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Abstract

The canalicular (apical) membrane of the hepatocyte con-
tains an ATP-dependent transport system for organic an-
ions, known as the multispecific organic anion transporter
(cMOAT). The deduced amino acid sequence of cMOAT is
49% identical to that of the human multidrug resistance-
associated protein (MRP) MRP1, and cMOAT and MRP1
are members of the same sub-family of adenine nucleotide
binding cassette transporters. In contrast to MRP1, cMOAT
was predominantly found intracellularly in nonpolarized
cells, suggesting that cMOAT requires a polarized cell for
plasma membrane routing. Therefore, we expressed cMOAT
c¢DNA in polarized kidney epithelial MDCK cell lines. When
these cells are grown in a monolayer, cMOAT localizes to
the apical plasma membrane. We demonstrate that cMOAT
causes transport of the organic anions S-(2,4-dinitrophenyl)-
glutathione, the glutathione conjugate of ethacrynic acid,
and S-(PGA,)-glutathione, a substrate not shown to be trans-
ported by organic anion transporters previously. Transport
is inhibited only inefficiently by compounds known to block
MRP1. We also show that cMOAT causes transport of the
anticancer drug vinblastine to the apical side of a cell mono-
layer. We conclude that cMOAT is a 5'-adenosine triphos-
phate binding cassette transporter that potentially might be
involved in drug resistance in mammalian cells. (J. Clin. In-
vest. 1998. 101:1310-1319.) Key words: cMOAT .« drug resis-
tance - glutathione S—conjugate « MRP « routing

Introduction

Membrane proteins belonging to the ATP-binding cassette
(ABC)! family of transport proteins play a central role in the
defense of prokaryotic and eukaryotic cells against toxic com-
pounds (1-3). This is illustrated by multidrug resistant (MDR)
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cells, resistant against a range of drugs with different cellular
targets. Thus far, two members of the ABC-transporter family
have been identified that render human cancer cells MDR: the
MDR1 P-glycoprotein (Pgp) and the multidrug resistance—
associated protein (MRP1; for review see references 4-6).
Both were discovered through their overexpression in MDR
tumor cell lines and both confer resistance by decreasing the
intracellular concentration of cytotoxic drugs.

Whereas Pgp transports substrates in an unmodified form,
MRPI overexpression is associated with an increased ATP-
dependent glutathione S—conjugate transport activity (7, 8).
Experiments with inside-out membrane vesicles indicated that
MRP1 is able to transport a range of substrates that are conju-
gated to glutathione (GSH), glucuronide, or sulfate (9-13).
Transporters with these characteristics are known as GS-X
pumps (14), multispecific organic anion transporters (MOAT;
15), or leukotriene C, (LTC,) transporters (16).

MRPI expression is found in all major organs analyzed and
in all cell types from peripheral blood (17, 18). Expression of
MRPI in the liver is low (17, 19) and the protein was found in
the lateral membranes of hepatocytes (20). Lateral localization
of MRP1 was also observed in polarized pig kidney cells stably
transfected with MRPI cDNA (21). It is known, however, that
the canalicular membrane of the hepatocyte contains a rela-
tively high ATP-dependent transport activity for organic an-
ions (22, 23). This activity is known as the canalicular multispe-
cific organic anion transporter (cMOAT). Comparison of
mutant rats (TR7/GY) lacking this transport activity with wild-
type rats has shown that cMOAT, like MRP1, transports a
wide range of glutathione, glucuronate, and sulphate conju-
gates (for review see reference 24). Recently, several groups
cloned the cDNA encoding rat cmoat (also called mrp2; refer-
ences 25-27). Immunostaining revealed that cmoat is predomi-
nantly present in the hepatocanalicular membrane. In the TR™
rat, a single-nucleotide deletion in cmoat resulted in a frame
shift, reduced mRNA level, and absence of the protein (25).
Transient transfection of cmoat cDNA in COS cells resulted in
export of S-(2,4-dinitrophenyl)-glutathione (DNP-GS) out of
the cell, confirming that cmoat causes organic anion transport
(reference 28; Paulusma, C.C., and R.P.J. Oude Elferink, un-
published results).

We and others recently cloned human cMOAT cDNA (29,
30). The deduced amino acid sequence showed 78% identity
with rat cmoat and 49% with human MRP1, respectively. Hu-

1. Abbreviations used in this paper: ABC, 5'-ATP-binding cassette;
CDNB, 1-chloro-2,4 dinitrobenzene; cMOAT, canalicular multispe-
cific organic anion transporter; CMV, cytomegalovirus; DNP-GS,
dinitrophenyl glutathione; EA-GS, ethacrynic acid glutathione; GSH,
glutathione; GST, glutathione S—transferase; MDR, multidrug resis-
tance; MRP, MDR-associated protein; Pgp, P-glycoprotein.



man cMOAT, like rat cmoat, is mainly present in the liver (30,
31). Attempts to functionally characterize cMOAT in several
nonpolarized cells were hampered by the fact that the protein
was mainly found intracellularly and not in the plasma mem-
brane (our unpublished results), suggesting that cMOAT re-
quires a polarized cell for plasma membrane routing. We have
shown before that the expression of cDNAs for other trans-
porters in polarized cells yields valuable information about the
transport characteristics of these proteins (21, 32, 33). To study
whether expression of cMOAT cDNA in a polarized cell line
results in an active transporter we have transduced polarized
Madin-Darby Canine Kidney (MDCK) cells with a retrovirus
containing cMOAT cDNA. We describe here that cMOAT is
present in the apical plasma membrane of the transduced
MDCK cells, where its presence causes transport of several
glutathione S—conjugates and the anticancer drug vinblastine.

Methods

Materials. ["*C]-1-chloro-2,4-dinitrobenzene (['*C]JCDNB; 10 Ci/mol),
[*H]daunorubicin (4 Ci/mmol), inulin-[**C] carboxylic acid (5.95 Ci/
mol, molecular mass ~ 5,200 [g/mol]), [*H]vinblastine (12 Ci/mol,
[5,6(n)-*H] Prostaglandin E; (PGE;; 43 Ci/mmol), and ["*C]Eth-
acrynic acid (15 Ci/mol) were obtained from Amersham Interna-
tional (Little Chalfont, UK). Dinitrophenyl[glycine-2-*H]glutathione
(DNP-[*H]GS; 1 Ci/mol) was prepared as described (34). The radio-
active conjugate of EA (2, 3-dichloro-4-[2-methylene-1-1-oxobu-
tyl]phenoxylacetic acid) was synthesized from [“C]JEA and glu-
tathione as described (35, 36). [P'H|PGA, was freshly prepared from
[PH]PGE; by acid-catalyzed dehydration in water-acetic acid-85% or-
thophosphoric acid (10:3:2) as described previously (37). After dehy-
dration the incubation mixture was extracted with ethyl acetate, vac-
uum dried, and dissolved in ethanol (96%). Other chemicals and
drugs were from Sigma Chemical Co. (St. Louis, MO).

Cell lines. The kidney-derived MDCK cell clones strain I (MDCKI;
reference 38) and strain IT (MDCKII; reference 39) were cultured in
DME with 10% FCS. A HindIII-Ncol DNA fragment containing the
complete predicted cMOAT open reading frame (GenBank acces-
sion number U49248; reference 30) was inserted in the retroviral vec-
tor (pCMV)-neo (40), resulting in pCMV-cMOAT. The retroviral
packaging cell line Phoenix (kindly provided by G.P. Nolan, Stanford
University Medical Center, Stanford, CA; reference 41) was cultured
in Iscoves medium with 10% FCS. Cells were transfected using the
calcium phosphate coprecipitation protocol using a transfection kit
(GIBCO BRL, Gaithersburg, MD). At 16 h after transfection, the
medium was changed and growth was continued for 24 h. Cells were
seeded at a dilution of 1/10 and the next day the virus containing
supernatant was collected and frozen at —20°C. For transduction of
MDCK cell lines, 2 X 10° cells were incubated with a 5 ml 1/10 diluted
virus stock containing 30 pg Transfection Reagent (DOTAP; Boeh-
ringer Mannheim, Mannheim, Germany). After 10 h, the medium
was changed and fresh medium was added. 48 h after infection cells
were trypsinized and seeded at dilutions from 1/4-1/64. Stably
transduced cells were selected for 2-3 wk in medium with G-418 at 800
pg/ml.

Immunocytochemistry. Cells were grown on microporous poly-
carbonate membrane filters (3 wm pore size, 24.5 mm diameter, Trans-
well™ 3414; Costar Corp., Cambridge, MA) at a density of 2 X 10°
cells per well as described previously (21). For confocal laser scanning
microscopy, cells were washed in PBS and fixed for 10 min in 3%
(vol/vol) formaldehyde in PBS at room temperature, followed by per-
meabilization with 1% (vol/vol) Triton X-100 for 5 min. Filters were
incubated with mAb M,-11I-6 (undiluted; reference 25) for 60 min at
room temperature. Antibody binding was detected with a FITC-
labeled sheep anti-mouse IgG (1:50; Boehringer Mannheim). Filters
were mounted with Vectashield (Vector Laboratories, Inc., Burlin-

game, CA) containing propidium iodide (1 pg/ml) for counterstaining
of nucleic acids. Cells were examined with a MRC-600 confocal mi-
croscope (Bio-Rad, Hertfordshire, UK), coupled to a Nikon micro-
scope equipped with a X60 objective. For immunoelectron micros-
copy, cells were grown on plastic and fixed in a mixture of 4% (wt/
vol) paraformaldehyde and 0.5% (vol/vol) glutaraldehyde in 0.1 M
phosphate buffer (pH 7.2). Cells were scraped from plastic and em-
bedded in 10% (wt/vol) gelatin in PBS. Ultrathin frozen sections
were incubated with mAb M,-I11-6 (undiluted), followed by rabbit
anti-mouse IgG (1:40) and goat anti-rabbit IgG (1:40) linked to 10
nm gold particles (Amersham, Den Bosch, The Netherlands). Incu-
bations were for 1 h at room temperature. After immunolabeling, the
cryosections were embedded in methylcellulose/uranylacetate and
examined with a Philips CM10 electron microscope (Philips, Eind-
hoven, The Netherlands).

Transport assays. Export of [“C]DNP-GS (dinitrophenyl GSH)
from cells was determined by incubating cells with [**C]CDNB as de-
scribed previously (21). Briefly, cells were grown on polycarbonate
filters (see immunocytochemistry; 12 mm diameter filters were used
for the experiment described in Table IIT) for 3-4 days. 2 ml of me-
dium (room temperature) containing 2 uM [*C]CDNB was applied
to both the apical and basal compartment of the monolayer and 200-
wl aliquots were taken at various time points. After extraction with
200 wl of ethyl acetate to remove [*C]JCDNB not converted into
[“C]DNP-GS, radioactivity in 160 pl of the water phase was deter-
mined by liquid scintillation counting. The amount of radioactivity
was corrected for the decrease in volume of culture medium. To de-
termine intracellular radioactivity, cells were washed with cold PBS,
filters were cut from the plate and counted directly in liquid scintilla-
tion fluid. We have shown before that 70-90% of radioactivity di-
rectly measured in cells on filters was extractable [*C]DNP-GS (21).
In case inhibitors were used during the incubation period, cells were
first incubated with medium containing inhibitor at 37°C in 5% CO,
for 10 min before adding substrate.

Export of [PHJPGA;-GS was determined by washing cells in
HBSS (5.6 mM glucose, 10 mM Hepes, 5.4 mM KCI, 143 mM NaCl,
1.3 mM CaCl,, 0.4 mM MgSO,, 0.5 mM MgCl,, 0.42 mM NaHCO;,
0.44 mM KH,PO,, 0.34 mM Na,HPO,, pH 7.4). 2 ml HBSS contain-
ing 1 uM [PH]PGA, was added to both sides of the monolayer and
cells were incubated at 37°C. Samples (200 wl) were taken after vari-
ous time points and extracted twice with an equal volume of ethyl ac-
etate. Sample analyses were as for [“*C]DNP-GS. In case samples
were acidified with 2% formic acid before extraction as described
previously (42), essentially the same results were obtained as without
acidification.

[*H]Daunorubicin and [*H]vinblastine transport assays were car-
ried out exactly as described (21, 32). Cells were seeded on mi-
croporous polycarbonate membrane filters (see above). The experi-
ment was started (t = 0) by replacing the medium at either the apical
or the basal side of the cell layer with 2 ml of complete medium con-
taining 2 pM of drug (at 0.25 wCi/ml), and ['*C]-labeled inulin (0.025
wCi/ml, 4.2 uM). The cells were incubated at 37°C in 5% CO, and 50
wl aliquots were taken from each compartment at various time points.
Radioactivity was measured as the fraction of total radioactivity
added at the beginning of the experiment. The paracellular flux was
monitored by the appearance of inulin ["*C]carboxylic acid in the op-
posite compartment.

Preparation of membrane vesicles and vesicle uptake studies.
Cells from 20 tissue culture dishes (diameter 15 cm) were washed in
PBS and incubated for 1 h in Cell Dissociation Solution (a nonenzy-
matic formulation for dislodging cells from plastic; Sigma Chemical
Co.) at 37°C. After collecting the cells they were harvested by centrif-
ugation at 180 g for 5 min at 4°C, and washed twice in ice-cold PBS.
The pellet was diluted in 30 ml hypotonic buffer (250 mM mannitol,
20 mM Tris/Hepes pH 7.4, 1 mM PMSF, leupeptin, aprotinin, pepsta-
tin [1 pg/ml each]), and incubated for 30 min in the presence of 250 U
of Benzonase (Merck USA, Hawthorne, NY) on ice. The cell lysate
was homogenized with a Dounce B homogenizer (glass/glass, tight
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Figure 1. Western blot with total cell lysates from MDCKI and
MDCKII derived clones. 2 and 20 pg of protein was size fractionated
in a 7.5% polyacrylamide gel containing 0.1% (wt/vol) SDS. After
electroblotting, cMOAT was visualized by staining with mAb M,-111-
6. Protein—antibody interaction was detected using the enhanced
chemiluminescence technique. The identity of the cell lines analyzed
is indicated over the lanes.

pestle, 50 strokes) and centrifuged at 2,000 g for 10 min at 4°C. The
supernatant containing the crude membrane fraction was layered on
top of a 38% (wt/vol) sucrose solution in 20 mM Tris/Hepes (pH 7.4),
1 mM EDTA and centrifuged in a Beckman SW41 rotor at 150.000 g
for 2 h at 4°C. The turbid layer at the interphase was collected, di-
luted to 13 ml with TS buffer (10 mM Tris-Cl [pH 7.4], 250 mM su-
crose), and centrifuged at 150.000 g for 30 min at 4°C. The resulting
pellet was suspended in 300 wl of TS buffer, and vesicles were formed
by passing the suspension 30 times through a 25-gauge needle with a
syringe. Vesicles were frozen in liquid nitrogen and stored at —80°C.
Transport of DNP-[*'H]GS and [**C] ethacrynic acid glutathione
(EA-GS) was measured by the rapid filtration technique using nitro-
cellulose filters (0.45 wm pore size; Schleicher & Schuell, Inc., Keene,
NH) presoaked in TS buffer (8, 13). The reaction buffer was TS sup-
plemented with 4 mM ATP, 10 mM MgCl,, 10 mM creatine phos-
phate, 100 pg creatine kinase per ml, and the indicated amount of
substrate. Vesicles (20 g of protein) were rapidly thawed and added
to the reaction mixture in a total volume of 110 wl at 30°C with
[“C]JEA-GS or at 37°C with DNP-[*H|GS as the substrate, respec-
tively. Samples of 20 wl were taken at the indicated time points, di-
rectly applied to the membrane filters, and rinsed with 5 ml of ice-
cold TS buffer. Filters were placed in liquid scintillation fluid, and
radioactivity was measured by liquid scintillation counting.

Results

Generation of MDCK cells expressing human cMOAT. To make
stable cMOAT expressing clones in MDCK cells we cloned the
c¢cMOAT cDNA behind the CMV promoter in the retroviral
vector pCMV-neo, which contains the bacterial neo gene for
selection with G-418 (40). pCMV-cMOAT was transfected
into the amphotropic retroviral packaging cell line Phoenix.
Retrovirus produced by the packaging cells was used to trans-
duce the dog kidney derived cell lines MDCKI (38) and -11
(39), and after 2 wk of selection with G-418, 50 clones from
each transduction were picked and analyzed for the presence
of cMOAT protein. For detection we used the mAb M,-111-6
(25). This mAb was raised against rat cmoat, but it recognizes
human cMOAT in both Western blotting and immunocy-
tochemistry experiments with high specificity (30, 31). By
Western blot analysis of crude membrane fractions with this
antibody we identified several clones with a substantial
amount of cMOAT (Fig. 1). No signal was detectable in wild-
type MDCKI cells, but after prolonged exposure a weak band
was observed in wild-type MDCKII cells with a slightly lower
mobility than cMOAT. This might either represent canine
cMOAT or another canine protein to which this mAb cross re-
acts.

Immunolocalization of cMOAT in MDCKII cells. The sub-
cellular distribution of cMOAT was determined in MDCKII-
MOAT17 cells, which gave the strongest signal in Western
blots. Cells were grown to confluency on microporous mem-
brane filters to establish optimal polarization and cMOAT was
visualized by indirect immunolocalization using confocal laser
scanning microscopy (CLSM). Clear staining was observed in
~ 50% of the cells (Fig. 2 A), whereas MDCKII wild-type cells
stained only very weakly (Fig. 2 B). Examination of the
MDCKII-MOAT17 cells at a plane perpendicular to the mem-
brane filter showed that cMOAT immunostaining was confined
to the apical plasma membrane, although some intracellular
staining was observed in some cells as well (Fig. 2 A). To verify
that the apical staining of cMOAT was due to localization in
the plasma membrane and not in a subapical compartment, we
performed immunoelectron microscopy. Ultrathin frozen sec-
tions of MDCKII-MOAT17 and parental cells were cut per-

Figure 2. Immunolocalization of cMOAT in MDCKII monolayers by confocal laser-scanning microscopy. cMOAT was detected by indirect im-
munofluorescence (FITC; green signal) with mAb M,-I11-6. Nucleic acids were detected using propidium iodide (red signal). The upper part of
each panel shows the top view of the monolayer. The lower part shows an optical section perpendicular to the plane of the cell layer. (A) Conflu-
ent MDCKII-MOAT17 cells; (B) confluent MDCKII wild-type cells; (C) incubation as in A, but MDCKII-MOAT17 cells were seeded at a 1:20
dilution and incubated with antibodies as in A after culturing overnight. Bar, 25 pm.
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pendicular to the monolayer and incubated with mAb M,-1I1-6,
followed by rabbit anti-mouse IgG linked to 10 nm gold parti-
cles. Most signal was detected in the microvilli of the apical
membrane (Fig. 3 A), whereas the basolateral plasma mem-
brane was hardly labeled. Some apical staining was also ob-
served in the MDCKII parental cells (Fig. 3 B). Comparison of
the absolute amounts of gold particles counted in MDCKII-
MOAT17 and parental cells demonstrated that the numbers of
intracellular gold particles were comparable between the two
cell lines, whereas about 10-fold more gold particles were
found in the apical membrane of the MDCKII-MOAT17 cells
(Table I). We conclude that most of the cMOAT molecules in the
MDCKII-MOAT17 cells are localized in the apical membrane.

Figure 3. Detection of cMOAT in ultrathin cryosections of MDCKII
cells by immunoelectron microscopy. (A) Section of MDCKII-
MOAT17 cells labeled with mAb M,-I11-6 to detect cMOAT, showing
the apical (a), lateral (/), and basal surface (b). Most gold particles are
present over the microvilli forming the apical membrane. (B) Same as
A, but with MDCKII parental cells. Weak labeling of the apical
surface is present. Bars, 300 nm. (C) MDCKII-MOAT17 cells were
seeded at a low density and processed as in A. A cell with an intracel-
lular structure with many microvilli (thick arrow) is shown. The surface
originally facing the culture flask (), the surface facing the medium
(a), and the nucleus (n) are indicated. Bar, 1 pm. (Inset) Higher mag-
nification of the vacuolar region marked with an asterisk, showing that
the microvilli are labeled with gold (arrows). Bar, 200 nm.

A very different staining pattern than in polarized cells was
obtained with the Phoenix packaging cell line and COS cells
transfected with cMOAT cDNA. In these nonpolarized cells
c¢cMOAT was hardly detectable in the plasma membrane, and
nearly all fluorescence was intracellular (data not shown). This
suggests that cMOAT is only routed towards the plasma
membrane in polarized cells. To test this hypothesis we seeded
MDCKII-MOAT17 cells at low density and visualized cMOAT
by CLSM after one day of culturing. Two types of cells were
observed: (@) cells with a round morphology, which showed
both staining at or in the plasma membrane and strong intra-
cellular staining (Fig. 2 C, left panel), and (b) many relatively
flat cells with a strong fluorescence signal mainly confined to a

Table I. Absolute Amounts of Gold Particles Detected in MDCKII-MOATI17 and MDCKII Parental Cells

Apical Lateral Basal
Cell line plasma membrane plasma membrane plasma membrane ER TGN Nucleus Total
MDCKII-MOAT17 817 37 9 32 14 54 963
MDCKII 84 32 5 38 7 68 234

Gold particles counted in 15 cell profiles from each cell line are shown. From the MDCKII-MOAT17 cell line cells were selected which showed posi-

tive staining. These amounted to ~ 30% of the total population.

cMOAT Expression in Polarized MDCK Cells 1313
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Figure 4. Transport of ['*C]DNP-GS from MDCKI- and MDCKII-derived clones grown in monolayers. Cells were incubated at room tempera-
ture with [*C]CDNB (2 pM; t = 0) in both the apical and basal compartment. Samples were taken at t = 1, 3, 6, 12, and 20 min from both com-
partments and extracted with ethyl acetate. The amount of ['"*C]DNP-GS transported (in picomole per 2 ml) was measured and plotted. All ex-
periments were done in duplicate and repeated at least twice. Continuous line and circles, transport to the apical compartment; dashed lines and

squares, transport to the basal compartment.

region adjacent to the nucleus (Fig. 2 C, right panel). Inspec-
tion of cells growing at low density by immunoelectron micros-
copy demonstrated that these cells did not form tight junc-
tions, confirming that they were not polarized. Many cells were
observed that contained an extensive network of microvilli,
which was present both intracellularly and on the cell surface,
suggesting that these cells were endocytosing their apical
membrane. In other cells endocytosis of the apical membrane
seemed to be complete: some gold particles were detected in
the plasma membrane, in the endoplasmic reticulum and in the
trans-Golgi network, but most gold particles were found in
large microvilli-rich intracellular regions (Fig. 3 C).

Export of dinitrophenyl glutathione and prostaglandin A,
glutathione by MDCK-MOAT cells. We have shown before
that transport by an organic anion transporter, such as MRP1,
can be studied in polarized cells using [**C]CDNB (21). This
hydrophobic compound rapidly diffuses into cells and is conju-
gated to GSH by cellular glutathione S-transferases (GSTs;
reference 43). The resulting hydrophilic [“C]DNP-GS can
only leave the cell by carrier-mediated transport. Transport of
[“C]DNP-GS across the apical and the basolateral membrane
can be distinguished by growing cells as a monolayer on mi-
croporous membrane filters. Using this assay we previously
demonstrated that polarized epithelial LLC-PK1 cells stably
transfected with MRP1 cDNA preferentially export DNP-GS
towards the basolateral side via in the lateral plasma mem-
brane localized MRP1 (21).

The [“C]DNP-GS export by polarized monolayers of
MDCKI, MDCKII, and the cMOAT expressing clones is pre-
sented in Fig. 4. Both MDCKI and MDCKII wild-type cells
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transport [“C]DNP-GS. The endogenous transport to the
basal compartment was comparable in both parental cell lines,
whereas endogenous apical export was approximately twofold
lower in MDCKI than in MDCKII cells. Apical ['*C]DNP-GS
export was substantially increased in all cMOAT transfected
clones, demonstrating that cMOAT causes transport in these
cells. Clones with the highest amounts of cMOAT on the
Western blot (i.e., MDCKII-MOATI6 and MDCKII-MOATI7,
Fig. 1) gave the highest rates of apical transport. To exclude
that differences in apparent transport capacity between indi-
vidual clones were due to differences in endogenous GST ac-
tivity, and therefore differences in conjugation capacity, we de-
termined the total amount of [“C]DNP-GS retrieved from
cells and medium together after 20 min. The results presented

Table 1. Accumulation and Total Synthesis of DNP-GS in
MDCK-derived Cell Lines after Incubation for 20 Min
with [*CJCDNB

Cell line [“C]DNP-GS, nanomoles per 2 X 10° cells
Intracellular Intracellular + medium
MDCKI 1.7%+0.02 2.3
MDCKI-MOAT7 1.2+0.09 2.2
MDCKI-MOAT9 1.1x0.09 2.1
MDCKI-MOATI12 1.2+0.06 2.5
MDCKII 1.3%+0.03 2.3
MDCKII-MOATI16 0.5+0.04 2.1
MDCKII-MOAT17 0.2+0.02 2.1




Table I11. Inhibition of the Appearance of DNP-GS in the Medium of MDCKII Cells by Energy Depletion

Control ATP-depleted
Cells Apical Basolateral Intracellular Apical Basolateral Intracellular
MDCKII 18+2 150+0.4 3.4+04 7+0.6 34.5+14.4 441x1.4
MDCKII-MOAT17 114x2 56.6x7.7 4.9+0.2 11+4 10.7+4.5 40.8+0.4

After preincubation for 15 min at 37°C with HBSS (plus glucose), or HBSS (minus glucose) plus 2mM deoxyglucose plus 2 mM KCN plus 20 mM KF,
cell monolayers were incubated with 0.6 pM ['*C]CDNB on both sides of the monolayer for 20 min. Medium was collected and extracted with ethyl
acetate. The experiment was performed in triplicate. Data are expressed in pmol [*C]DNP-GS=SD.

in Table II show that comparable amounts of [*C]DNP-GS
were formed in all clones, but that more of this [*C]DNP-GS
had been exported in the clones with substantial cMOAT ac-
tivity than in the clones with little or no cMOAT. To assess
whether the presence of DNP-GS in the apical and basal me-
dium was a consequence of active transport, cells were sub-
jected to energy depletion before incubation with [“C]JCDNB.
This treatment resulted in a strong decrease in the fraction of
DNP-GS appearing in the medium, whereas there was a strong
increase in intracellular accumulation of DNP-GS (Table III).
In these experiments basolateral transport was higher than in
the experiments shown in Fig. 4. This discrepancy could be due
to the fact that the ATP-depletion experiment was performed
in HBSS in the absence of phenol red.

It has been shown that the prostaglandin A; (PGA,) is a
potent inhibitor of transport mediated by MRP1 in intact cells,
whereas PGE, is not (44). This difference may be explained by
the ability of PGA,, but not PGE,, to form a conjugate with
GSH, resulting in PGA;-GS (14, 42). We have found that this
conjugate is actively transported by MRP1 (Evers, R., and P.
Borst, unpublished results) and it can therefore act as a com-
petitive inhibitor of MRP1. In vivo, the conjugation reaction
between PGA, and GSH occurs both by GSTs and spontane-
ously (45). As PGA, is an organic anion, it probably only en-
ters the cell by a transporter (46). To investigate whether

PGA -GS is also a substrate for cMOAT, transport was
measured in MDCKII, MDCKII-MOAT16, and MDCKII-
MOAT17 cells by incubating cells with PH|PGA,. Intracellu-
larly formed and exported [PH]PGA,-GS were separated from
unconjugated [PH|PGA, by extracting the samples with ethyl
acetate (see reference 42). Although the polar PH]PGA, me-
tabolite in erythrocytes is PGA,-GS (42) and in vitro experi-
ments with liver and kidney extracts suggest that the predomi-
nantly formed polar metabolite of PGA, is PGA;-GS (45), we
formally can not exclude that we also detect other polar me-
tabolites than [PH|PGA;-GS. Fig. 5 shows the presence of
some polar [PHJPGA, metabolite transport activity towards
both the apical and basolateral compartment in wild-type cells.
Only low levels of intracellular radioactivity were found after
60 min (10 picomole per 2 X 10° cells), suggesting that the up-
take of [PH]PGA, is rate-limiting in these cells. However, a
marked increase in apical transport was found in MDCKII-
MOAT16 and MDCKII-MOAT17 cells, with a concomitant
drop in basolateral transport (Fig. 5). The total amount of ex-
ported polar metabolite was comparable in all three cell lines,
suggesting that competition for polar PHJ[PGA | metabolite be-
tween apical cMOAT and the basolaterally localized endoge-
nous organic anion transporters causes the altered balance be-
tween apical and basolateral transport between wild-type and
cMOAT expressing cells.
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4 - 4 4
~ I ) —~
(\é 39 NE 3 4 (é 3
N N X
S5 PR PR
g g £
. . S
______ {1
..-O---
e
0 T T T 1 T O 1 T T T T 0 ? T 1 T 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
time (min) time (min) time (min)

Figure 5. Transport of PGA,-GS by MDCKII monolayers. Cells were incubated at 37°C and 5% CO, with [P'H]PGA, (1 uM) in both compart-
ments and samples were taken at t = 10, 20, 30, 40, and 60 min. Samples were treated as in Fig. 3. Continuous line and circles, transport to the api-
cal compartment; dashed line and squares, transport to the basal compartment. Experiments were performed in duplicate. Variation between

measurements was within the size of symbols.
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Table IV. Effect of Inhibitors on the MOAT-mediated Export
of DNP-GS by MDCKII-MOATI7 Cells

Inhibitor Percent of control
100
Sulfinpyrazone (2 mM) 130+3
Indomethacin (100 uM) 109+4
Probenecid (10 mM) 83+4
Bromosulphthalein (100 M) 84+5

Cells growing in double-well plates were incubated for 10 min in the
presence of the inhibitor indicated. At t = 0 2 pM [“C]CDNB was
added. Samples were analyzed after 20 min as described in Fig. 4. The
100% value represents the amount of DNP-GS exported to the apical
side of the monolayer in the absence of inhibitor. The inhibitors used
did not significantly affect the total amount of DNP-GS formed after 20
min. Values are means of one typical experiment performed in
duplicate*the variation between the measurements.

Several inhibitors are known to block transport by MRP1
(21, 44, 47), and we tested some of these on cMOAT express-
ing cells. Sulfinpyrazone and indomethacin inhibited the baso-
lateral DNP-GS export activity in MDCKII wild-type cells
with little effect on the apical efflux (data not shown). Apical
export in the MDCKII-MOAT17 cells was not inhibited at all
(Table 1V). Probenecid and bromosulfophthalein preferen-
tially inhibited the apical transport activity in wild-type cells
(data not shown), but transport in the MDCKII-MOAT17
cells was only inhibited by ~ 20% (Table IV), indicating that
these compounds are inefficient inhibitors of cMOAT.

Uptake of DNP-GS and EA-GS into MDCKII-MOATI7
derived vesicles. As many of the kinetic studies with cMOAT
were done with inside-out vesicles derived from liver canalicu-
lar membranes (22, 23, 48, 49), we tested whether membrane
vesicles derived from cMOAT transduced cells showed an in-
creased uptake of DNP-[PH]GS. A mixture of inside-out and
inside-in membrane vesicles was prepared from MDCKII-
MOAT17 and MDCKII wild-type cells and assayed for ATP-
dependent DNP-[°H]GS uptake. Vesicles derived from
MDCKII-MOAT17 cells showed time dependent accumula-
tion of DNP-[*H]GS, which continued for at least 20 min,

whereas vesicles derived from MDCKII wild-type cells accu-
mulated DNP-[*’H|GS only at a low rate (Fig. 6 A). The K,
value for the ATP-dependent DNP-[?H]GS transport in MD-
CKII-MOAT17 vesicles was determined in the concentration
range 0.5-4 pM and yielded a value of 6.5 uM (data not
shown).

Membrane vesicles derived from the S1 human lung carci-
noma cell line or Saccharomyces cerevisiae expressing MRPI
cDNA can accumulate the glutathione conjugate of ethacrynic
acid (EA-GS; reference 13). Vesicles from MDCKII-MOAT17
cells also showed time- and ATP-dependent uptake of
[“C]EA-GS (Fig. 6 B). The transport rate after 16 min was 2.8-
fold higher than in MDCKII cells.

Transport of [PH]vinblastine by MDCKII-MOATI?7 cells.
We have shown previously that there is an increased basolat-
eral transport of the cytostatic drug [*H]daunorubicin in LLC-
MRP cells, in accordance with the lateral localization of MRP1
in these cells (21). To verify whether cMOAT is able to trans-
port anti-cancer drugs to the apical side of a monolayer, vecto-
rial transport of daunorubicin and vinblastine was studied in
MDCKII, and MDCKII-MOAT17 cells. In these experiments
[*H]daunorubicin (2 wM) or [*H]vinblastine (2 uM) were
added to either the apical or the basolateral side of the mono-
layer, and the accumulation of radioactivity in the opposite
compartment was followed (see Methods for details). With
vinblastine, but not with daunorubicin, we reproducibly found
an increased apical transport in MDCKII-MOAT17 cells com-
pared with MDCKII parental cells (Fig. 7 A). A complication
of these experiments was that MDCKII parental cells already
transported much more drug to the apical than to the basolat-
eral compartment, probably due to the canine Pgp present in
these cells (50). To exclude that the extra vinblastine transport
measured in the MDCKII-MOATT17 cells was due to a fortu-
itous upregulation of Pgp in these cells, we incubated Western
blots of membrane fractions with the anti-Pgp mAb C-219. No
significant difference in Pgp levels was observed between the
cell lines (results not shown). We then tested whether the con-
tribution of endogenous Pgp in MDCKII cells could be inhib-
ited by the MDR inhibitor PSC833. Bohme et al. (51) have
shown that PSC833 inhibits Pgp much more effectively than
cMOAT, as uptake of LTC, (a high affinity cMOAT sub-
strate) in isolated rat liver canalicular inside-out vesicles was

Figure 6. Time-dependent uptake
of DNP-[*H]GS and [*C]EA-GS in
vesicles derived from MDCKII-
MOAT17 cells. (A) Time-depen-

DNP-GS (nmol x mg protein-1)
1
EA-GS (nmol x mg protein-1)

dent DNP-[?H]GS uptake in vesicles
from MDCKII-MOAT17 (squares)
and MDCKII cells (circles). Vesicles
were incubated in the presence of
DNP-[’H]GS (3 pM) at 37°C as de-
scribed in Methods. Samples were
taken att =0, 2,4, 8,12, 16, and 20
min. (B) Same as A, but vesicles
were incubated in the presence of
[“CIEA-GS (2 uM) at 30°C. Solid
and open symbols represent uptake
in the presence and absence of ATP,
respectively. Experiments were car-
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ried out in duplicate. Similar results
were obtained with two other
batches of vesicles.
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inhibited with a K; of 29 uM, and Pgp mediated daunorubicin
transport with a K; of only 0.3 puM. We found that transport of
vinblastine in MDCKII wild-type cells was virtually blocked at
a concentration of 0.1 wM PSC833, whereas transport was only
slightly decreased in MDCKII-MOAT17 cells (Fig. 7 B). Even

MDCKII

Figure 7. Transepithelial transport
of [*H]vinblastine in MDCKII and
MDCKII-MOAT17 monolayers.
(A) Att = 0 [*H]vinblastine (2 uM)
was applied either in the apical or
basal compartment, and the per-
centage of radioactivity appearing in
the opposite compartment was de-
termined. Transport is presented as
the fraction of total radioactivity
added at the beginning of the exper-
iment appearing in the opposite
compartment. Samples were taken
att=1,2,3,and 4 h. (B) Same as A,
but [*H]vinblastine transport was
measured in the presence of 0.1 uM
PSC833 in both the apical and basal
compartment. Continuous line and
circles, translocation from the basal
to the apical compartment; dashed
lines and squares, translocation from
the apical to the basal compartment.

1 wM PSC833 hardly affected vinblastine transport in the
MDCKII-MOAT17 cells. This concentration of PSC833 inhib-
ited the MDR1 Pgp mediated vinblastine transport in polar-
ized LLC-PK1 cells stably transfected with MDRI cDNA (32)
by 70% (data not shown). To assess whether cMOAT causes
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Figure 8. Uphill transport of
[*H]vinblastine in MDCKII and
MDCKII-MOAT17 monolayers. At
t = 0 [*H]vinblastine (2 uM) in the
presence of PSC833 (0.1 M) was
applied to both sides of the mono-
layer. Percentage of radioactivity
present in each compartment is pre-
sented as the fraction of total radio-
activity added at the beginning of
the experiment in both compart-
ments. Samples were taken att = 1,
2,3, and 4 h. Continuous lines and
circles, percentage of total radioac-
tivity in the apical compartment;
dashed lines and squares, percent-
age of total radioactivity in the basal
compartment. Experiments were
carried out in duplicate and the
variation between measurements
was within the size of the symbols.
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uphill transport we added an equal concentration of PH]vin-
blastine to both sides of the monolayer in the presence of
PSC833. Fig. 8 shows that only very low transport was detect-
able in the parental cells, whereas transport was substantially
higher in the MDCKII-MOAT17 cells and clearly occurred
against a concentration gradient of vinblastine. We conclude
that cMOAT causes uphill transport of vinblastine and that
this transport is highly resistant to PSC833. In contrast, dauno-
rubicin transport in both the MDCKII-MOAT17 and MD-
CKII cells was totally inhibited by 0.1 puM PSC833, indicating
that cMOAT does not transport daunorubicin (data not
shown).

Discussion

In this study we show that human cMOAT is predominantly
routed to the apical surface in polarized kidney MDCK cells,
in accordance with its localization in hepatocytes (30, 52).
cMOAT causes the transport of the glutathione S—conjugates
DNP-GS and PGA,;-GS (and possibly other polar metabolites)
to the apical side of a cell monolayer and vesicles derived from
these cells are able to actively accumulate DNP-GS and EA-
GS. Although these results suggest that expression of cMOAT
results in an active transporter and that cMOAT does not re-
quire other liver specific proteins for transport activity, we for-
mally can not exclude that cMOAT functions in conjunction
with other proteins that are present in both liver and kidney
cells. Besides the transport of glutathione S—conjugates, we
demonstrate that cMOAT causes transport of the amphipathic
anti-cancer drug vinblastine. This raises the possibility that
cMOAT is another ABC-transporter that potentially could be
involved in multi-drug resistance in mammalian cells. Our
transport studies show that cMOAT causes transport of vin-
blastine (Fig. 7, A-B; Fig. 8), whereas it does not cause trans-
port of daunorubicin. Vinca alkaloids are not known to be con-
verted into negatively charged conjugates, and it is not yet
clear how organic anion transporters, such as MRP1 or
cMOAT, transport these compounds. Evidence that GSH is a
prerequisite for MRP1-mediated MDR in intact cells was ob-
tained by depleting cells of GSH, which resulted in the loss of
resistance to vincristine (53, 54). Loe et al. (12) showed that
high GSH concentrations are required for MRP1-mediated
vincristine uptake into vesicles. Furthermore, direct binding of
GSH to MRP1 was shown in a vanadate induced trapping ex-
periment (55). It is not known, however, whether vincristine is
transported as a short lived complex with GSH, cotransported
with GSH, or whether glutathione is only required allosteri-
cally (6, 54).

Ishikawa (14) has proposed that a GS-X pump might be in-
volved in the removal of cisplatin from the cell as a glutathione
S—conjugate. Indeed cisplatin forms a complex with glu-
tathione (56), and a HL-60 leukemia cell line has been de-
scribed which induced MRPI expression upon exposure to cis-
platin (57). However, cell lines transfected with MRPI cDNA
are not cisplatin resistant (58, 59). To investigate a possible
role of cMOAT in cisplatin resistance, Kool et al. (31) exam-
ined a large set of drug resistant cell lines for the (over)expres-
sion of cMOAT. Upregulation of cMOAT was detected in sev-
eral cisplatin resistant cell lines, but also expression levels of
other genes were altered in these selected cells. To verify
whether cMOAT is responsible for cisplatin resistance, spe-
cific inhibitors would be helpful. Several compounds have

1318 Eversetal.

been identified which are able to inhibit MRP1-mediated
transport (21, 44, 47), but cMOAT is at best inhibited ineffi-
ciently by these compounds (Table IV). We are screening for
other inhibitors that are more suitable to determine whether
cMOAT contributes to drug resistance.

Initial attempts to study the transport characteristics of
cMOAT were hampered by the fact that the protein was
mainly localized intracellularly. Some rat cmoat-mediated
DNP-GS transport activity was demonstrated by transiently
transfecting the cDNA in COS cells (28), but most of the pro-
tein produced was present intracellularly (Oude Elferink,
R.PJ., and C.C. Paulusma, unpublished data). We also find
that stable overexpression of cMOAT cDNA in nonpolarized
cells results in the intracellular accumulation of cMOAT. This
was observed in MDCK cells before they form monolayers
(Figs. 2 C and 3 C), but also S1 nonsmall lung cancer cells ex-
pressing cMOAT cDNA only contain cMOAT intracellularly
(Kool, M., and P. Borst, unpublished data). Experiments are in
progress to identify the intracellular compartment(s) in which
c¢cMOAT is accumulating in these cells.
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