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Abstract

The identification of certain members of the large superfamily of ATP binding cassette
transport proteins such as MDR1-P-glycoprotein and the multidrug resistance protein
MRP1 as ATP-dependent drug efflux pumps has been a major contribution in our
understanding of the multidrug resistance phenotype of cancer cells. Importantly, both
transport proteins that exhibit only low structural homology have a very different
substrate specificity but confer resistance to a similar spectrum of natural product
chemotherapeutic drugs. In contrast to the drug transporter MDR1, MRP1 mainly
transports anionic Phase II-conjugates. In addition MRP1-mediated drug resistance is
highly dependent on high intracellular glutathione levels which may be linked to the
apparent physiological involvement of MRP1 in glutathione-related cellular processes.
This review summarizes the current knowledge about functional aspects of MRP1 and
its 5 recently cloned homologues MRP2 - MRP6 and discuss their substrate
specificities and cellular localisation with emphasis on drug resistance.
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Introduction

Development of drug resistance during chemotherapy is a major obstacle in the
successful treatment of human cancers. In vitro studies with tumour cell lines as model
systems have demonstrated that exposure to a single drug often results in cross-
resistance to many other structurally and functionally unrelated compounds. This
phenomenon is known as multidrug resistance (MDR). Among the several identified
drug resistance mechanisms, the ATP-binding cassette (ABC) transport proteins are of
particular interest.

Human ABC transporters were originally associated with drug resistance and cystic
fibrosis.1 The identification of novel members of the ABC family revealed that they
are also involved in several human diseases including Tangier disease, Stargardt
disease,  adrenoleukodystrophy and a group of liver disorders known as progressive
familial intrahepatic cholestasis 2 (see also http://www.med.rug.nl/mdl/humanabc.htm).

The discovery of the ABC transporter MDR1-P-glycoprotein (MDR1) opened a new
research area in understanding the human drug resistance phenotype.3 Overexpression
of this 170-kDa transmembrane protein confers resistance to a wide spectrum of
natural product drugs by an ATP-dependent extrusion of these compounds resulting in
decreased intracellular levels (reviewed in ref. 4). For several years, MDR1 was the
only ABC transport protein associated with drug resistance. However, reports
describing drug resistant cell lines without MDR1-overexpression indicated the
presence of other MDR-conferring proteins.5,6 This led to the identification of a second
drug resistance-related ABC transporter, the multidrug resistance protein (MRP),7

further designated as MRP1 (symbol ABCC1). MDR1 and MRP1 confer resistance to
a similar, although not identical, group of anticancer drugs. However, these proteins
share less than 20% amino acid identity. This suggested that MDR1 and MRP1 confer
drug resistance by different mechanisms. The cloning of the MRP1 homologues MRP2
(ABCC2) 8 and, more recently, MRP3 (ABCC3), MRP4 (ABCC4), MRP5 (ABCC5) and
MRP6 (ABCC6) 9,10 defined a new subfamily of ABC transporters with potential
involvement in drug resistance. This review summarises the current knowledge on the
MRP family with emphasis on its relationship to drug resistance.

MRP1

Mechanisms of MRP1-mediated drug resistance

Sequestration
The relationship between overexpression of MRP1 and drug resistance has been firmly
established (for review see refs. 11,12). Overexpression of MRP1 leads to an increased
ATP-dependent drug efflux resulting in decreased intracellular concentrations.13

However, the level of MRP1 overexpression often does not correlate with the amount
of drug exported from the cells and sometimes MRP1-overexpressing cells do not even
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show an increased drug efflux.7,14,15 Compared to the sensitive counterparts, certain
MRP1-overexpressing, drug-resistant cells show different drug distributions, with
accumulation of the fluorescent drugs doxorubicin or daunorubicin into intracellular
vesicular structures.16-19 A direct link between MRP1 and intracellular doxorubicin
distribution was demonstrated using the MRP1 inhibitor MK571.20 In sensitive cells
doxorubicin accumulated into the nucleus, while in the resistant MRP1-overexpressing
counterparts doxorubicin showed an exclusively cytoplasmic distribution. Treatment of
the resistant cells with MK571 resulted in a redistribution of doxorubicin into the
nucleus.19 This suggested that MRP1 is active in preventing entry of drugs into the
nucleus where several anticancer drugs exert their cytotoxic activity. Besides its
localisation to the plasma membrane, MRP1 is also found in intracellular membranes
from secretory vesicles putatively derived from the Golgi apparatus.21,22 It was shown
in drug-resistant cells that the MRP1 substrate dinitrophenyl-glutathione (DNP-GS)
was sequestrated in these vesicles.22 These results demonstrate that MRP1 is
intracellularly active and that sequestration of drugs in intracellular vesicles provides
another mechanism, besides drug efflux, for MRP1-mediated drug resistance (Figure
1).

Transport
Until recently, the mechanism by which MRP1 could transport chemotherapeutic drugs
was not clear. The initial idea was that MRP1, similar to MDR1, could be a
translocator for unmodified drugs. Indeed, if these anticancer drugs are anionic
compounds, they are transported by MRP1 without further modification as described
for the antifolate methotrexate.23 However, unmodified basic anticancer drugs per se
are not transported by MRP1.24-26

Based on its transport function for GSH-, glucuronic acid- and sulphate
conjugates,24 it was proposed that MRP1 might confer drug resistance by export of
drug conjugates. MRP1 is able to transport glutathione S-conjugates (GS S-conjugates)
of the alkylating agents chlorambucil and melphalan,27 although MRP1 is not known to
confer resistance to these drugs. On the other hand, many chemotherapeutic drugs to
which MRP1 confers resistance are not substrates for GSH-, glucuronic acid- or
sulphate conjugation.14 GSH however does play an important role. Experiments with
membrane vesicles from MRP1-overexpressing cells demonstrated that MRP1 is a
transporter for the unmodified anticancer drugs vincristine and daunorubicin, but only
in the presence of physiological amounts of GSH.25,26 These results extend the earlier
observations that GSH is a critical factor in MRP1-mediated drug resistance (Figure
1).28,29

The molecular mechanism of drug transport by MRP1 is still puzzling. It is not
dependent on the reducing capacity of GSH, since other reducing agents such as
dithiothreitol, 2-mercaptoethanol and L-cysteine do not stimulate MRP1-mediated
vincristine transport.25 In addition, the GSH-derived dipeptides cysteinylglycine and γ-
glutamylcysteine do not stimulate vincristine transport by MRP1 either.30

Consequently, MRP1-mediated vincristine transport requires an intact GSH molecule.
Studies with embryonic stem cells from Mrp1 +/+ mice showed increased GSH efflux
after etoposide exposure in contrast to the same cells from Mrp1 -/- knockout mice.31

Furthermore, vincristine stimulates GSH transport into membrane vesicles from
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MRP1-overexpressing cells.30 These findings strongly indicated that MRP1-mediated
transport of vinca alkaloids occurs via a co-transport mechanism with GSH. This
suggests that GSH itself is also transported by MRP1. Previous work supports this
idea. A direct interaction of GSH with MRP1 has been proposed,32 MRP1-
overexpressing cells showed increased GSH release 28,29 and Mrp1 -/- mice showed
increased GSH levels in their tissues.31 However, when membrane vesicles from
MRP1-overexpressing cells were used, transport of GSH itself could not be
observed.30  An explanation for this discrepancy might be the presence of endogenous
MRP1 substrates inside the cell inducing an increased GSH release via the postulated
co-transport mechanism. In experiments with membrane vesicles these endogenous
substrates are not present. Thus, MRP1-mediated GSH transport seems dependent on
the presence of other (hydrophobic) compounds. These compounds are not necessarily
MRP1 substrates as was shown for the calcium channel blocker verapamil.33

Alternatively, according to the transport capacity for oxidized glutathione (GSSG) it
may be that two GSH molecules are transported by MRP1. Low affinity ATP-
dependent transport of GSH per se was measured in yeast vacuolar membrane vesicles
containing the MRP1-homologue yeast cadmium factor 1 (YCF1).34 Thus GSH itself
may be a MRP1 substrate but, due to high Km values, ATP-dependent transport can not
be measured in vitro. Moreover, compared to yeast vacuolar membrane vesicles,
mammalian membrane vesicles are less rigid and are variably orientated making
reliable measurements of MRP1-mediated GSH transport extremely difficult.

MRP1-mediated daunorubicin transport also requires GSH 26 and is also dependent
on an intact GSH molecule (Renes et al. unpublished observations). However, in
contrast to vinca alkaloids, efflux of daunorubicin from MRP1-overexpressing cells is
not accompanied by an increased release of GSH.29 Thus either the mechanism of
MRP1-mediated daunorubicin transport is different compared to vincristine transport,
or these data are not comparable because of different cell lines and experimental
conditions. The elucidation of the molecular mechanism of MRP1-mediated
daunorubicin transport requires further research.

Transport of drug metabolites
Intracellular metabolism of the anticancer drugs cyclophosphamide and bleomycin
results in formation of toxic metabolites such as base propanals and the α,β-
unsaturated aldehyde acrolein.35 Doxorubicin is known to generate oxidative stress and
subsequently formation of a lipid peroxidation product, the α,β-unsaturated aldehyde
4-hydroxynonenal (4HNE).36,37 The main detoxification mechanism for toxic
aldehydes is conjugation to GSH, the so-called phase II metabolism.35 This is
illustrated by transfection with a gene encoding a glutathione S-transferase (GST)
isoenzyme with high affinity for 4HNE resulting in resistance to doxorubicin.38

Accumulation of the endogenously formed GS S-conjugates, however, may cause
product inhibition of the GST’s and decrease in detoxification capacity.39 Therefore,
extrusion from the cell is required. According to its substrate specificity, the GS S-
conjugates formed after drug administration are potential MRP1 substrates. Indeed it
was shown that the GS S-conjugate of 4HNE (GS-4HNE) is a high-affinity substrate
for MRP1 and that MRP1 protects against 4HNE toxicity.40 MRP1 may thus play a
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role in drug resistance by export of GS S-conjugates of drug metabolites (Figure 1).
For example, MRP1 may cause resistance to doxorubicin also by export of GS-4HNE.

DRUG
2

1

3

GSH

MRP1

MRP1

MRP1

GS-X

MetabolitesTarget

Figure 1. Model of MRP1-mediated drug resistance. After entering the cell MRP1 prevents the drug
reaching its target by (1) sequestration into intracellular vesicles or (2) export from the cell with or
without the aid of GSH. Drug metabolites can be detoxified by conjugation to GSH followed by MRP1-
mediated transport out of the cell (3).

Regulation of MRP1-expression

A conclusive mechanism for drug-induced MRP1 expression can not be provided yet,
but there is evidence that MRP1 expression is triggered by oxidative stress. In human
colon cancer cells MRP1 gene expression is induced by tumour necrosis factor α
(TNF).41 A similar effect was observed when rats were treated with lipopolysaccharide
(LPS) resulting in increased liver Mrp1 expression. TNF is believed to be one of the
main causes of LPS-induced effects on transporter gene expression in hepatocytes.42 In
addition, it was demonstrated recently in mouse T helper cells that from all cytokines
tested only TNF in combination with interleukin-2 (IL-2) induced Mrp1 expression.43

One of the mechanisms by which TNF exert its intracellular effects is the formation of
reactive oxygen species (ROS).44 Compounds known to generate ROS induce
expression of the genes encoding MRP1 and γ-glutamylcysteine synthetase (γGCS)
and provide a direct link between ROS and MRP1 induction.45 γGCS is the rate-
limiting enzyme in GSH synthesis and GSH plays an important role in the protection
against oxidative-stress metabolites.39 Increased GSH levels generated by γGCS
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transfection reduced MRP1 expression.45 In addition, compounds detoxified by GSH
such as heavy metals and 3-[4-amino-2-methyl-5-pyrimidinylmethyl]-1-(2-
chloroethyl)-nitrosourea (ACNU) have the capacity to induce expression of
MRP1.46,47,48 These results suggest that GSH is a critical factor in MRP1 regulation.
However, GSH depletion by the γGCS inhibitor buthionine sulfoximine (BSO) did not
induce MRP1 expression. Explanation for this might be a BSO-resistant GSH pool
present in mitochondria and nucleus. This pool is sensitive to anticancer drugs.45 We
propose here a model for drug-induced MRP1 expression. Low concentrations of
anticancer drugs can be detoxified by MRP1 with the aid of cytoplasmic GSH.
Increased drug concentrations will first deplete cytoplasmic GSH, followed by
depletion of the BSO-resistant pool. This may drop GSH levels below a critical value
resulting in an alteration of the cellular redox state and action of transcription factors,
which may be the trigger for induction of MRP1 (and γGCS) expression. Although the
promoter region of MRP1 contains an antioxidant responsive element,49 a direct link
between oxidative stress sensitive transcription factors and MRP1 induction has not
been demonstrated yet. Another transcription factor, Sp1, seems to play a role in
regulation of MRP1 expression.49 MRP1 promoter activity is decreased when Sp1
binding sites are deleted or mutated,50 while overexpression of Sp1 protein induces
MRP1 promoter activity.51 Wild type p53 (wt p53), a protein mainly involved in cell
cycle control,52 forms complexes with Sp1 53 and these may inhibit MRP1 promoter
activity. Indeed, wt p53 represses MRP1 expression.51,54 Mutant p53, the most
frequently found alteration in human malignancies,55 is also able to bind Sp1 but this
might result in a complex with reduced repression activity as it was shown that
overexpression of mutant p53 induces MRP1 expression,54 (Renes et al., submitted).
Questions remain about the basal transcription factors that are responsible for
oxidative stress-mediated induction of MRP1.

How does MRP1 function as transport protein?

Which are the regions in MRP1 that determine its function, where are the substrate
binding sites and what is the mechanism by which MRP1 exerts its transport activity?

Eukaryotic ABC transporters are commonly composed of two hydrophobic
membrane-spanning domains (MSDs) and two cytoplasmic nucleotide-binding
domains (NBDs), organised as NH2-MSD1-NBD1-MSD2-NBD2-COOH.1 In this
respect, MRP1 is different because it contains an extra N-terminal MSD with five
membrane-spanning segments. Topology studies predicted a secondary MRP1
structure as: NH2-MSD1-MSD2-NBD1-MSD3-NBD2-COOH.56 The extra N-terminal
MSD is characteristic for certain members of the MRP family (MRP1, MRP2, MRP3
and MRP6) (Figure 2) and other strongly related ABC transporters such as the
sulfonylurea receptor (SUR), YCF1,57 the MRP1-homologue in the nematode
Caenorhabditis elegans 58 and the MRP1-homologue found in the plant Arabidopsis
thaliana (AtMRP1).59 All ABC proteins containing a third MSD are more closely
related to MRP1 and to each other than to other members of the ABC superfamily. The
function of this N-terminal part of MRP1 has been examined and it appears that
specific regions are critical for the function of MRP1.
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Figure 2. Membrane topology models of the MRP family. MSD: membrane spanning domain; NBD:
nucleotide binding domain.

Removal of the first membrane-spanning segment resulted in impaired leukotriene
C4 (LTC4) transport.60 However, when the entire MSD1 was deleted, the transport
activity of MRP1 was hardly decreased and MRP1 still correctly localized to the
basolateral membranes of transfected MDCKII cells.61 It appears that MSD1 is not a
determinant domain for MRP1 function and cellular trafficking. However, removal of
the linker region between MSD1 and MSD2 strongly decreased LTC4 transport,
suggesting that this region is a critical domain for the transport activity of MRP1.61

The potential importance of the first membrane-spanning segment of MSD1 for MRP1
function remains to be elucidated.

Transport studies showed that LTC4 transport is inhibited by the hydrophilic
substrates GSSG and nonyl-GS 62 and by hydrophobic anticancer drugs. This
inhibition was further increased when GSH was included.25 In addition, photoaffinity
labelling of MRP1 by LTC4 is inhibited by 17β-glucuronosyl estradiol (E2 17βG).63

These results suggest that different MRP1 substrates have identical or overlapping
binding sites. However, different parts of MRP1 seem to determine the transport
process. In contrast to human MRP1, murine Mrp1 does not confer resistance to
doxorubicin and is not a transporter for E2 17βG.64 A hybrid protein containing the
murine N-terminal part and the human C-terminal part restored doxorubicin resistance
and the capacity to transport E2 17βG. However, this was not observed using a hybrid
protein containing the human N-terminal and mouse C-terminal parts.65 These results
demonstrate the importance of the C-terminal part of MRP1 for doxorubicin resistance
and E2 17βG transport. However, the efficiency of LTC4 transport seems to be the
same for wild type proteins and hybrid proteins.65 Thus, MRP1 appears to contain
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different determinants for transport of E2 17βG and LTC4, although they seem to have
identical or overlapping binding sites.

Although LTC4, GSH and anticancer drugs interact with MRP1 directly, 63,32

specific binding sites have not yet been identified. The development of monoclonal
antibodies directed against specific epitopes of MRP1 is an important step towards
elucidating specific substrate-binding sites.66 It is unlikely that specific regions in the
MRP1 protein are exclusively responsible for transport of specific substrates. The
monoclonal antibody QCRL-3, which recognises a conformation-dependent epitope in
the NBD1, inhibits transport of the hydrophilic substrates LTC4,

25,26 and E2 17βG 67

but also of the hydrophobic substrates vincristine and daunorubicin.26,30 In addition,
transport of LTC4 and vincristine is inhibited by the monoclonal antibody QCRL-4
which recognises an epitope in NBD2.66,30 Inhibition by these antibodies is not caused
by steric effects or by inhibition of ATP-binding.66 These results indicate that NBD1
and NBD2 either contain a specific substrate-binding site (hydrophilic or hydrophobic)
or that these two NBDs are otherwise involved in the transport process. Thus, it
appears that the transport function of MRP1 depends on an interplay between different
regions.

MRP1 requires ATP-hydrolysis for its transport function 62,24-26 and it has been
suggested that the ATPase activity of the NBDs provides the energy for the transport
process.68 Three different experimental systems have been used to study the ATPase
activity of MRP1 and all three gave different results.68-70 One study, using
reconstituted MRP1, showed that anticancer drugs in the absence of GSH and
anticancer drugs to which MRP1 does not confer resistance stimulate the ATPase
activity of MRP1. Furthermore it was shown that GSH stimulated drug-induced
ATPase activity.68 This was not observed in the other studies. In contrast to Mao et
al.,69 it was demonstrated in membrane vesicles from MRP1-overexpressing cells that
GSH itself is a strong stimulator of MRP1 ATPase activity.70 These discrepancies may
be explained by differences in the lipid environment of MRP1, since small changes in
lipid composition strongly affect ATPase activity of MDR1.71 However, consensus
was reached about the stimulatory activities of LTC4. Remarkably, an artificial GS S-
conjugate of daunorubicin (WP811), but not unconjugated daunorubicin, stimulated
MRP1 ATPase activity.70 This indicates that the anionic part of conjugated MRP1
substrates may play a key role in the transport process. The same may be true for
anticancer drugs that require GSH for their transport.30,26 The stimulation of the
ATPase activity by GSH alone supports this idea.70

Recently, the involvement of the two NBDs from MRP1 in the coupling between
ATP hydrolysis and transport activity was further elucidated.72-74 Interaction of ATP
with MRP1 was studied by photoaffinity labelling and vanadate-induced trapping
experiments using 32P-labeled 8-azido-ATP. Binding of azido-ATP was exclusively
found at NBD1, while trapping of azido-ADP was predominantly observed at NBD2.
This is in agreement with the previously proposed separate ATP- and ADP-binding
sites on MRP1.75 Trapping of ADP was stimulated by LTC4, GSSG, GSH and
etoposide and synergistically by etoposide with either GSH or GSSG.72-74 Why
etoposide per se stimulates trapping while other drugs are not able to do this, remains
to be elucidated. The two NBDs show co-operativity in the binding and trapping of the
nucleotide:  trapping of ADP at NBD2 requires the presence of a functional NBD1 72,74
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and binding of ATP at NBD1 was reduced when NBD2 was mutated.74 In addition,
ADP (putatively bound to NBD2) stimulated specific binding of ATP at NBD1,
suggesting an allosteric interaction between the two NBD’s.74 Thus, although both
NBDs seem to be functionally non-equivalent, they are interdependent. Mutation of
the highly conserved lysine residues in the Walker A or B motifs from either NBD
resulted in impaired binding and trapping of the nucleotide and reduced LTC4

transport.72,74 Remarkably, mutations in NBD2 were more effective in reduction of
LTC4 transport than mutations in NBD1.72,74 This may indicate a more critical role for
NBD2-mediated ATP hydrolysis for substrate transport. A model was proposed
describing the coupling between ATP binding and hydrolysis and transport activity.74

In summary, the molecular mechanism of MRP1-mediated transport is far from
elucidated and requires integration of knowledge on substrate binding, ATPase activity
and translocation processes.

Physiological function of MRP1

MRP1 was first characterised as a transporter for anionic conjugates, preferentially GS
S-conjugates.62,25,24 GSH is ubiquitously present in all cells of the human body and
plays an important role in detoxification of ROS, electrophiles and oxyanions either by
reduction or conjugation.39 GS S-conjugates are substrates with highest affinity for
MRP1 and the affinity increases with the length of the alkyl chain.76,25 Based on its
ubiquitous expression 77 and its substrate specificity, it was proposed that extrusion of
endogenously formed GSH-dependent detoxification products is the physiological
function of MRP1.78 Indeed, MRP1 is a transporter for LTC4,

62,25 the glutathione
conjugate of prostaglandin A2 (GS-PGA2),

79,80 GSSG 81 and GS-4HNE.40 LTC4 and
PGA2 are involved in inflammation and cell cycle arrest,82,83 while GSSG and GS-
4HNE are detoxification products generated under conditions of a changed redox
state.39,84 A role of MRP1 in immune responses was recently proposed based on the
induction of its murine orthologue upon activation of T-helper 1 cells.43 MRP1-
mediated transport of GSSG and GS-4HNE suggests that MRP1 functions as part of
the cellular defence system against oxidative stress.81,40 Thus, extrusion of the above-
mentioned metabolites by MRP1 may be required to retain the response against
inflammatory stimuli and to prevent cellular damage.

The generation of Mrp1 -/- knockout mice has significantly contributed to the
understanding of the physiological role of MRP1. Mice lacking Mrp1 show a poor
response to inflammation induced by arachidonic acid, probably due to impaired
export of LTC4 form LTC4-secreting cells.85 In addition, Mrp1 plays a role in the
protection of testicular tubules, tongue, cheek, and the urinary collecting duct against
etoposide-induced damage.86 Recently, the presence of Mrp1 in mouse and rat choroid
plexus (CP) was shown.87-89 It is located on the basolateral site of CP epithelial cells.87

Mrp1 expression in rat CP was higher than in the lung, a tissue with a relative high
basal Mrp1 expression.88 Functionality of Mrp1 was strongly suggested by a rapid
elimination of E2 17βG from the CP 88 and by MK571-mediated inhibition of
translocation of 99mTc-sestamibi through CP epithelial cells.87 Comparison of double
(Mdr1a/Mdr1b) and triple (Mdr1a/Mdr1b/Mrp1) knockout mice clearly demonstrated
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that Mrp1 eliminates the anticancer drug etoposide from the CP.89 Thus Mrp1 appears
to function also as part of the blood-cerebrospinal fluid barrier by preventing drug
entry into the brain.

MRP2

The natural Mrp2 mutant TR- 90 and Eisai hyperbilirubinemic (EHBR) 91 rats have
significantly contributed to the understanding of the transport characteristics of human
MRP2. Mutant rats lacking the canalicular multispecific organic anion transporter
(cMOAT, designated further as MRP2) have a hyperbilirubinemic phenotype and
impaired secretion of bilirubin glucuronides, sulphated bile salts, GS S-conjugates and
GSH into the bile.92 These rats serve as model for Dubin-Johnson disease as this
disorder is caused by mutations in the MRP2 gene.93 The transport properties of MRP2
could be characterised more precisely after cloning of the rat and human Mrp2/MRP2
cDNAs.94,8 The substrate specificity of MRP2 is largely similar to MRP1 (Table 1) but
the kinetic properties of both transporters differ (for review see ref. 76). Also, various
unmodified organic anions such as indomethacin, sulphinpyrazone and probenecid act
differently on MRP1- and MRP2-mediated N-ethylmaleimide-glutathione transport
and on the ATPase activity of the two proteins.95 This suggests that MRP1 and MRP2
differ in their transport of specific organic compounds.

In normal tissues, MRP2 is expressed in liver, small intestine and kidney 9 where the
protein is localized to apical membranes.93,96 An overview of the localisation of all
MRP proteins in polarised cells is given in Figure 3.

               

Apical

Basolateral

MRP2

MRP1 MRP3 MRP4 MRP5 MRP6

Figure 3. Localisation of MRP family members in polarized cells.
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Transport studies showed that rat Mrp2 may function as a transporter for DNP-GS
into the intestinal lumen.97 ATP-dependent transport of DNP-GS and E2 17βG was
detected into brush border membrane vesicles from Caco-2 cells overexpressing MRP2
mRNA.98 In kidney proximal tubules, active transport mechanisms exist for anionic
drugs such as diuretics, penicillins and cephalosporins and also for other unmodified
anionic compounds such as para-aminohippurate (PAH) and anionic conjugates of
several metabolites.99,100 The involvement of MRP2 in this process was proposed
because of its apical localisation in kidney tubules and its capacity to transport anionic
compounds.101,95 This was confirmed by experiments showing MRP2 to be a
transporter for PAH and for the nephrotoxic mycotoxin ochratoxin A.102 Furthermore,
transport of fluorescein-methotrexate into kidney proximal tubules from killifish was
shown to be Mrp2 dependent.103

Based on its localisation and substrate specificity, it is proposed that the
physiological function of MRP2 is transport of amphiphilic organic anions and
xenobiotics into bile and into the lumen of excretory organs.

The similarity of substrate specificity between MRP1 and MRP2 suggests that
MRP2 also can confer drug resistance. Overexpression of MRP2 mRNA was found in
several drug-resistant cell lines, but only a correlation for cisplatin resistance could be
observed.9 Previous studies showed an increased ATP-dependent extrusion of GSH-
cisplatin complexes from cells overexpressing a GS-X pump 104 but this appeared to be
MRP1.105 MRP1 overexpression is not associated with cisplatin resistance 13 and cells
selected with cisplatin do not show increased MRP1 expression.9,106

Direct evidence that MRP2 is associated with drug resistance was provided by
stable transfected cell lines.23,107-110 Transfection of MRP2 constructs into non-
polarised cells often resulted in low protein expression and/or trapping of the
transporter into endosomal compartments. Because of the strict apical localisation of
MRP2, polarised cells were the preferred system for transfection.111 MRP2
transfectants showed resistance to vincristine, etoposide, cisplatin, doxorubicin,
epirubicin and methotrexate 108,109,23 with decreased accumulation of vincristine,
cisplatin and methotrexate.109,23 MRP2 only causes resistance to short-term exposure
of methotrexate. Long-term exposure to methotrexate results in polyglutamylation of
the drug and this metabolite is not a substrate of MRP2.109

Transport of anticancer drugs was demonstrated using membrane vesicles from
MRP2 transfectants 23 and from Spodoptera frugiperda (Sf9) insect cells
overexpressing rabbit or human Mrp2/MRP2.112,95 Methotrexate is transported by
MRP2 in its native form 23,95 while vinblastine transport required GSH with a half-
maximum stimulation at about 2 mM.112  Recently it was shown that vinblastine
induces MRP2-mediated GSH transport.113 In this respect, the functions of MRP2 and
MRP1 are similar. Taken together, methotrexate per se is transported by MRP1 and
MRP2 and both proteins show similar behaviour in the transport of vinca alkaloids.
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MRP3

Expression of MRP3 was first detected in liver, intestine and adrenal gland.9 Cloning
of the human and rat MRP3 cDNAs 114,115 made it possible to study localisation and
transport properties (Table 1). MRP3 is found on (baso)lateral membranes of
intrahepatic bile-duct epithelial cells (cholangiocytes), hepatocytes surrounding the
portal tracts and polarised Madin-Darby canine kidney (MDCK) cells transfected with
a MRP3 construct.116,117  Furthermore, it is suggested that MRP3 is also present on
basolateral membranes of enterocytes.118 Under normal conditions, MRP3 staining is
hardly detectable in the liver, however, strong MRP3 staining was observed in
hepatocytes from MRP2-deficient Dubin-Johnson patients.117 A similar effect was seen
in EHBR rats also lacking Mrp2 and in bile-duct ligated (BDL) Sprague-Dawley wild-
type rats.115 This suggests that MRP3 expression is induced under these conditions. In
fact, MRP2 and MRP3 expression was inversely correlated under conditions of
reduced MRP2 expression.119 Furthermore, MRP3 mRNA is induced by bilirubin.
However, MRP3 protein expression was not increased suggesting that this depends on
other factors.120

The increased expression of MRP3 in Dubin-Johnson patients, its induction during
BDL and its substrate specificity suggests that MRP3 may function as an overload
system to (partly) compensate for decreased MRP2 expression and to protect
hepatocytes from toxic bile salts during conditions of cholestasis. Furthermore, its
localisation on basolateral membranes of cholangiocytes 116 and enterocytes 118

suggests that MRP3 may also be involved in the recirculation of bile salts from these
cells into the blood. The function of MRP3 in the adrenal gland is unclear but it may
contribute to the excretion of hydrophilic steroid hormone conjugates.

Within the MRP family MRP3 shows highest homology to MRP1 (58% amino acid
identity) and MRP2 (49% amino acid identity).111 Rat Mrp3 prefers glucuronide-
conjugates as substrates and is a low-affinity transporter for GS S-conjugates, in
contrast to Mrp1 and Mrp2.121 For biliary secretion of bile salts at least two
transporters are involved. The bile salt export protein (Bsep) transports unconjugated
bile salts such as taurocholate, cholate and glycocholate,122 while sulphated bile salts
as taurochenodeoxycholeate-3-sulphate and taurolithocholate-3-sulphate are Mrp2
substrates.123,124 Remarkably, Mrp3 transports both conjugated and unconjugated bile
salts across the basolateral membrane.118 Thus, although the substrate specificities of
MRP3 and MRP2 are overlapping, there are clear differences.

While the homology between MRP3 and MRP1/MRP2 is high, the drug resistance
profile conferred by MRP3 is different. Of the many cytostatic drugs tested, MRP3
conferred resistance only to etoposide, teniposide, vincristine and methotrexate.116,125

Rat Mrp3 is a transporter for native methotrexate 121 but, similar to MRP2, MRP3-
mediated resistance to methotrexate was restricted to short-term exposure of this
drug.116

In contrast to MRP1- and MRP2-overexpressing cells, GSH secretion in MRP3
transfectants was not increased. GSH is important in MRP1- and MRP2-mediated drug
transport and it was speculated that the limited resistance pattern conferred by MRP3
could be due to low expression levels and/or a low affinity for GSH. In this respect it
is interesting to know how MRP3 is involved in resistance against etoposide and
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vincristine since MRP1, and probably MRP2, require GSH for transporting these
anticancer drugs.

MRP4 - 6

Overexpression of MRP4, MRP5 and MRP6 has not been detected in drug-resistant
cell lines suggesting that their role in ‘classical’ drug resistance is limited.9,10 MRP4
and MRP5 differ from MRP1, MRP2, MRP3 and MRP6 in that they lack the N-
terminal MSD 111 (Figure 2). Whether this is determinant for their function remains to
be established. Overexpression of MRP4, but not MRP1, MRP2 and MRP3, was found
in human T-lymphoid CEM cells resistant to nucleoside monophosphate analogues
which are currently used as components of anti-retroviral therapy against HIV
infections.126 MRP4 overexpression caused an increased efflux of 9-(2-phosphonyl-
methoxyethyl)adenine (PMEA) and azidothymidine monophosphate (AZTMP)
resulting in decreased anti-viral efficacy (Table 1). Prolonged exposure of CEM cells
to PMEA showed gene amplification of MRP4 with a corresponding increase in
protein expression and drug efflux.126 These results suggest that induction of MRP4
expression during anti-viral therapy may cause a failure in inhibition of HIV
replication in host cells.

Expression of MRP5 was detected in almost every tissue of the human body, with
relative high expression in skeletal muscle and brain.9 Cells transfected with a MRP5
construct were tested for resistance against many anticancer drugs and other cytotoxic
agents but showed only resistance to cadmium chloride and potassium antimonyl
tartrate.127 In another study, MRP5-transfected cells showed increased resistance to
thio-purines and also PMEA which was caused by an increased efflux.128 In addition,
these cells showed increased efflux of GSH and GS S-conjugates to the basolateral
compartment which was inhibited by inhibitors of organic anion transport. It was
demonstrated that MRP5 localized to basolateral membranes.128 Thus MRP5 is routed
to the basolateral membrane and serves as a transporter for organic anions and certain
types of drugs (Table 1).

Recently, MRP5 was identified as a transporter for cyclic guanosine
monophosphate  (cGMP) (high affinity) and cyclic adenosine monophosphate (cAMP)
(low affinity).129 The second messengers cGMP and cAMP exert their function in
cellular signal transduction in several physiological processes such as smooth muscle
relaxation, inhibition of platelet aggregation and neuronal communication, mostly
initiated by nitric oxide.130,131 The drug silfenadil (Viagra) which inhibits
intracellular cGMP degradation has been shown to reduce MRP5-mediated cGMP
transport.129 Thus, as transporter for cAMP and cGMP, MRP5 may function in the
regulation of their intracellular levels and may play a role in their extracellular actions.
The development of the mrp5-/- knockout mice will provide an excellent model to
study further the transport properties and the physiological role of MRP5.111

MRP6 does not contribute to drug resistance and its overexpression in drug resistant
cells is associated with co-amplification of MRP1. This may be related to the
localisation of MRP6 next to MRP1 on the same chromosome.10 The previously
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identified “ARA” gene 132 is identical to the 3’ end of MRP6 and “ARA”-associated
resistance may be explained by co-amplification of MRP1.

Rat and human mrp6/MRP6 are mainly expressed in normal liver and kidney.10,133

In the liver, Mrp6 is predominantly found on the lateral plasma membranes of
hepatocytes.133 In Mrp2-deficient or cholestatic rats, Mrp6 expression is not induced,
in contrast to Mrp3.115,133 This suggests that Mrp6 is constitutively expressed in the
liver. The function of Mrp6 is not clear. It is not a transporter for Mrp1/Mrp2
substrates and the only Mrp6 substrate identified thus far is BQ123, a
cyclopentapeptide antagonist of the endothelin receptor.133 Because of its constitutive
expression in the liver and its capacity to transport BQ123, Mrp6 was suggested to
function as a transporter for small peptides involved in cellular signalling and/or
autocrine or paracrine regulation of hepatocellular functions.133

The physiological importance of Mrp6/MRP6 expression in the liver remains to be
further elucidated. It may be associated with pseudoxanthoma elasticum (PXE), a
systemic connective tissue disorder affecting the elastic tissue network in the body,
since mutations in the MRP6 gene are associated with this disease.134 Although PXE is
a disorder affecting the whole body, MRP6 was found only in liver and kidney from
PXE patients. Thus the primary defect of this disease may reside in the liver and/or
kidney. How MRP6 is associated with PXE is presently unclear.

Conclusions

The discovery of the MRP family has broadened our understanding of the mechanisms
responsible for drug resistance in malignant cells. On the other hand MRP family
members, individually or in concert, may have important physiological functions in
protecting the body against xenobiotics and in cellular homeostasis. The association of
mutations in MRP2 and MRP6 genes in clinical disorders as Dubin-Johnson and PXE
is an example of the indispensability of these transporters. Although there is no
conclusive evidence for the function of either of these transporters in clinical drug
resistance, the presence of at least six MRP members in the human body may have
clinical implications for drug treatment. The implications stem not only from MRP-
mediated drug resistance, but also from drug-mediated interference in the
physiological function of individual MRP family members. Therefore, it is important
to elucidate the contribution of each of the MRP transporters in drug resistance and
normal metabolism in the human body.
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Table 1. Substrate specificity of the MRP family.

Substrate Resistance Transport/efflux References

MRP1 (human, recombinant)

Glutathione disulfide (GSSG) + 81

Glutathione (GSH) + 29

GSH + vincristine + 30

GSH + verapamil + 33

Glutathione S-conjugates
Leukotriene C4 + 135,62

Leukotriene D4 + 135,24

Leukotriene E4 + 135,24

N-Acetyl-leukotriene E4 + 24

S-glutathionyl 2,4,-dinitrobenzene + 62,24

S-glutathionyl prostaglandin A1

S-glutathionyl prostaglandin A2

+
+

79

79

S-glutathionyl ethacrynic acid + 136

S-glutathionyl N-ethylmaleimide + 61

S-glutathionyl 4-hydroxynonenal + 40

S-glutathionyl aflatoxin B1 + 137

Monochloro-monoglutathionyl chlorambucil + 27

Monohydroxy-monoglutathionyl
chlorambucil + 27

Bisglutathionyl chlorambucil + 27

Monochloro-monoglutathionyl melphalan + 27

Monohydroxy-monoglutathionyl melphalan + 27

Glucuronide conjugates
Monoglucuronosyl bilirubin + 138

Bisglucuronosyl bilirubin + 138

17β-Glucuronosyl estradiol + 24,63

6α-Glucuronosyl hyodeoxycholate + 24

Glucuronosyl etoposide + 24

Sulphate conjugate
3α-Sulfatolithocholyl taurine + 24

Anticancer drugs
Doxorubicin + 139,13,17

Daunorubicin + 13,17

Daunorubicin + GSH + 26

Epirubicin + 13

Etoposide + 139,13,17

Vincristine + 139,13,17

Vincristine + GSH + 25,26
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Vinblastine + 13

Methotrexate + + 23

7-ethyl-10-hydroxy-campothecin (SN-38) + + 140

7-ethyl-10-[4-(1-piperidino)-1-piperidino]-
carbonyloxycampothecin (CPT-11) + + 140

Heavy metals
Sodium arsenite + 13,29

Sodium arsenate + 13

Potassium antimony tartrate + 13

Potassium antimonate + 13

Anions
Calcein + 141

Fluo-3 + 142

p-Aminohippurate + 102

Lipid analogues
C6-NBD-phosphatidylserine + 143

C6-NBD-glucosylceramide + 144

C6-NBD-sphingomyelin + 144

MRP2 (human, recombinant)

Glutathione (GSH) + 145,113

GSH + vinblastine + 113

GSH + sulphinpyrazone + 113

Glutathione S-conjugates
Leukotriene C4 + 108,109

S-glutathionyl 2,4,-dinitrobenzene + 107,108

S-glutathionyl ethacrynic acid + 107

S-glutathionyl prostaglandin A1 + 107

S-glutathionyl N-ethylmaleimide + 95

Glucuronide conjugates
Monoglucuronosyl bilirubin + 146

Bisglucuronosyl bilirubin + 146

17β-Glucuronosyl estradiol + 108

Anticancer drugs
Doxorubicin + 108,110

Epirubicin + 108

Etoposide + 108,110

Vincristine + 108,109,110

Vinblastine + 107

Methotrexate + + 23,95

Cisplatin + 108,109,110
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7-ethyl-10-hydroxy-campothecin (SN-38) + + 110

7-ethyl-10-[4-(1-piperidino)-1-piperidino]-
carbonyloxycampothecin (CPT-11) + + 110

Anions
p-Aminohippurate + 102

Ochratoxin A + 102

Sulphinpyrazone + 113

Mrp2 (rodent, recombinant)

Leukotriene C4 + 147,148

S-glutathionyl 2,4,-dinitrobenzene + 147

Monoglucuronosyl bilirubin + 146

Bisglucuronosyl bilirubin + 146

17β-Glucuronosyl estradiol + 108,148

Vinblastine + GSH + 112

BQ123 + 133

MRP3 (human, recombinant)

S-glutathionyl 2,4,-dinitrobenzene + 116

Methotrexate + 116, 125

Etoposide + 116, 125

Teniposide + 116

Vincristine + 125

Mrp3 (rodent, recombinant)

Leukotriene C4 + 121

S-glutathionyl 2,4,-dinitrobenzene + 121

17β-Glucuronosyl estradiol + 121

E3040-glucuronide + 121

Cholyl taurine + 118

Cholyl glycine + 118

3α-Sulfatolithocholyl taurine + 118

Methotrexate + 121

MRP4 (human)

9-(2-phosphonyl-methoxyethyl)adenine + + 126

(PMEA)
9-(2-phosphonyl-methoxyethyl)guanine + 126

(PMEG)
Azidothymidine (AZT) + 126
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Azidothymidine monophosphate + 126

(AZTMP)
2’,3’-dideoxy-3’-thiacytidine (3TC) + 126

2’,3’-didehydro-3’-deoxythymidine (d4T)a) + 126

MRP5 (human, recombinant)

Glutathione (GSH) + 128

S-glutathionyl 2,4,-dinitrobenzene + 128

Fluorochrome + 127, 128

Cadmium chloride + 127

Potassium antimonyl tartrate + 127

6-Mercaptopurine + + 128

Thioguanine + 128

9-(2-phosphonyl-methoxyethyl)adenine + + 128

(PMEA)
5-hydroxypy-2-carboxaldehyde-
thiosemicarbazone (5-HP) + 128

Cyclic AMP + 129

Cyclic GMP + 129

Mrp6 (rodent, recombinant)

BQ123 + 133

For MRP1, MRP2 and MRP3 this table is modified from König et al.76 Putative Mrp2 substrates
derived from TR- and EHBR rats are described in König et al.76 and Suzuki and Sugiyama.92

a) Cytotoxicity of d4T was not determined but MRP4 caused decreased antiviral activity of this drug.
Abbreviations used: GSH, glutathione (reduced); GSSG, glutathione disulfide (oxidized glutathione);
Fluo-3, 1-[2-amino-5-(2,7-dichloro-6-hydroxy-3-oxo-3H-xanthen-9-yl)]-2-(2’-amino-5’-methylphen-
oxy)-ethane-N,N,N’,N’-tetraacetic acid penta ammonium salt; C6-NBD, 6(N-(7-nitrobenz-2-oxa-
1,3,diazol-4-yl); BQ123, endothelin antagonist, cyclic pentapeptide (cyclo [D-Trp-D-Asp-L-Pro-D-Val-
L-Leu]; E3040-glucuronide, 6-hydroxy-5,7-dimethyl-2-methylamino-4(3-pyridylmethyl)benzothiazole),
AMP, adenosine monophosphate; GMP, guanosine monophosphate.
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