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In addition to its ability to confer resistance to a range
of natural product type chemotherapeutic agents, mul-
tidrug resistance protein (MRP) has been shown to
transport the cysteinyl leukotriene, LTC,, and several
other glutathione (GSH) S-conjugates. We now demon-
strate that its range of potential physiological sub-
strates also includes cholestatic glucuronidated ste-
roids. ATP dependent, osmotically sensitive transport of
the naturally occurring conjugated estrogen, 17p-estra-
diol 17-(B-p-glucuronide) (E,;178G), was readily demon-
strable in plasma membrane vesicles from populations
of MRP-transfected HeLa cells (V.. 1.4 nmol mg™!
min~!, K, 2.5 um). The involvement of MRP was con-
firmed by demonstrating that transport was completely
inhibited by a monoclonal antibody specific for an in-
tracellular conformational epitope of the protein. MRP-
mediated transport of LTC, was competitively inhibited
by E,17BG (K;(app) 22 pm), despite the lack of structural
similarity between these two substrates. Competitive
inhibition of [*H]E,178G transport was also observed
with a number of other cholestatic conjugated steroids.
All of these compounds prevented photolabeling of MRP
with [3H]LTC4, demonstrating that the cholestatic ste-
roid and leukotriene conjugates compete either for the
same or possibly overlapping sites on the protein. Con-
sistent with the presence of overlapping but non-identi-
cal sites, studies using chemotherapeutic drugs to in-
hibit MRP-mediated E,17B8G transport indicated that
daunorubicin had the highest relative potency of the
drugs tested, whereas it was the least potent inhibitor
of LTC, transport. Non-cholestatic steroids glucu-
ronidated at the 3 position of the steroid nucleus, such
as 17B-estradiol 3-(B-p-glucuronide), did not compete
for transport of E,178G by MRP, nor did they inhibit
photolabeling of the protein with [*PHJLTC,. These data
identify MRP as a potential transporter of cholestatic
conjugated estrogens and demonstrate site-specific
requirements for glucuronidation of the steroid
nucleus.
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Increased expression of multidrug resistance protein (MRP)!
or its cognate mRNA has been found in drug selected cell lines
from a wide range of tumor types (1-8). These cell lines have a
phenotype similar in many respects to that conferred by P-gly-
coproteins. Transfection of MRP expression vectors into drug-
sensitive cells has confirmed that MRP confers resistance to a
spectrum of natural product type chemotherapeutic agents (9,
10). MRP, like the P-glycoproteins, is a member of the ATP-
binding cassette superfamily of transmembrane transporters.
However, unlike the P-glycoproteins, it has not been possible to
demonstrate that MRP binds and actively transports unmodified
forms of the drugs to which it confers resistance (11, 12, 55).

The ability of MRP to function as an ATP-dependent trans-
porter has been investigated using plasma membrane vesicles
prepared from drug-selected and MRP transfected cells (13-15,
55). These studies have shown that vesicles enriched in MRP
display elevated levels of ATP-dependent, high affinity trans-
port of cysteinyl leukotrienes. Evidence has also been pre-
sented that the protein can transport other organic glutathione
conjugates (13, 14), as well as oxidized glutathione itself (16).
In the accompanying article (55), we provide immunological
confirmation that MRP is a primary active transporter of LTC,
and demonstrate for the first time that in the presence of GSH,
MRP can actively transport the Vinca alkaloid, vincristine.

ATP-dependent transport systems for organic GSH conju-
gates (17), GSSG (18), and other organic anions (19, 20) have
been characterized functionally in a number of tissues. Studies
with intact cells or membrane vesicle preparations indicate
that at least one of the transporters involved, frequently re-
ferred to as the multispecific organic anion transporter
(MOAT), has a broad substrate specificity that includes other
organic anions in addition to glutathione conjugates (21).
MOAT has been studied most extensively in bile canalicular
membranes where it is believed to contribute to the hepatic
clearance of a wide range of xenobiotic and endogenous organic
anions, notably the glucuronidated conjugates of bile acids and
bilirubin (22). The transporter is functionally defective in hepa-
tocanalicular membranes of the TR™ mutant Wistar rat, the
phenotype of which is similar to that observed in the human
Dubin-Johnson syndrome (23, 24) and the mutant Corriedale

1 The abbreviations used are: MRP, multidrug resistance protein;
AMP-PCP, B,y-methyleneadenosine 5’-triphosphate; AMP-PNP, aden-
osine 5'-[B,y-imido]triphosphate; ATPyS, adenosine 5'-O-(3-thiotri-
phosphate); E,17aE, 17a-ethinyl-17p-estradiol; E,3S0,17BG, 17B-es-
tradiol 3-sulfato-17-(B-D-glucuronide); E,3BG, 17B-estradiol 3-(B-D-
glucuronide); E;3B8G, 16a,17B-estriol 3-(8-D-glucuronide); E;16aG,
16a,17B-estriol 16-(B-D-glucuronide); E,17BG, 17B-estradiol 17-(B-D-
glucuronide); E;17BG, 16«,17B-estriol 17-(B-D-glucuronide); glycolitho-
cholate-3-sulfate, 3a-hydroxy-53-cholan-24-oic acid N-[carboxymethyl-
Jamide 3-sulfate; LTC,, leukotriene C,; mAb, monoclonal antibody;
MOAT, multispecific organic anion transporter; PAGE, polyacrylamide
gel electrophoresis.
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sheep (21, 25). All of these congenital conditions are associated
with chronic conjugated hyperbilirubinemia. In the TR™ rat
model, although hepatocanalicular MOAT activity is markedly
reduced, organic anion transport in other tissues appears to be
normal (26). Whether this indicates the existence of structur-
ally distinct hepatic and non-hepatic forms of the transporter,
or is attributable to a liver-specific defect in its expression has
not been established.

Recent immunohistological data indicate that subcellular
localization of MRP, or an MRP-related protein, may be abnor-
mal in the livers of TR™ rats (27). This suggests that MRP could
be the transporter functionally described as MOAT. However,
although MRP mRNA can be detected in both rodent and
human liver, its levels are low when compared with other
tissues such as muscle, testes, heart, and lung (1, 28—-30). To
further define the substrate specificity of MRP, we have used
plasma membrane vesicles from drug-selected and MRP-trans-
fected cells, to examine ATP dependent transport of [H]178-
estradiol 17-(B-p-glucuronide) (E;17BG). This estradiol metab-
olite is formed in the liver and subsequently excreted into bile
(31, 32). Increases in the levels of E;,178G and some other
conjugated estrogens have been implicated in the development
of cholestasis during the later stages of pregnancy, a condition
which occurs with exceptional frequency in the Dubin-Johnson
syndrome (33). Consequently, the potential for other known
cholestatic and non-cholestatic compounds to inhibit MRP-me-
diated E,;17BG transport has also been determined. Finally, we
have examined the relative abilities of several natural product
drugs to which MRP confers resistance to inhibit transport of
the conjugated steroid and determined the influence of GSH
and glucuronate on their potencies.

EXPERIMENTAL PROCEDURES

Materials—E,178G, E,3BG, E;38G, E;16aG, E;178G, E,3S0,178G,
glycolithocholate-3-sulfate, E,17aE, taurocholic acid, glycocholic acid,
LTC,, AMP, AMP-PNP, AMP-PCP, ATPyS, GTP, CTP, and UTP were
purchased from Sigma. ATP was purchased from ICN Biochemicals (St.
Laurent, PQ, Canada). Chemotherapeutic agents were obtained as de-
scribed (55). Creatine phosphate and creatine kinase were purchased
from Boehringer Mannheim (Dorval, PQ, Canada). [14,15,19,20-°*H]LTC,
(128 Ci mmol ™) and [6,7-°HIE,178G (49 Ci mmol ') were purchased
from DuPont NEN (Mississauga, Ontario, Canada) and Amplify™ was
from Amersham (Oakville, Ontario, Canada). All other reagents were
from Sigma. Isolation and purification of the murine MRP-specific mAbs
(QCRL-1 and -3) used in this study have been described (34).

Cell Culture—The human small cell lung cancer cell line, H69, the
doxorubicin-selected multidrug-resistant cell line, H69AR, and the
drug-sensitive revertant cell line, HG9PR, have been described (35, 36).
The production and maintenance of MRP transfected (T14) or vector
transfected (C6) HeLa cell populations were as described (12). The
8226/Dox40 myeloma cell line was provided by Dr. W. Dalton (Arizona
Cancer Center, Tucson, AZ) (37). All cell lines were cultured in RPMI
1640 medium supplemented with 4 mM L-glutamine and 5% defined
bovine calf serum (HyClone Laboratories, Logan, UT), in the absence of
antibiotics.

Membrane Vesicle Preparation and Transport of E,173G—Plasma
membrane vesicles were prepared as described (38, 39, 55). ATP-de-
pendent transport of E,17BG into membrane vesicles was measured at
37 °C in a 120-ul reaction volume containing 20—40 pg of vesicle pro-
tein in the presence of [PHIE,178G (50 nM; 80 nCi/reaction). At indi-
cated times, 20-ul samples were removed, diluted into 1 ml of ice-cold
transport buffer (50 mM Tris-HCl, 250 mMm sucrose, pH 7.5), and filtered
under vacuum through glass fiber filters (type A/E; Gelman Sciences,
Montreal, PQ) presoaked in transport buffer. Filters were washed twice
with 5 ml of transport buffer, dried, and subjected to liquid scintillation
counting. All data were corrected for the amount of [*H]E,178G which
remained bound to the filter in the absence of vesicle protein (usually
<5% of the total radioactivity).

Inhibition of Photoaffinity Labeling of MRP with [PHILTC, by Con-
Jugated Steroids—Vesicle membrane proteins (150 pg) were photoaffin-
ity labeled with [PHILTC, (0.5 uCi; 78 nM) as described (55) in the
presence of various concentrations of E,17BG, or other steroid deriva-
tives. Radiolabeled vesicles (100 pg of membrane protein) were solubi-
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Fic. 1. Time course of [PH]E,178G uptake by membrane vesi-
cles from MRP-transfected HeLa cells (T14), control HeLa (C6)
cells, drug-sensitive H69 cells, multidrug-resistant HG9AR cells,
revertant H69PR cells, and P-glycoprotein overexpressing 8226/
Dox40 cells. Membrane vesicles were incubated at 37 °C in transport
buffer containing [*H]E,178G (50 nM, specific activity 13 Ci mmol ')
and ATP (4 mMm) (closed symbols) or AMP (4 mm) (open symbols) for the
times indicated. Vesicles were derived from the following cells, as de-
scribed under “Experimental Procedures:” Panel A, HeLa C6 (O, @) and
T14 (V, ¥); Panel B, H69 (O, @) and H69AR (A,A); Panel C, HGIPR (<O,
4); Panel D, 8226/Dox40 (], M). The broken curves in Panels A and B
indicate ATP-dependent uptake for T14 and H69AR cells, respectively.
Data points represent the means (+ S.E.) of triplicate determinations in
a typical experiment.

lized in Laemmli’s buffer, analyzed on a 7% gel by SDS-PAGE, and
subjected to fluorography.

RESULTS

ATP-dependent Transport of E517BG—The kinetics and ATP
dependence of [*H]E,;178G accumulation by vesicles prepared
from MRP-transfected HeLa T14 cells are shown in Fig. 1A.
ATP-dependent uptake was linear up to 60 s and approached
steady-state after 180 s. During the linear phase, the rate of
uptake at 37 °C was approximately 22 pmol mg protein !
min~! at an initial concentration of 50 nm [3H]E217BG and the
rate increased linearly with the amount of membrane protein
up to 40 ug (data not shown). [*H]E,178G uptake in the pres-
ence of AMP rather than ATP was approximately 1 pmol mg ™!
min~ 1. At the same initial substrate concentration, the rate of
[PHILTC, uptake by T14 vesicles was 150—200 pmol mg™!
min~! at 23 °C. No ATP dependence of [PHIE,178G uptake
could be demonstrated with vesicles from control C6 cells.

Correlation between ATP-dependent [PHIE,178G transport
rates and levels of MRP expression was examined using vesi-
cles isolated from drug-sensitive H69, drug-resistant H69AR,
and revertant H69PR cells. The rate of ATP-dependent
[PHIE,17BG uptake in H69AR vesicles (60 pmol mg™ ! min™1)
was approximately 3-fold higher than for T14 vesicles (Fig. 1B),
consistent with the 3—4-fold higher levels of MRP in H69AR
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Fic. 2. Effect of [*H]E,178G and ATP concentration on [*H]E,178G uptake by T14 vesicles. Panel A, the rate of ATP dependent
[*HIE,178G uptake by T14 membrane vesicles was measured at various E,178G concentrations (12.5 nM to 25 um) for up to 60 s at 37 °C in the
presence of a fixed concentration of nucleotide (4 mm), as described under “Experimental Procedures.” Data were plotted as V_ versus [S] to confirm
that the concentration range selected was appropriate to observe both zero-order and first-order rate kinetics. Kinetic parameters (K,, 2.5 uM and

1

Vv,

max

1.4 nmol mg~

min~') were determined from regression analysis of the Lineweaver-Burk transformation of the data (inset). Panel B,

ATP-dependent uptake of [*'H]E,17BG was measured as described for Panel A at various concentrations of nucleotide (1 to 4000 uM) in the presence
of a fixed concentration of [*'H]E,178G (50 nM). An apparent K,,, of 390 uM for ATP was determined from regression analysis of the Lineweaver-Burk

data transformation (inset).

cells (12) and vesicle preparations (data not shown). No ATP
dependence of [*H]E,17BG uptake could be demonstrated with
H69 vesicles. The rate of ATP-dependent [*H]E,178G uptake
in H69PR membrane vesicles was approximately 1% that of
H69AR cells (Fig. 1C). This is consistent with the low, but
detectable levels of MRP mRNA (1) and protein (34) in these
cells. To examine the ability of P-glycoprotein to transport
E;17B8G, we used vesicles from the multidrug-resistant my-
eloma cell line, 8226/Dox40, which overexpresses P-glycopro-
tein (37) and has MRP levels comparable to those in H69PR
cells (data not shown). Vesicles from these cells exhibited levels
of [*H]E,178G transport no higher than those of H69PR-de-
rived vesicles (Fig. 1D). Thus the data are consistent with
E,17B8G transport by 8226/Dox40 vesicles being attributable to
their low levels of MRP. They also indicate that there is little if
any transport of E,;17BG by P-glycoprotein.

Kinetic Parameters of [PHJE;17BG Transport in HeLa T14
Vesicles—Rates of ATP-dependent uptake were determined at
several concentrations of E;17B8G (12.5 nM to 25 uM) and used
to calculate K,, and V.. for transport by T14 membrane
vesicles. A Lineweaver-Burk plot of the data yielded an appar-
entK,, of 2.5 um for E;178G and a V. of 1.4 nmol mg ™! min~*
(Fig. 2A, inset). An apparent K,, for ATP of 390 um was also
determined by measuring initial rates of [*’H]E,178G uptake at
60 s in the presence of different concentrations of nucleotide
(1-4000 um) (Fig. 2B, inset).

Osmotic Sensitivity and Nucleotide Specificity of [PHIE;178G
Transport by T14 Membrane Vesicles—The rate of [PHIE,178G
uptake in T14 vesicles was osmotically-sensitive and decreased
linearly with increasing extravesicular sucrose concentration be-
tween 0.25 and 1.0 m (Fig. 3A). Steady-state levels of accumula-
tion showed similar osmotic sensitivity (data not shown) confirm-
ing that the increase in vesicle associated [*H]E,178G reflected
transport into the vesicle lumen rather than surface binding.

Nucleotide dependent transport was not detectable when
AMP-PNP, AMP-PCP, or ATPyS (4 mM) were substituted for
ATP, thus indicating a requirement for ATP hydrolysis (Fig.
3B). As expected when compared with other nucleotide triphos-
phates, ATP supported the highest rate of [PH]E,178G trans-
port. However, the rate of transport in the presence of GTP was

substantial and approached approximately 70% of that achiev-
able in the presence of ATP.

Inhibition of Transport by MRP Specific mAbs—To obtain
additional evidence of a direct involvement of MRP in the
transport of E;178G, we examined the ability of two MRP
specific mAbs to inhibit this process. mAb QCRL-3, which is
specific for an intracellular conformation-dependent epitope of
MRP (34), completely inhibited [*H]E,178G uptake at a con-
centration of 20 ug ml~ 1. In contrast, the same concentration of
mAb QCRL-1, which recognizes a linear intracellular epitope of
MRP (34), had no significant effect. Isotype control immuno-
globulins (mouse IgG,, IgG,,, and total IgG) were also without
effect at concentrations of 70 ug ml 1.

Inhibition of [PHILTC, Transport by Estradiol Glucu-
ronides—To determine whether E;178G and LTC, interact
with the same or overlapping sites on the protein, we examined
the ability of E;17B8G, and its structural isomer, E;38G, to
inhibit ATP-dependent [*H]JLTC, transport by T14 vesicles.
E,;17BG acted as a competitive inhibitor, with an apparent K of
22 um (Fig. 4, upper panel). In contrast, the non-cholestatic
estrogen conjugate, E;38G, did not inhibit [PH]E,178G trans-
port at concentrations up to 100 um (Fig. 4, lower panel). These
data suggest that LTC, and E,;17BG interact with the same or
overlapping sites on MRP. They also demonstrate that inter-
action of the estrogen glucuronides with MRP displays speci-
ficity with respect to the position of the glucuronide moiety on
the steroid nucleus.

Inhibition of [PHIE,178G Transport by Various Steroid Glu-
curonides and Bile Salt Derivatives—E;17BG and other steroid
D-ring glucuronide conjugates have been shown to inhibit bile
flow and to cause a reversible type of cholestasis (31-33). In
contrast, steroid glucuronide conjugates of the A ring such as
E,3BG are not cholestatic (40, and references cited therein).
Consequently, we compared the cholestatic potency of various
estriol, estradiol, and bile salt derivatives with their ability to
inhibit [*H]E,178G transport by T14 membrane vesicles. Glu-
curonic acid itself was not inhibitory up to 5 mm and did not
augment the modest inhibition (20%) of [*H]E,;178G transport
by 17B-estradiol (10 um) (Table I). Of the estrogen conjugates
tested, 17-(B-D-glucuronides) of estradiol and estriol and the
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Fic. 3. Osmotic sensitivity and nucleotide specificity of [*'H]E,178G transport by T14 membrane vesicles. Panel A, T14 membrane
vesicles were preincubated for 10 min in transport buffer containing sucrose at concentrations ranging from 250 to 1000 mM. Rates of [PHIE,178G
uptake at 37 °C under various conditions of osmolarity were measured at a substrate concentration of 50 nM in the presence of 4 mm AMP (V) or
ATP (V), as described under “Experimental Procedures.” Panel B, rates of [*'H]E,178G uptake were determined at 37 °C, in the presence of various
hydrolyzable and non-hydrolyzable nucleotides (4 mm), as described under “Experimental Procedures” except that the nucleoside triphosphate
regenerating system was omitted. The rate observed in the presence of 4 mm ATP was not affected by omission of the regenerating system (data
not shown). The rates of uptake supported by various nucleotides have been expressed as a percentage of that obtained with ATP. The results
shown are the means (+ S.E.) of triplicate determinations in a single experiment. The rate of ATP-dependent uptake in the control was 31.7 pmol
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Fic. 4. Effect of glucuronidated estradiols on [PHJLTC, uptake
by T14 membrane vesicles. The rates of [PHJLTC, uptake by T14
vesicles were determined at 23 °C, at various substrate concentrations
(25 to 1000 nM) in the absence (@) or presence (M, 20 uM; A, 40 uM; V,
100 pMm) of E, 178G (upper panel) or E,3BG (lower panel). Double-
reciprocal plots were generated for each concentration of potential
inhibitor and used to determine K;. The results shown are the means
(£S.E.) of triplicate determinations at each substrate and inhibitor
concentration.

3-sulfate derivative of E;17BG were the most potent inhibitors
of transport (approximately 90% inhibition or greater at 10
uM). In contrast, the 3-(B-p-glucuronides) of estradiol and est-
riol were not inhibitory and only modest inhibition was ob-
served with E316aG. However, the cholestatic bile salt glyco-

TABLE I
Inhibition of [PHJE,17BG transport by various steroid glucuronides
and bile salt derivatives

T14 membrane vesicles were incubated with 50 nm [PH]E,178G in
transport buffer for 60 s at 37 °C in the presence of glucuronic acid (1-5
mM), 17B-estradiol = glucuronic acid (1 and 5 mm), LTC,, or various
steroid conjugates at 10 uM as shown. Transport was measured as
described and ATP-dependent [*H]E,178G uptake was determined and
plotted as % control uptake in the absence of inhibitors. Data represent
means of triplicate determinations (+ S.E.) for a single experiment. The
control rate of [*H]E,178G uptake in this experiment was 22.5 pmol
mg~! min~1.

Compound Concentration %‘;Zﬁg
M % control
None (control) 100
Glucuronic acid 1000 98+ 17
5000 108 =1
17B-Estradiol 10 80 +3
+1 mM glucuronate 10 96 + 1
+5 mMm glucuronate 10 114 = 7
Taurocholic acid 10 65 + 2
100 22 +1
Glycocholic acid 10 70 =2
100 131
Leukotriene C, 0.1 71+1
1 7+0.1
17a-Ethinyl-17B-estradiol 10 105 = 8
17B-Estradiol 3-(B-p-glucuronide) 10 97+ 1
16,17B-Estriol 3-(B-D-glucuronide) 10 102 £ 5
16a,17B-Estriol 16-(B-D-glucuronide) 10 80+1
16a,17B-Estriol 17-(B-pD-glucuronide) 10 12 0.2
17B-Estradiol 3-sulfato-17-(8-D-glucuronide) 10 4+0.3
Glycolithocholate 3-sulfate 10 6+0.3

lithocholate-3-sulfate was a potent inhibitor of transport (94%
inhibition at 10 um) while glycocholate and taurocholate (which
are not derivatized at the 3-position of the A ring) were far less
inhibitory (30 and 35% at 10 uM, respectively). The 17a-substi-
tuted synthetic estrogen, 17a-ethinyl-17B-estradiol, was not
inhibitory.

Lineweaver-Burk plots of [*H]E,178G uptake by T14 mem-
brane vesicles indicated that LTC, behaved as a competitive
inhibitor of [PHIE;17BG transport, with a K, of 0.53 um
(Fig. 5). Inhibition by E3178G (K;,,, 1.4 um) and the choles-

(app
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Fic. 5. Effect of LTC,, steroid glucuronides, and bile salt de-
rivatives on transport of [*H]E,178G by T14 membranes. The
rates of uptake of [PHIE,178G by T14 vesicles were determined at
37 °C, at various substrate concentrations (0.05—-25 uM) in the absence
or presence of the indicated concentration of LTC, (1 uM) (upper panel),
E 178G (1 uM) or E;16aG (100 um) (middle panel), and E,3S0,178G (1
uM) (lower panel). Double reciprocal plots were generated for each
inhibitor and used to determine a K;. Results shown are the means
(£S.E.) of triplicates determinations at each substrate and inhibitor
concentration.

tatic bile salt glycolithocholate-3-sulfate (K, 1.4 um) (data
not shown) was also competitive. E516aG, which is of interme-
diate cholestatic potency (40), was a less effective competitive
inhibitor of transport, with a K, of 45 um. Although non-
cholestatic in rodents, E,350,178G, was also an effective com-
petitive inhibitor of E;178G transport by MRP (K, 1.7 um).

Photolabeling of Membrane Proteins with [PHILTC, and In-
hibition of Labeling by Steroid Glucuronides—To confirm the
results of inhibition studies, we determined the ability of var-
ious steroid derivatives to compete for [PHJLTC, binding to
MRP (55). E,;178G inhibited photolabeling of MRP by [*H]LTC,
in a concentration-dependent manner, with a ICy, of approxi-
mately 20 um (Fig. 64). We also tested the ability of a single
concentration (100 um) of cholestatic and non-cholestatic ste-
roid glucuronides and bile salts to inhibit [*PHILTC, binding.
Consistent with the results of transport studies, photolabeling
was not inhibited by non-cholestatic E,38G and E338G, but
was abolished by the cholestatic steroids, glycolithocholate-3-
sulfate, E;17BG, E;,350,17BG, and E;17BG (Fig. 6B).
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Fic. 6. Photoaffinity labeling of T14 membrane vesicles by
[3BHILTC, and inhibition of labeling by E,17BG and other steroid
glucuronides. Panel A, T14 vesicles (150 ug of membrane protein)
were incubated with [PH]LTC, (50 nm) alone or in the presence of
various concentrations of E,178G (5-100 um) or 100 um E,3B8G, as
indicated. Samples were irradiated at 312 nm prior to being subjected
to SDS-PAGE and fluorography, as described (55). Panel B, photoaffin-
ity labeling of T14 membrane vesicles with [PH]LTC, was carried out as
above in the presence of various glucuronides and bile salt derivatives
(100 uM), as indicated. Photolabeled membranes were analyzed by
SDS-PAGE and fluorography. DMSO, dimethyl sulfoxide.

Inhibition of [PHIE,178G Transport by Chemotherapeutic
Agents—Examples of each of the three major classes of natural
product type drugs to which MRP confers resistance were com-
pared for their ability to inhibit [*PH]E,178G transport by T14
vesicles (Fig. 7, upper panel). VP-16 and vincristine (100 um)
inhibited transport by 50—60%. Vinblastine and the anthracy-
clines, daunorubicin and doxorubicin, inhibited transport by
80-90% at the same concentration. Determination of the con-
centration of drug (in the absence of GSH) required to inhibit
[PHIE,178G transport by 50% indicated that daunorubicin
(IC5, approximately 8 um) was more potent than doxorubicin
(IC4, approximately 50 um), vinblastine (IC;, approximately 30
uM), and vinceristine (IC;, approximately 70 um) (Fig. 7, lower
panel). Physiological concentrations of GSH enhance the inhib-
itory effect of vincristine and vinblastine (and to a lesser extent
VP-16) on MRP dependent transport of [(H]LTC, (55). Conse-
quently, we examined whether a similar effect was observed
with [PH]E,178G. GSH (1 mMm) increased inhibition from ap-
proximately 50 to 75% and from 60 to 90%, for VP-16 and
vincristine, respectively, but it did not enhance transport inhi-
bition by vinblastine or the anthracyclines (Fig. 7, upper panel).
In contrast, glucuronic acid (5 mm) could not substitute for GSH
and did not enhance inhibition by any of the drugs tested (Fig.
7, upper panel).

DISCUSSION

MRP is expressed in a wide range of normal tissues (1,
28-30) and is overexpressed in many multidrug-resistant cell
lines (1, 3, 5, 6, 41). Elevated levels of MRP in membrane
vesicles from drug-selected cell lines and MRP transfectants
have been correlated with increased ATP-dependent transport
of cysteinyl leukotrienes and other glutathione S-conjugates
(13-15). It has been suggested on the basis of these data, that
one of the physiological roles of MRP is that of a GSH conjugate
or GS-X pump (42, 43). However, the ability to transport cer-
tain glutathione conjugates does not explain the drug cross-
resistance profile of MRP-transfected or selected cells (1, 5, 12).
Current data indicate that the major classes of drugs to which
MRP confers resistance are not metabolized via GSH conjuga-
tion (44), although a GSH-dependent transport mechanism
may exist for some compounds (55). Other conjugation path-
ways, such as glucuronidation, appear more important for the
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Fic. 7. Effects of chemotherapeutic agents on [*H]E,178G up-
take by T14 vesicles in the absence or presence of GSH or
glucuronic acid. Upper panel, the rate of uptake of [PH]E,178G (50
nM) by T14 vesicles was determined at 37 °C in the presence of various
natural product drugs (100 um) alone (open bars) and in combination
with GSH (1 mm) (hatched bars) or glucuronic acid (5 mm) (solid bars).
Results are expressed as a percentage of the control value obtained in
the absence of drug and anion. The drug vehicle (dimethyl sulfoxide)
was present at a concentration of 0.5% in control incubations lacking
drug and had no effect on uptake under the conditions of the assay. The
results are the means (£S.E.) of triplicate determinations in a single
experiment. The control uptake rate in this experiment was 19.2 pmol
mg~! min~!. DOX, doxorubicin; DNR, daunorubicin; VBL, vinblastine;
VCR, vincristine. Lower panel, inhibition of [PH|E,178G uptake by T14
membrane vesicles by various concentrations of DNR (O), DOX (@),
VCR (A), or VBL (A). Data points represent means of duplicate deter-
minations in a single experiment and are plotted as a percentage of
control values obtained in the absence of drug, but in the presence of
0.5% (v/v) dimethyl sulfoxide. The control uptake rate in the experiment

shown was 25.8 pmol mg™! min~'.

detoxification of natural product drugs such as VP-16 (45), at
least in the liver, where glucuronidation is a major biotrans-
formation pathway for steroid hormones and bile salts. Our
data demonstrate that some glucuronide conjugates are poten-
tial substrates for MRP.

The rates of ATP-dependent transport of E;178G by mem-
brane vesicles from MRP-transfected HeLa T14 cells were more
than 20-fold higher than vesicles from cells transfected with
vector alone. In addition, the rates of E,;17B8G transport ob-
tained with vesicles from previously characterized H69,
H69AR, and H69PR small cell lung cancer cell lines correlate
well with their levels of MRP (1, 34). Several other lines of
evidence confirm that MRP is the primary active transporter
involved. 1) A conformation dependent, MRP-specific mAb that
inhibits LTC, transport by MRP (55), also inhibits E,178G

MRP-dependent E;17BG Transport by Plasma Membrane Vesicles

transport; 2) E;178G and LTC, compete for ATP-dependent
transport by MRP enriched vesicles; and 3) E,17B8G blocks the
photolabeling of MRP by [PHILTC, in a concentration-depend-
ent manner. Thus LTC, and E,;17BG appear to interact with
similar or at least mutually exclusive sites on MRP.

Despite the ability of MRP to transport anionic compounds
with no apparent structural similarity, studies with steroid
conjugates reported here indicate that substrate affinity can be
markedly influenced by the site of anionic conjugation. In hu-
man liver, E;178G and E,3BG are formed in approximately
equal amounts (46, 47). However, only the former is cholestatic.
It has been suggested that one mechanism by which some
estrogen D-ring conjugates may diminish bile flow is by com-
peting for transport by one or more of the ATP-dependent
hepatocanalicular transport proteins. Whether or not MRP is
the transporter involved remains to be firmly established.
However, the substrate specificity of MRP correlates well with
the cholestatic potential of A-ring and D-ring steroid glucu-
ronides. Non-cholestatic E,38G does not inhibit [FH]LTC 4
transport by MRP nor does it inhibit photolabeling of the pro-
tein. Similarly, E,38G and E3 38G do not compete for
[®HIE,17BG transport. Thus A-ring glucuronidation is insuffi-
cient to result in detectable interaction with MRP. Alternative
forms of anionic modification of the A-ring, such as sulfation,
also have little effect on the inhibitory potency of 17-(B-p-
glucuronides) (e.g. E4350,178G has a K, of 1.7 uM with respect
to E;17BG transport). In contrast, sulfation of the A-ring of bile
salts may enhance inhibitory potency, since glycocholic acid
itself is a relatively weak inhibitor of E;17BG transport (30%
inhibition at 10 uM) compared with the cholestatic bile salt
glycolithocholate-3-sulfate (approximately 95% inhibition at 10
uM). More surprising, given the major structural differences
between some MRP substrates, is the finding that inhibitory
potency is sensitive to the position of glucuronidation within
the D-ring itself. The K; of the moderately cholestatic glucuro-
nide, E516aG, is more than 20-fold higher than that of E;17BG.
These studies demonstrate that the protein can be highly se-
lective with respect to the site of anionic conjugation of some
substrates and provide information of potential use in design-
ing agents capable of blocking MRP function. The behavior of
the synthetic estrogen, 17a-ethinyl-178-estradiol is an excep-
tion to the correlation between cholestatic potential and the
ability to inhibit MRP-dependent transport. This compound
does not inhibit transport of E;17BG in vitro but is cholestatic.
However, it is thought that the glucuronide of this synthetic
estrogen, produced in the liver, rather than the parent com-
pound is responsible for the cholestasis (33, 48).

It has been suggested previously that ATP-dependent hepa-
tocanalicular transport of E;178G is attributable to P-glycopro-
tein (32). This suggestion stems from studies with two drug-
selected cell lines known to overexpress P-glycoprotein, which
displayed approximately 5-fold increased resistance to cyto-
toxic concentrations of E,178G and a 2-3-fold decrease in ac-
cumulation of the compound. We have found that E,178G
transport in vesicles from the P-glycoprotein overexpressing
myeloma cell line, 8226/Dox40, is approximately 20- and 100-
fold lower than in vesicles from MRP transfected T14 and
drug-selected H69AR cells, respectively. Moreover, the drug-
resistant myeloma cells also express low but sufficient levels of
MRP to account for the low level of E;17BG transport observed.
These data combined with recent reports of multidrug-resist-
ant cell lines that express elevated levels of both P-glycoprotein
and MRP (8, 49, 50) suggest that MRP rather than P-glycopro-
tein is responsible for the previously observed transport of
E,178G (32).

Direct binding and transport of chemotherapeutic drugs by
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MRP has not been demonstrated, but 30—60% decreases in
MRP-dependent LTC, transport have been observed in high
concentrations (approximately 100 um) of certain chemothera-
peutic agents (15, 55). With some drugs (e.g. vincristine and
vinblastine), we have shown that inhibition is potentiated by
physiological concentrations of GSH and have demonstrated
ATP/GSH-dependent transport of vincristine using T14 vesi-
cles (565). Data presented here demonstrate similar inhibition of
E,17BG transport with several chemotherapeutic agents and
potentiation of inhibition by vincristine in the presence of GSH.
A possible explanation of this behavior is that inhibition and/or
transport is enhanced as a result of independent interactions of
GSH and the Vinca alkaloids with distinct regions of a com-
posite binding site on MRP. Consequently, we determined
whether the anionic substituents of known MRP substrates,
other than GSH, might act in a similar fashion. However, no
potentiation of inhibition was observed in the presence of glu-
curonate with any of the drugs tested and the anion also failed
to enhance inhibition E;17BG transport by 17B-estradiol. Inor-
ganic sulfate was also without effect (data not shown). Thus the
ability to enhance inhibition and/or transport appears to be
GSH-specific, rather than a general property of the known
anionic substituents of MRP substrates. In addition, although
all drugs tested inhibited E,173G and LTC, transport, their
relative potencies differ. For example, daunorubicin is the most
potent inhibitor of E;17BG transport while it is the least potent
inhibitor of LTC, transport (51, 55). Similar differences in the
relative potency of various inhibitors have been observed pre-
viously in the transport and/or binding of different substrates
by P-glycoprotein (52, 53). One interpretation is that interac-
tion of potential substrates or inhibitors with both proteins
may occur via multiple, overlapping but not identical sites.

Data presented here combined with those of previous studies
demonstrate that the substrate specificities of MRP and MOAT
overlap extensively (27, 21, 40, 54). Our studies on the trans-
port of steroid glucuronides are also consistent with a potential
role for MRP in bile formation and in the development of
cholestasis. However, it remains to be established whether
MOAT is a single protein or whether functionally similar but
structurally distinct tissue-specific forms exist. With detailed
knowledge of the substrate specificities of MRP and the avail-
ability of mAbs capable of specifically inhibiting its function, it
should soon be possible to determine whether MRP and MOAT
are the same protein or different functionally related
transporters.
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