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MRP Subfamily Transporters and Resistance
to Anticancer Agents
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The MRP subfamily of ABC transporters from mammals consists of at least seven members, six
of which have been implicated in the transport of amphipathic anions. MRP1, MRP2, and MRP3
bear a close structural resemblance, confer resistance to a variety of natural products as well as
methotrexate, and have the facility for transporting glutathione and glucuronate conjugates. MRP1
is a ubiquitously expressed efflux pump for the products of phase II of xenobiotic detoxification,
while MRP2, whose hereditary deficiency results in Dubin–Johnson syndrome, functions to extrude
organic anions into the bile. MRP3 is distinguished by its capacity to transport the monoanionic bile
constituent glycocholate, and may function as a basolateral back-up system for the detoxification of
hepatocytes when the usual canalicular route is impaired by cholestatic conditions. MRP4 and MRP5
resemble each other more closely than they resemble MRPs 1–3 and confer resistance to purine and
nucleotide analogs which are either inherently anionic, as in the case of the anti-AIDS drug PMEA,
or are phosphorylated and converted to anionic amphiphiles in the cell, as in the case of 6-MP. Given
their capacity for transporting cyclic nucleotides, MRP4 and MRP5 have also been implicated in a
broad range of cellular signaling processes. The drug resistance activity and physiological substrates
of MRP6 are unknown. However, its hereditary deficiency results in pseudoxanthoma elasticum,
a multisystem disorder affecting skin, eyes, and blood vessels. It is hoped that elucidation of the
resistance profiles and physiological functions of the different members of the MRP subfamily will
provide new insights into the molecular basis of clinical drug resistance and spawn new strategies for
combating this phenomenon.

KEY WORDS: MRP; drug resistance; ABC transporter.

MRP1

Pgp has served as a paradigm for the role of plasma
membrane efflux pumps in resistance to anticancer agents
and for development of the idea that pump inhibitors
may be deployed to increase the efficacy of chemother-
apeutic agents (Gottesman and Pastan, 1993). However,
following the initial identification of Pgp, analyses of a
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variety of drug resistant cell lines indicated that other
ATP-dependent efflux pumps might also confer resis-
tance to a broad range of natural products. In the spe-
cific case of amphiphilic anion transporters, investiga-
tions of the anthracycline resistant leukemia cell line,
HL60/Adr, disclosed an energy-dependent drug efflux sys-
tem that was not associated with Pgp overexpression but
instead with overexpression of another membrane pro-
tein, a 190 kDa resistance-associated protein (Marquardt
et al., 1990; Marshet al., 1986; Marsh and Center, 1987;
McGrathet al., 1989; McGrath and Center, 1987). Based
upon its susceptibility to photoaffinity labeling by AzATP,
a nucleotide-binding fold label, and its immunoreaction
with peptide antisera directed at the conserved nucleotide-
binding sites of Pgp, the 190 kDa species was concluded to
be a distinct ABC transporter. The isolation of theMRP1
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Fig. 1. Schematic comparing the structures of MRP subfamily transporters. Membrane spanning domains are indicated by striped ovals
and nucleotide binding folds are indicated by black ovals. Cytoplasmic segments at the C-terminus (C), between MSD-0 and MSD-1, and
between NBF-1 and MSD-2 are indicated by open ovals. Note that the conserved nucleotide binding folds are located at the C-termini of
the black ovals but do not span the entire segment. The structures were brought into register by alignment of MSD-1. Membrane spanning
domains (MSD-0, MSD-1, MSD-2); nucleotide binding folds (NBF1, NBF2); cytoplasmic segments between MSD-0 and MSD-1 (L-0)
and between NBF1 and MSD-1 (L-1).

cDNA from a drug resistant lung cancer cell line (Cole
et al., 1992) revealed the molecular identity of the 190 kDa
protein (Krishnamachary and Center, 1993) and subse-
quent transfection studies confirmed its drug resistance ac-
tivity and defined its resistance profile (Breuningeret al.,
1995; Coleet al., 1994; Grantet al., 1994; Kruhet al.,
1994; Zamanet al., 1994).

The MRP1 drug resistance phenotype overlaps with
that of Pgp with regard to natural product drugs, in that it
is associated with resistance to anthracyclines, etoposide,
and vinca alkaloids. There are, however, two notable dif-
ferences. First, MRP1 does not confer resistance to Taxol,
a clinically important agent that is part of the Pgp re-
sistance profile. Second, MRP1 confers high-level resis-
tance to methotrexate in short term but not continuous drug
exposure assays (Hooijberget al., 1999). The latter fea-
ture reflects the capacity of MRP1 to transport methotrex-
ate but not its polyglutamylated metabolites (Zenget al.,
2001). The in vivo resistance activity of the transporter is
apparent in MRP1-deficient mice, which are hypersensi-
tive to etoposide (Loricoet al., 1997; Wijnholdset al.,
1997). MRP1-deficient mice also exhibit markedly in-
creased damage of bone marrow, oropharyngeal mucosal
surfaces and the testes by cytotoxic drugs (Loricoet al.,
1997; Wijnholdset al., 1998), and impaired inflammatory
responses (Wijnholdset al., 1997), the latter of which is

likely attributable to reduced extrusion of LTC4 from mast
cells (Bartoszet al., 1998).

MRP1 and Pgp share only modest amino acid se-
quence identity (15%) and possess distinct in vitro activ-
ities despite their overlapping resistance profiles. MRP1
contains a third, N-terminally disposed membrane span-
ning domain (MSD-0) and a cytoplasmic loop (L-0)
(Tusnadyet al., 1997), both of which are lacking from
Pgp (Fig. 1). Detailed in vitro transport measurements,
using membrane vesicles purified from both HL60/Adr
and MRP1-transfected cells have shown that MRP1
is a lipophilic anion transporter capable of transport-
ing glutathione conjugates, such as LTC4 and DNP-SG
(Jedlitschkyet al., 1994; Leieret al., 1994), as well as
glucuronate and sulfate conjugates, such as E217βG and
dianionic bile salts, respectively (Jedlitschkyet al., 1996;
Loeet al., 1996a). By contrast, Pgp does not have the ca-
pacity to transport amphipathic anions but instead has a
preference for amphipathic cations.

The current model for how an amphipathic anion
transporter effluxes natural product anticancer agents,
which are uncharged or mildly cationic and not known
to be converted to anionic conjugates in the cell, is that
the drugs are cotransported with free GSH. This model
is supported by the observation that etoposide-stimulated
GSH export is abolished in MRP1-deficient ES cells,
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and by experiments on membrane vesicles demonstrat-
ing that transport of vincristine is GSH dependent (Loe
et al., 1996b; Loricoet al., 1996). That MRP1-deficient
animals have elevated levels of GSH provides addi-
tional support for an association between the activity
of the pump and GSH (Loricoet al., 1997). In accord
with the notion that MRP1 lies at the intersection be-
tween the GSH-dependent cellular machinery of phase II
detoxification and drug efflux, BSO modulates drug resis-
tance in non–Pgp-expressing multidrug-resistant cell lines
(Lutzky et al., 1989) and in MRP1-overexpressing cells
(Schneideret al., 1995; Versantvoortet al., 1995; Zaman
et al., 1995), and MRP1 together with the pacemaker en-
zymes for GSH synthesis andS-conjugation,γGCS and
GSTs, respectively, are subject to coordinate expression
regulation (Ishikawaet al., 1996; Kuoet al., 1996; Lacave
et al., 1998). That forced overexpression of MRP1 with
γGCS and/or GSTs confers significantly enhanced levels
of drug resistance compared to expression of single com-
ponents alone indicates that coordinate expression regu-
lation in tumors may be of clinical significant (Morrow
et al., 1998; O’Brienet al., 2000).

MRP2

The second member of the MRP family, MRP2 (alias
cMOAT) (Buchleret al., 1996; Itoet al., 1997; Paulusma
et al., 1996; Taniguchiet al., 1996) bears a close resem-
blance to MRP1 in terms of both structure (Table I and
Fig. 1) and substrate selectivity, but has a markedly dif-
ferent expression pattern. In contrast to MRP1, which is
widely distributed (Kruhet al., 1995) and has a basolateral
plasma membrane localization in polarized cells (Evers

Table I. Amino Acid Identity Among MRP Subfamily Members

MRP1 MRP2 MRP3 MRP4 MRP5 MRP6

MRP1 — 49.8 58.0 40.8 37.9 46.1
— (66.0/73.1) (70.7/73.8) (57.3/61.6) (60.0/59.4) (61.3/61.9)

MRP2 49.8 — 48.0 38.8 38.0 40.0
(66.0/73.1) — (67.3/70.0) (53.3/55.3) (61.3/60.6) (55.3/59.4)

MRP3 58.0 48.0 — 37.8 35.6 44.0
(70.7/73.8) (67.3/70.0) — (55.3/54.1) (57.3/56.9) (59.3/59.4)

MRP4 40.8 38.8 37.8 — 38.3 35.5
(57.3/61.6) (53.3/55.3) (55.3/54.1) — (49.3/59.1) (52.0/56.6)

MRP5 37.9 38.0 35.6 38.3 — 33.7
(60.0/59.4) (61.3/60.6) (57.3/56.9) (49.3/59.1) — (50.0/52.5)

MRP6 46.1 40.0 44.0 35.5 33.7 —
(61.3/61.9) (55.3/59.4) (59.3/59.4) (52.0/56.6) (50.0/52.5) —

Note. Overall percent amino acid identity is indicated in boldface. Percent identity of nucleotide
binding folds 1 and 2 is indicated in parentheses (NBF1/NBF2). Percent identity was obtained using
the GAP command in the GCG package. The Blosum 62 scoring matrix was used with a gap creation
penalty of 8 and a gap extension penalty of 2. Adapted from Belinskyet al.1999.

et al., 1996; Mayeret al., 1995), MRP2 is primarily ex-
pressed in canalicular (apical) hepatocyte membranes—
where it functions as a biliary GSH and glucuronate con-
jugate transporter—and at lower levels in small intestine
and renal proximal tubules (Buchleret al., 1996; Paulusma
et al., 1996).

Many of the properties of this transporter were de-
duced from studies of rat strains (TR- and EHBR) that
are deficient in hepatobiliary excretion of organic anions
(Ishikawaet al., 1990; Kitamuraet al., 1990) and which
were later defined to have hereditary defects in MRP2,
as do patients with Dubin–Johnson syndrome, an heredi-
tary disorder characterized by modest elevations in serum
conjugated bilirubin (Kartenbecket al., 1996; Paulusma
et al., 1997). Biochemical studies using the cloned cDNA
indicate that MRP2, like MRP1, directly mediates the
transport of glucuronate and GSH conjugates (Cuiet al.,
1999; Everset al., 1998; Itoet al., 1998; Kawabeet al.,
1999; Madonet al., 1997; van Aubelet al., 1998) albeit
at affinities significantly lower than those of MRP1.

MRP2 confers resistance to a variety of natural prod-
uct agents (anthracyclines, vinca alkaloids, etoposide)
as well as camptothecins and methotrexate (Cuiet al.,
1999; Hooijberget al., 1999; Kawabeet al., 1999; Koike
et al., 1997). In addition, MRP2 is notable for its capac-
ity to confer resistance to cisplatin. Were it not for the
fact that MRP1 does not confer resistance to this agent
(Breuningeret al., 1995; Coleet al., 1994), this feature
of the MRP2 resistance profile would not be surprising,
as cisplatin is known to form toxic GSH complexes in the
cell (Ishikawa and Ali-Osman, 1993). The biochemical
mechanism whereby MRP2 confers resistance to natural
product agents appears to be similar to that of MRP1, in
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that it is GSH dependent (Everset al., 2000; van Aubel
et al., 1999). However, unlike MRP1, MRP2 may be com-
petent in the transport of GSH alone without the need for
simultaneous cotransport or binding of other compounds
(van Aubelet al., 1999). The capacity of MRP2 for GSH
export is consistent with the notion that it is the component
or one of the components responsible for the extrusion of
GSH into bile (Elferinket al., 1989; Takikawaet al., 1991).

The Extended MRP Subfamily

As first suspected from the results of biochemical
investigations (Saxena and Henderson, 1995), and con-
firmed by analyses of expressed sequence tags and other
partial sequences (Allikmetset al., 1996; Koolet al., 1997;
Longhurstet al., 1996), it is now clear that there at least
five MRP subfamily members in addition to MRP1 and
MRP2. The predicted domain organizations and topolo-
gies of four of these transporters have been determined
(Belinskyet al., 1998; Belinsky and Kruh, 1999; Hirohashi
et al., 1998; Koolet al., 1999a; Leeet al., 1998; Suzuki
et al., 1997; Uchiumiet al., 1998) and on this basis they
appear to fall into two groups: those that contain (MRP1,
MRP2, MRP3, MRP6) and those that lack (MRP4, MRP5)
the N-terminal MSD-0 transmembrane domain (Fig. 1)
(Belinsky et al., 1998; Belinsky and Kruh, 1999). All,
however, contain the L-0 linker domain which in retro-
spect might be expected given the functional dispensabil-
ity of the MSD-0 but not the L-0 domain of MRP1 (Bakos
et al., 1998). MRP1, MRP2, MRP3 (48–50% identity),
and to a lesser extent MRP6 (40–46% identity) resemble
each other considerably at the sequence level but MRP4

Table III. Properties of MRP Subfamily Transporters

Glucuronate and Notable physiological Proposed physiological
GS-conjugate transport substrates functions

MRP1 + Glutathione, LTC4 Ubiquitous GS-X pump; efflux of LTC4 from
mast cells

MRP2 + Glutathione, bilirubin Biliary excretion of amphipathic anions
glucuronide (hereditary deficiency results in

Dubin-Johnson syndrome)
MRP3 + Glycocholate Efflux of amphipathic anions from cholestatic

liver; enterohepatic circulation of bile acids
MRP4a + cGMP, cAMP Modulation of cyclic nucleotide signaling

pathways
MRP5b − cGMP, cAMP Modulation of cGMP signaling pathways
MRP6 − ? Connective tissue homeostasis (hereditary

deficiency results in PXE)

aTransports E2 17βG.
bConjugate transport was not detected in membrane vesicle transport assays. However, DNP-SG transport was
observed in cellular kinetic studies.

Table II. Chromosomal Localizations and Expression Patterns of MRP
Subfamily Transporters

Chromosomal localization Tissue expression

MRP1 16p13.1 Widespread
MRP2 10q24 Liver, kidney, gut
MRP3 17q21.3 Pancreas, kidney, gut,

liver, adrenal
MRP4 13q32 Prostate, testes, ovary, gut,

pancreas, lung, muscle
MRP5 3q27 Widespread
MRP6 16p13.1 Liver, kidney

and MRP5 are more divergent from each other and from
the other MRPs (34–41% identity) (Table I). Although
there is a possibility that MRP4 and MRP5 form their own
subgroup they are nevertheless more related to the other
MRPs than they are to other known ABC transporters as
indicated by the results of phylogenetic cluster analyses
(Belinsky et al., 1998; Belinsky and Kruh, 1999). This
conclusion is substantiated by investigations of their ac-
tivities. (The properties of MRP subfamily members are
summarized in Table II and Table III).

MRP3

Of the MRPs for which complete coding sequences
have been determined, MRP3 shares the highest degree
of structural resemblance with MRP1 (58%). However,
by contrast with MRP1, the known drug resistance profile
of MRP3 is narrow and restricted to epipodophyllotoxins,
vincristine, and methotrexate (Koolet al., 1999b; Zeng
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Table IV. Summary of Kinetic Parameters for MgATP-Dependent
Amphipathic Anion Transport by Membrane Vesicles Prepared From

MRP3-Transfected HEK293 Cells

Substrate Km(µM) Vmax(pmol/mg/min) Vmax/Km

E217βG 25.6± 5.4 75.6± 5.9 3.0
DNP-SG 5.7± 1.7 3.8± 0.1 0.7
LTC4 5.3± 2.6 20.2± 5.9 3.8
Methotrexate 776± 319 288± 54 0.4
Glycocholate 248± 113 183± 34 0.7

Note. Adapted from Zenget al. 2000. Values shown are means± SE.

et al., 1999). Moreover, the potency of its resistance activ-
ity for etoposide and vincristine is considerably less than
that of MRP1, as assessed by measurements of resistance
levels in transfected cells. These in vivo properties are in
part reflected in the in vitro transport characteristics of
MRP3.

Membrane vesicles prepared fromMRP3-transfected
HEK293 cells transport the prototypical MRP1 substrates
LTC4, DNP-SG, and E217βG but at relatively low affin-
ity (Table IV and Table V) (Zenget al., 2000). The cyste-
inyl leukotriene LTC4 is a low affinity substrate of MRP3
(Km 5.3µM), in comparison to MRP1, for which it is a
high affinity substrate (Km 0.097µM) (Jedlitschkyet al.,
1996; Leieret al., 1994; Loeet al., 1996b) and MRP2, for
which it is an intermediate affinity substrate (Km 0.24–
1.0 µM) (Cui et al., 1999; Kawabeet al., 1999). Simi-
larly, the Km for E217βG transport by MRP3 (25.6µM)
is considerably higher than the values reported for MRP1
(1.5–2.5µM) (Jedlitschkyet al., 1996; Loeet al., 1996a)
and MRP2 (7.2µM) (Cui et al., 1999). The exception is
DNP-SG for which only a small difference between MRP3
(Km 5.7µM) and MRP1 (Km 3.6µM) (Jedlitschkyet al.,
1996) was detectable. Both MRP3 and MRP1 transport
this conjugate at considerably higher affinities than does
MRP2 (Km 70µM) (Paulusmaet al., 1999). As expected
based upon its capacity to confer methotrexate resistance,
MRP3 is also able to transport this monoglutamate at high

Table V. Comparison of Kinetic Parameters for Glutathione and
Glucuronate Conjugate Transport by MRP1, MRP2, and MRP3

Km(µM)

Transporter LTC4 DNP-SG E217βG

MRP3, human 5.3 5.7 25.6
MRP3, rat ND ND 67
MRP1, human 0.097 3.6 1.5, 2.5
MRP2, human 0.24, 1.0 70 7.2

Note.Adapted from Zenget al., 2000. ND: not detected.

capacity (Table IV). Of the differences from MRP1 and
MRP2 one of the most striking was MRP3’s activity to-
ward the conjugated monoanionic bile acid glycocholate
but not taurocholate. MRP3 transports glycocholate at
high rates (Table IV). Similar studies of rat MRP3 have
disclosed a similar pattern except that this transporter does
not appear to transport GS-conjugates and does not dis-
tinguish glycocholate from taurocholate (Hirohashiet al.,
2000; Hirohashiet al., 1998).

The in vitro transport characteristics of MRP3 pro-
vide potential insights into its limited drug resistance ac-
tivity and physiological functions. It is not known whether
GSH is involved in MRP3-mediated resistance to natu-
ral products, but the reduced affinity of human MRP3
for LTC4 may be an indicator of MRP3’s relatively re-
stricted resistance profile if the capacity of this transporter
for GSH cotransport is low by comparison with that of
MRP1 or MRP2. With regard to physiological functions,
the similarity of the MRP3 substrate selectivity to that of
MRP2 together with its localization in basolateral mem-
branes of hepatocytes (Koniget al., 1999; Kool et al.,
1999b) and substantial induction in cholestatic conditions
(Hirohashiet al., 1998; Koniget al., 1999; Ortizet al.,
1999), suggest that in these conditions MRP3 may func-
tion to efflux into sinusoidal blood the amphipathic anions
(e.g., bilirubin glucuronide) that are ordinarily exported by
canalicular MRP2 into bile. Likewise, MRP3 may func-
tion in cholestatic conditions to efflux bile constituents,
such as monoanionic bile salts, which are substrates of
other canalicular pumps. There is also a possibility that
in the gut, where MRP3 transcript is abundant, this trans-
porter participates in the enterohepatic circulation of bile
salts by transporting across the basolateral membranes of
enterocytes those bile salts that have been imported from
the gut lumen by the (apical) ileal bile salt transporter.

MRP4 AND MRP5

MRP4 and MRP5 confer a unique drug resistance
phenotype and transport representatives of a different class
of amphipathic conjugates in that both transporters have
been implicated in resistance to and transport of purine
and nucleotide analogues. The MRP4 gene was found to
be amplified and overexpressed in a cell line resistant to
the anti-AIDS nucleotide analogue PMEA (Schuetzet al.,
1999), and investigations of the MRP4 drug resistance pro-
file of transfected NIH3T3 cells showed that, in addition
to PMEA, MRP4 also confers resistance to methotrexate
(Leeet al., 2000). However, MRP4-transfected cells were
not resistant to a variety of other anticancer agents, includ-
ing natural product drugs. PMEA, an acyclic nucleoside
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phosphonate, is an amphipathic anion by virtue of its
nonhydrolyzable phosphonate group, and may therefore
represent an MRP4 substrate itself. Alternatively, the
mono- or diphosphorylated metabolites of PMEA are
effluxed by MRP4.

Analyses of transfected cells indicate that MRP5 is
also capable of conferring resistance to PMEA, as well as
the anticancer purine analogues 6-mercaptopurine and 6-
thioguanine (Wijnholdset al., 2000). The resistance con-
ferred by MRP5 is considered to derive from efflux of
the phosphorylated metabolites of these anticancer agents.
Recently MRP4 has also been shown to confer resis-
tance to 6-mercaptopurine and 6-thioguanine (Chenet al.,
2001).

An important insight into how the potential physi-
ological functions of MRP5 may impinge on drug resis-
tance was recently gained from the discovery that this
MRP is a primary active transporter of cGMP and cAMP
(Jedlitschkyet al., 2000). Not only does this activity estab-
lish that MRP5 is a transporter of physiological phosphate
conjugates but it also raises the possibility that it plays a
role in at least some of the signal transduction pathways
in which cyclic nucleotides participate. While assays of
the transport of anionic fluorochromes indicate that the
substrate selectivity of MRP5 is not limited to phosphory-
lated compounds (McAleeret al., 1999) it remains to be
determined if it is competent in the direct transport of typ-
ical MRP1 substrates. On the one hand, efflux of DNP-SG
and GSH, concomitant with a diminution of intracellular
GSH levels, has been observed in MRP5-transfected cells
(Wijnholdset al., 2000). On the other hand, transport of
LTC4 or E217βG has yet to be detected in MRP5-enriched
membrane vesicles (Jedlitschkyet al., 2000).

MRP4 is also able to transport cyclic nucleotides
(Chenet al., 2001). However, its affinity for cAMP is
9-fold greater than that of MRP5. By contrast, its affin-
ity for cGMP is∼5-fold lower than that of MRP5. These

Table VI. Drug Resistance Profiles of ABC Transporters

Agent Pgp MRP1 MRP2 MRP3 MRP4 MRP5 BCRP ABC2

Taxol + − − − − −
Anthracyclines + + + − − − +
Vinca alkaloids + + + + − − −
Epipodophyllotoxins + + + + − − −
Mitoxantrone + − − − +
Camptothecins + + − +
Methotrexate − + + + + − −
Cisplatin − − + − − − −
Nucleotide anal. + +
Estramustine +

features of MRP4 suggest that it may play a more promi-
nent role in modulating cAMP signaling than does MRP5.
Another feature that distinguishes the substrate selectiv-
ity of MRP4 from that of MRP5 is that MRP4 is able to
transport glucuronides such as E217βG.

MRP6

MRP6 has the properties of an amphipathic anion
transporter that does not transport glutathione or glu-
curonate conjugates. Membrane vesicles containing the
rat protein transport the anionic cyclopentapeptide BQ123
but not typical MRP1 substrates (Madonet al., 2000).
Critically, hereditary deficiency of MRP6 is the basis of
pseudoxanthoma elasticum (PXE), a multisystem disease
of the skin, eyes, and blood vessels (Bergenet al., 2000;
Le Sauxet al., 2000; Ringpfeilet al., 2000). However, the
relationship between MRP6, its high levels of expression
in kidney and liver (Belinsky and Kruh, 1999; Kool
et al., 1999a), BQ123 transport and PXE remain to be
elucidated.

Changing Perspectives on ABC Transporters
and the Drug Resistant Phenotype

In spite of intense efforts, most attempts to estab-
lish a strict correlation between Pgp expression in tu-
mors and clinical resistance to chemotherapeutic agents
have met with little success in the case of adult solid
tumors, and only modest success in the case of child-
hood tumors and adult hematopoietic tumors (Ling, 1997).
At least one potential reason for this lack of correla-
tion is now apparent: there are many ABC transporters
with overlapping capabilities that confer resistance to
this class of agents. Table VI summarizes the resistance
profiles of ABC transporters known to be involved in
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resistance to anticancer drugs. Included in this table are
the profiles of BCRP/MXR (Allikmetset al., 1998; Doyle
et al., 1998; Miyakeet al., 1999) and ABC2 (Laing
et al., 1998), two ABC transporters that confer resis-
tance to anticancer agents, but are not members of the
Pgp or MRP subfamilies. Particularly noteworthy is the
fact that there are at least four transporters that confer
resistance to anthracyclines, vincristine, and etoposide.
The only known exception to this pattern is Taxol, for
which Pgp is the only ABC transporter that demonstra-
bly confers resistance. The problem of redundant activ-
ities is further compounded by the extended resistance
profiles, such as those for methotrexate and camp-
tothecins, of some MRP subfamily members. This sug-
gests that expression of a single transporter could si-
multaneously confer resistance to both natural product
and nonnatural product agents in a given chemother-
apy regimen. For example, methotrexate and anthracy-
clines are components of regimens for the treatment of
lymphomas and childhood leukemias, and expression of
either MRP1 or MRP2 could confer resistance to both
of these agents.

The overlapping resistance profiles of drug pumps
also have important ramifications for the clinical use of
modulators designed to inhibit the action of transporters
and thereby increase intracellular drug concentrations.
Given the number of transporters and the possibility that
it may not be possible to find a single compound that is
capable of inhibiting all of them, detailed information con-
cerning the de novo and posttreatment expression levels
of drug transporters in specific tumors may be required
in order to determine which inhibitors to use and when
to use them during the course of a treatment regimen.
The expression of some MRPs at excretory sites, for ex-
ample the high levels of MRP2 and MRP3 expression
in liver and kidney, may introduce the added complica-
tion of potentially profound pharmacokinetic perturba-
tions. Reduced hepatobiliary clearance of drugs and hep-
atotoxicity have already been observed with the use of
some Pgp inhibitors and one of the most obvious char-
acteristics of MRP2-deficient rats is their reduced biliary
clearance of methotrexate (Masudaet al., 1997). Finally,
and perhaps most dramatically, the surprising functions
of some MRPs, for example cyclic nucleotide transport
by MRP4 and MRP5, may presage completely unantic-
ipated difficulties consequent on the use of pump in-
hibitors. Having made the case for caution and concern,
there is also reason for optimism. Recent insights into
the nature of plasma membrane defenses against anti-
cancer agents have increased our understanding of the
drug resistant phenotype and should facilitate the imple-
mentation and testing of strategies designed to reduce the

potential clinical impact of ABC transporters on a more
rational basis.
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