoutt BSA and disrupted by 20 passages through a 23-gauge needle. The 
homogenatee was incubated in HBBS' with varying concentrations of BSA, as indicated 
inn Table 1, for 30 min on ice. After 30 min the solution (3 ml) was layered on top of 2 
mll  0.4 M sucrose in HBSS' and spun at 4°C for 1 h at 38,000 rpm in a SW-51 rotor. 
Fractionss of 3 ml (BSA fraction), 1 ml (interphase) and 1 ml (membrane fraction) were 
collectedd starting from the top and lipids were extracted and analyzed as described 
below. . 

Sphingomyelinasee assay 

Deliveryy of SM to the cell surface was assayed by a sphingomyelinase assay (44). 
Cellularr SM was labeled at 37°C for 3 h with 1 uCi [,4C]serine/ml HBSS', after which 
thee cells were incubated for 1 h at 15°C with or without 1U exogenous 
sphingomyelinase/mll  HBSS'. The percentage SM that was hydrolyzed is used as a 
measuree of SM transport to the cell surface. 

Tablee 1. Extraction of PAF by BSA from membranes 

BSA(%) ) 

0 0 

0.1 1 

1 1 

2 2 

2 2 

BSAA fraction 
1 1 

666 3 

877 5 

877 3 

[14C]PAFF (%) 

Interphase e 
2 2 

4 4 

1 1 

3 3 

Membranee fraction 
877 2 

133 2 

1 1 

1 1 

[14C]PCC (%) 

11 1 0 0 999 1 

Confluentt LLC-PK1 cells in dishes were incubated with 25 uM AAG and 15 kBq [14C]choline 
forr 1 h at 37°C. Cells were scraped and a homogenate was prepared as described under 
Methods.. The homogenate was incubated with different concentrations of BSA (0-2% w/v) for 
300 min on ice. After the incubation, membranes were separated from the BSA fraction by 
pelletingg through a sucrose-cushion. Lipids from each fraction were extracted and quantified as 
described.. Data are expressed as the percentage of PAF or PC recovered from each fraction. 
PAFF synthesis was typically 15 Bq/dish. PC synthesis was 450 Bq/dish. Data represent the 
meanss of 2 independent experiments (  s.d; n=3-4). 
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Lipi dd analysis 

AAG.. Lipids were extracted from cells and media by a two-phase extraction according 
too Bligh and Dyer (45). The organic phase was dried under nitrogen. Lipids were 
dissolvedd in 20 ul chloroform:methanol (1:2) and applied to a 2 ml Sep-pak CI8 
reversedd phase column, which was then air-dried for 5 min. The waterphase was also 
appliedd to the Sep-pak column in order to recover PAF present in the waterphase. 
Subsequently,, lipids were eluted with 8.5 ml watenmethanol (1:7). This allows for the 
separationn of long-chain lipids, which are retained on the column and short-chain 
lipids,, which are eluted. The collected eluate was dried under nitrogen, and the lipids 
weree separated by one dimensional TLC using chloroform:methanol:water (65:35:5). 
Radiolabeledd spots were detected by exposure to phosphor-storage screens and read-out 
onn a Storm phosphorimager (Amersham). Spots were identified by comparison to 
standardss and quantified using the Image Quant Software Package (Molecular 
Dynamics,, Sunnyvale, CA). 

CC66-NBD-ceramide.-NBD-ceramide. Lipids were extracted from cells and media by a two-phase 
extractionn and lipid products were separated in two dimensions by TLC as before (45). 
Fluorescentt spots were quantified using a Storm Fluorimager (blue fluorescence) and 
Imagee Quant. 

RESULTS S 

Synthesiss of PAF from exogenous AAG in LLC-PK 1 cells 

Too generate intracellular PAF in LLC-PK1 cells, we adapted an approach to induce 
synthesiss of short-chain PC (46) and incubated cells with the PAF-precursor AAG and 
[[  4C]choline. Because of its short acyl chain AAG should diffuse across aqueous phases 
andd because its headgroup is not very polar it should rapidly diffuse over membranes. 
Thus,, AAG should reach the cytosolic leaflet of the ER membrane, where it should 
receivee [l4C]phosphocholine from CDP-[14C]choline by means of the 
cholinephosphotransferasee in the PC synthetic pathway yielding radiolabeled PAF. 
Whenn after 1 h at 37°C the lipids were extracted from cells and media, fractionated on a 
Sep-pakk CI8 column and separated by TLC, PAF synthesis was indeed observed in 
LLC-PK11 cells, but only when AAG was present in the medium (Figure 1). Increasing 
thee BSA concentration from 0.1% to 1%, completely abrogated PAF synthesis (not 
shown),, probably by reducing the efficiency of AAG uptake. 1% BSA did not inhibit 
thee uptake of Ch-NBD-phosphatidic acid used as a precursor in Cfi-NBD-PC transport 
experimentss (8). The data show that exogenous AAG triggered PAF synthesis via the 
dede novo pathway. 

Extractionn of PAF from cellular  membranes by BSA 

Subsequently,, we defined conditions where BSA can be used to monitor the presence 
off  PAF on the epithelial cell surface by quantitatively extracting PAF into the medium 
(8,, 47). LLC-PK1 cells were labeled for 1 h at 37°C with AAG and [l4C]choline, 
homogenizedd and incubated with BSA (0-2%) for 30 min on ice. Subsequently, 
membraness were separated from the BSA-containing medium (and cytosol) by pelleting 
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Figuree 1. Synthesis of PAF in LLC-PK 1 cells. 

Afterr choline depletion for 1 h, LLC-PK1 cell monolayers were incubated with or without 
AAGG and ['"CJcholine for 1 h at 37°C. After separation of single-chain and short-chain 
phospholipidss from phospholipids containing two long chains on a re versed-phase column, the 
formerr lipids were analyzed on a TLC plate by comparison to choline-lipid standards (PC, 
phosphatidylcholine;; SM, sphingomyelin; RfPAP = 0.24). PAF synthesis from 15 KBq 
[,4C]cholinee was 13  2 Bq (n=16). PC synthesis was 400  40 Bq (  s.d.; n=6). 

throughh sucrose. The BSA-, interphase-, and membrane fractions were collected and 
analyzedd for lipid content. Without BSA, roughly 90% of PAF was in the membrane 
fractionn (Table 1). However, 1% BSA in the incubation medium released close to 90% 
off  PAF. The fraction of PAF remaining with the membranes, 4%, may seem 
unexpectedlyy low, as part of PAF might have been protected on the lumenal side of 
closedd vesicles. However, it unequivocally shows that PAF is efficiently extracted from 
membraness by BSA, even at 0°C, unlike other lipids like natural long-chain PC that 
remainedd fully membrane-associated. The specific extractability of PAF from 
membraness provides the possibility to study PAF transport to the cell surface by BSA 
extractionn into the medium. Increasing the BSA concentration to 2% did not further 
increasee the extraction efficiency, suggesting that cell surface PAF is extracted 
quantitativelyy with 1 % BSA, a concentration that was used throughout this study. 

Increasedd transport of PAF to the surface of LLC-PK1/MDR 1 cells 

Inn order to study possible roles for MDR1 Pgp and MRP1 in the transport of PAF to the 
celll  surface, we made use of transfected LLC-PK1 cells expressing high levels of 
MDR11 or MRP1. Confluent monolayers of LLC-PK1, LLC-PK1/MDR1 and LLC-
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PK1/MRP11 cells were incubated with AAG and [l4C]choline for 1 h at 37°C. To extract 
PAFF from the outer leaflet of the plasma membrane, the incubation was continued for 1 
hh in 1 % BSA, after which the cells were washed with BSA for 0.5 h on ice. Lipids were 
extractedd from the pooled apical media, the basolateral media and the cells, separated 
onn a C18 column and by TLC, and PAF in each fraction was quantified. In the non-
transfectedd LLC-PK1 cells 15% of total newly synthesized PAF was recovered from 
thee apical medium, and 21% from the basolateral medium (Figure 2). Thus, whereas 
mostt (64%) of the newly synthesized PAF was present in the cells, a significant 
fractionn had reached the outside medium. The same situation was observed for the 
LLC-PK1/MRP11 cells (Figure 2). However, apical transport of PAF increased from 
15%% in LLC-PK1 cells to 63% in the LLC-PK1/MDR1 cells. Basolateral transport was 
somewhatt reduced, showing that the increase in PAF transport was specific for the 
apicall  membrane where MDR1 Pgp is expressed (41). No PAF was found in apical 
mediumm without BSA (not shown). These data suggest that MDR1 Pgp can transport 
PAFF across the apical cell membrane. 
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Figuree 2. Transport of newly synthesized PAF to the apical and basolateral 
surfacee of LLC-PKl , LLC-PK1/MDR1 , and LLC-PK1/MRP 1 cells. 

Celll  monolayers on filters were incubated with AAG and [l4C]choline at 37°C After 1 h media 
weree collected and replaced for an additional hour at 37°C by media containing 1 % BSA, 
whichh was followed by a 30 min wash with 1 % BSA on ice. Apical and basolateral media and 
cellss were collected and their lipids were analyzed as described. Synthesis of PAF was typically 
133 Bq for the LLC-PKl, 14 Bq for LLC-PK1/MDR1, and 15 Bq for LLC-PK1/MRP1 cells. 
Dataa represent the means of 11 independent experiments (with s.d.=l; n= 10-22). 
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Reductionn of PAF transport by MDR1 inhibitor s 

Ass an independent test for an involvement of MDR1 Pgp, the PAF transport 
experimentss were repeated in the presence of the MDR1 inhibitors PSC833 and 
cyclosporinn A (8,48,49), or of indomethacin, an inhibitor of MRPs but not of MDR1 
Pgpp (11; Figure 3). The MDR1 Pgp inhibitors reduced transport of PAF into the apical 
mediumm of LLC-PK1/MDR1 cells by more than 80%, while PAF transport to the 
basolaterall  medium was unaffected. Interestingly, also in the control cells transport of 
PAFF to the apical medium was inhibited by the MDR1 drugs (Figure 3), suggesting that 
translocationn of PAF in these cells occurred by an endogenous transporter with similar 
propertiess as MDR1 Pgp, probably the pig mdrl Pgp. Although a small increase in 
transportt of PAF to the basolateral surface of LLC-PK1/MRP1 cells was observed 
(Figuree 2), indomethacin did not inhibit transport of PAF to either apical or basolateral 
membrane.. MRP1 was fully active, as shown in a control experiment using C6-NBD-
ceramidee carried out as under Materials and Methods. Indomethacin inhibited transport 

LLC-PK11 MDR1 

Figuree 3. Effect of MDR1 and MRP1 inhibitor s on PAF transport in LLC-PK 1 
andd LLC-PK1/MDR 1 cells. 

Monolayerss of LLC-PK1 and LLC-PK1/MDR1 cells were pre-incubated for 10 min at 37°C 
withoutt inhibitor, or with 5 uM PSC833, 10 uM Cyclosporin A or 20 uM indomethacin, 
followedd by a 2 h transport assay in the presence of the inhibitor. Transport of PAF to the apical 
orr basolateral surface of the cells was assessed as described under Materials and Methods. The 
inhibitorss had no effect on PAF synthesis (n=2-12). 
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off  the MRPl-substrate Cfi-NBD-GlcCer to the basolateral surface from 34  5% to 11
3%% (mean  s.d., n=4) without inhibition of apical transport and without effect on the 
transportt of CA-NBD-SM. In addition, depletion of glutathione, which is required for 
Cfi-NBD-lipidd transport by MRP1 in LLC-PK1/MRP1 cells (11), for 24 h by 25 uM 
BSOO inhibited basolateral transport of C6-NBD-GlcCer by more than 60%, from 34
5%% in control cells to 14  2% (n=4). However, transport of PAF to either apical or 
basolaterall  membrane was not affected. Together, these data show mat PAF transport 
too the cell surface correlated with the activity of MDR1 Pgp, but not with the activity of 
MRP1. . 

MDR11 translocates PAF at the plasma membrane 

Thee appearance of PAF on the surface of LLC-PK1/MDR1 cells may reflect the direct 
translocationn of PAF across the plasma membrane bilayer by MDR1 Pgp. 
Alternatively,, PAF might have been translocated by MDR1 Pgp across the membrane 
off  an intracellular organelle, followed by transport to the cell surface in the lumenal 
leaflett of transport vesicles and delivery to the outer leaflet of the plasma membrane by 
fusion.. In order to discriminate between these possibilities, PAF transport was 
determinedd in the absence of vesicular traffic. For this, LLC-PK1/MDR1 cells were 
pretreatedd with 1 ug/ml brefeldin A (BFA). BFA induces retrograde transport of Golgi 
enzymess to the ER, and inhibits vesicular transport from this mixed compartment (SO). 
Forr comparison, a sphingomyelinase assay was used to determine the transport of SM 
too the plasma membrane. SM is synthesized in the lumenal leaflet of the Golgi and is 
transportedd by vesicles (51). SM transport to both the apical (25-30%) and the 
basolaterall  plasma membrane (40-45%) was almost completely inhibited by BFA, 
whilee BFA did not alter the efficiency of transport of newly synthesized PAF to the cell 
surfacee (Figure 4). Both in the presence and in the absence of BFA, PSC833 inhibited 
PAFF transport by more than 80%. Thus, in the absence of vesicular transport, PAF 
reachedd the outer leaflet of the apical plasma membrane by a mechanism sensitive to an 
MDR11 Pgp inhibitor. This shows that PAF was translocated across the plasma 
membrane.. In addition, transport of PAF from the cytosolic leaflet of the ER membrane 
too the inner leaflet of the plasma membrane did not depend on vesicular transport: PAF 
cann reach the plasma membrane by monomelic transfer. 

DISCUSSION N 

PAFF synthesis and transport 

Thee signaling lipid PAF mediates a range of physiological processes. Primarily, it 
activatess target cells by binding to PAF-receptors on their surface. Possible intracellular 
roless for PAF have not been rigorously characterized (33). To learn how PAF signaling 
betweenn cells is regulated, we must understand the processes that determine die 
concentrationn of PAF at the surface of the target cell. These are: synthesis in the 
signalingg cell, transport to the outer leaflet of the plasma membrane and diffusion 
acrosss the aqueous phase to the target cell, and, finally, hydrolysis. PAF is hydrolyzed 
att various locations by two families of PAF acetylhydrolases (52). 

109 9 



ChapterChapter 6 

755 1 

500

255

c c 
£ £ 
c c 

i. i. 50 0 

255 " 

Apica l l 

 PAF 

^^ SM 

MMSMM M 

Basolateral l 

tvWAW M M 

LLC-PK1/MDR1 1 LLC-PK1/MDR11 + BFA 

Figuree 4. PAF transport in the absence of vesicular  traffic . 

Monolayerss of LLC-PK1/MDR1 cells were pre-incubated for 20 min at 37°C with or without 1 
ug/mll  brefeldin A. Transport of PAF (open bars) to the apical and basolateral cell surface in the 
presencee or absence of BFA was measured as in Figure 2. Transport of SM (dashed bars) to the 
surfacee was determined after 2 h at 37°C by measuring its accessibility to sphingomyelinase at 
15°CC (see Methods). PAF synthesis in the absence of BFA was typically 14  2 Bq, while 
synthesiss in the presence of BFA was somewhat lower (11  1 Bq; n=8). 

AA constitutive low level of PAF is synthesized by the de novo pathway and is thought 
too contribute to normal cellular function. The process may be regulated at the level of 
etherr lipid synthesis or at the dedicated lysoglycerophosphate acetyltransferase and 
cholinephosphotransferasee (35,36). In contrast, the stimulated PAF synthesis via the 
remodelingremodeling pathway is induced by cell-specific stimuli like the inflammatory mediator 
thrombinn (33). It can be triggered non-specifically by Ca2*-ionophores. After synthesis 
onn the cytosolic side of the ER (34), PAF can in principle reach the cell surface by 
translocationn across the ER membrane followed by vesicular traffic. However, the fact 
thatt PAF transport is not inhibited by BFA while SM transport via vesicles is virtually 
abolishedd (Figure 4) shows that PAF has free access to the cytosolic surface of the 
plasmaa membrane by an independent pathway, probably monomelic transfer, as could 
bee expected from the behavior of other short-chain lipids. From here, PAF can in 
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principlee reach the cell surface by translocation across the plasma membrane, and 
evidencee has been provided that this may occur by several mechanisms. 

Translocationn of PAF across the plasma membrane by MDR1 Pgp 

Itt was recently reported that PAF secretion into the medium of Ca2+-ionophore A23187 
activatedd human mesangial cells was inhibited, when (i) the cells were cultured in the 
presencee of various inhibitors of human MDR1 Pgp and (ii) when the expression level 
off  MDR1 Pgp had been reduced by antisense oligonucleotides (14). Unfortunately, 
transportt was measured as the absolute amount of PAF (ELISA) in the medium without 
quantitationn of PAF synthesis. Reduced synthesis may therefore have contributed to the 
decreasee in PAF secretion. In addition, 0.1% BSA was present in the medium, which is 
suboptimall  for PAF transport measurements, as it was reported that at 0.1% albumin 
PAFF secretion was 4 times lower than at 1% or 2% (47). Finally, concomitant A23187-
inducedd scrambling of the membrane phospholipids (47) was not studied. In the present 
paper,, we report that MDR1 Pgp mediates the transbilayer movement of chemically 
definedd radiolabeled PAF in unstimulated kidney epithelial cells. In accordance with its 
apicall  localization (41), MDR1 Pgp in transfected cells stimulated PAF transport across 
thee apical plasma membrane domain. PAF transport was independent of vesicular 
trafficc and was inhibited by the MDR1 Pgp inhibitors PSC833 and cyclosporin A. Also 
inn control LLC-PK1 cells PAF transport to the apical surface was inhibited by the 
MDR11 Pgp inhibitors (Figure 3), suggesting that the endogenous mdrl Pgp is 
sufficientlyy active to translocate PAF. In contrast, MRP1 expressed at the basolateral 
surfacee did not translocate the short-chain phospholipid PAF. 

PCC translocation by ABC transporters 

MDR33 Pgp was found to be a PC translocator in the bile canalicular membrane when 
micee lacking Mdr2 (the mouse homolog of human MDR3 Pgp) displayed a deficiency 
inn transport of PC into the bile. Mouse Mdrl Pgp (the homolog of human MDR1 Pgp) 
didd not rescue PC transport, suggesting that Mdrl Pgp can not mediate the translocation 
off  PCs (6). Indeed, MDR1 Pgp, in contrast to the PC translocator MDR3 Pgp, seemed 
unablee to translocate short-chain Q-NBD-PC (7). However, later studies showed that 
humann MDR1 and mouse Mdrl a Pgp do mediate the translocation of Cft-NBD-PC (8), 
C12-NBD-PCC (10), and C^-PC, and other classes of short-chain lipids (8). Here we 
showw that, in addition, MDR1 Pgp translocates the natural short-chain PC l-O-alkyl-2-
acetyl-PC,, PAF. The fact that MDR1 Pgp is able to translocate a variety of short-chain 
PCss predicts that other short-chain PCs with PAF activity, like peroxidation products 
(33),, are natural substrates as well. 

Alsoo MRP1 has been reported to translocate short-chain C6-NBD-PC (12), and might 
bee involved in regulating me asymmetric distribution of PC and SM in the erythrocyte 
membranee (13). However, we observed no translocation of C6-NBD-PC nor of C„Cg-PC 
inn LLC-PK1/MRP1 cells (11), and MRP1 that was functionally expressed in the 
basolaterall  membrane of these cells as evidenced by transport of Cfi-NBD-GlcCer did 
nott mediate the transbilayer movement of the short-chain PC PAF. In line with this, 
exogenouss PAF inhibited drug transport by MDR1 Pgp and not by MRP1 (14). 
However,, these findings cannot be directly extrapolated to imply that PAF is an MDR1 
substratee because the molecular mechanism of the inhibition was not clarified. 
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Alternativ ee mechanisms of PAF translocation 

Thee agents that activate cells and stimulate PAF synthesis via the remodeling pathway 
alsoo induced rapid transbilayer movement of PAF across the plasma membrane of 
endotheliall  cells (53) and neutrophils (47). These agents, the action of which can be 
mimickedd by the Ca2+ ionophore A23187, have been shown to disrupt the asymmetrical 
arrangementt of the plasma membrane lipids exposing the procoagulant and 
proapoptoticc phosphatidylserine on the cell surface (47), probably via activation of a 
scramblase.. Like phosphatidylserine, PAF may reach the outer leaflet of the plasma 
membranee via the lipid scrambling event. 

Inn the present study, a significant amount of PAF reached the basolateral medium of all 
LLC-PK11 cells (Figures 2-4). This was not due to PAF synthesis on the cell surface 
(46),, as on a short timescale [l4C]choline is selectively incorporated intracellularly by 
thee de novo pathway. Because the process continued in the absence of vesicular 
transportt (Figures 2 and 4), it must involve PAF translocation across the basolateral 
membrane.. The process was independent of the presence or activity of MDR1 Pgp and 
MRP1,, because it was not inhibited by PSC833, cyclosporin A and indomethacin, nor 
byy glutathione depletion. Possibly, the translocation of PAF across the basolateral 
membranee is related to the MDR-independent outward PC translocation (t1/2=20 min) 
thatt was measured in erythrocytes (54). In contrast, inward translocation of both PAF 
andd PC across the erythrocyte membrane is very slow (tl/2>10 h; 55,56). 

Physiologicall  relevance of PAF translocation by MDR1 Pgp 

MDR11 Pgp is expressed in a wide variety of cells, but occurs at high levels in the apical 
membranee of endothelial and epithelial cells. It is therefore well possible that MDR1 
Pgpp translocates PAF from the endothelium towards the blood and from the epithelia 
intoo the lumen of the various organs, like the lung (57), the kidney and the intestine. 
Interestingly,, the absence of Mdrla in a knock-out mouse has been related to 
inflammatoryy bowel disease (58). In contrast to the scramblase, MDR1 Pgp would be 
involvedd in the secretion of constitutively synthesized PAF from unstimulated cells. It 
iss unclear whether MDR1 Pgp activity can be regulated e.g. by posttranslational 
modifications,, but phosphorylation/dephosphorylation mechanisms do not seem to play 
ann essential role in regulation of MDR1 Pgp activity and the concomitant multidrug 
resistancee phenotype (59,60). In the case that MDR1 Pgp activity is not regulated, 
MDR11 Pgp transport of PAF to the cell surface may be constitutive and be regulated by 
thee level of synthesis of PAF and/or MDR1 Pgp. 

MDR11 Pgp is recognized for its overexpression in various tumors. This overexpression 
mayy increase PAF transport to the surface of these cells, and thereby enhance PAF 
signaling.. It was shown that the medium of the breast epithelial tumor cell line MCF7, 
knownn to overexpress MDR1 Pgp (61), induced angiogenesis, and that PAF, 
synthesizedd by the cells and present in the medium of these cells, was responsible. It is 
temptingg to speculate that the presence of PAF in the medium was due to the high 
MDR11 Pgp expression in these cells. Inhibitors of MDR1 Pgp may therefore not only 
makee the cells more sensitive to chemotherapy but may interfere with angiogenesis as 
well. . 
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