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The role of multidrug resistance-associated
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Multidrug resistance (MDR) is a major hindrance to the
successful treatment of neoplastic disease. The develop-
ment of resistance to multiple chemotherapeutic drugs is a
complex phenomenon which has been described in both
tumor cell lines and human cancers. To date, two mechan-
iIsms associated with overexpression of membrane glyco-
proteins that function as energy-dependent efflux pumps to
reduce intracellular drug levels have been identified for
MDR. The first described was the product of the MDR1
gene, P-glycoprotein. The second mechanism is mediated
by overexpression of the multidrug resistance-associated
protein (MRP). While these proteins both belong to the
ATP-binding cassette superfamily of transporters, they are
only distantly related. Despite this low homology, they
mediate resistance to a similar range of chemotherapeutic
drugs. While P-glycoprotein has been well described in the
literature, much less is known about the recently identified
MRP. This review gives an overview of the characteristics
of MRP at both the phenotypic and genotypic levels, and
discusses its possible relevance in drug-refractory cancer.
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Introduction

Chemotherapy for the treatment of human cancers
has vastly improved patient survival over the last 40
years. Whilst this treatment has been particularly
successful for certain types of tumors, there is still a
significant proportion that do not respond, or
relapse, following chemotherapy. Multidrug resis-
tance (MDR), whereby tumor cells display simultane-
ous resistance to a range of hydrophobic natural
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product drugs, has been described in both drug-
selected cell lines and human tumor samples.l In
vitro studies have shown that MDR cells differ from
their drug-sensitive counterparts by (i) reduced
accumulation of drug, (ii) changes in the expression
and/or activity of specific cellular proteins, and (iii)
intracellular alterations, such as a change in pH.2
One of the first mechanisms of MDR described was
mediated by the product of the MDR! gene, P-
glycoprotein.1 P-glycoprotein is a 170 kDa integral
membrane protein which has been shown to func-
tion as an ATP-dependent drug efflux pump.‘z‘ While
increased levels of P-glycoprotein were identified in
many laboratory-derived drug-resistant cells* and
some human tumors,s‘(’ it became evident that other
mechanisms were also responsible for this pheno-
type in human cancer cells.” ™" The multidrug
resistance-associated protein (MRP) is a relatively
new member of the family of ATP-binding cassette
(ABC) membrane transporters, and, similar to P-
glycoprotein, mediates resistance to a range of
structurally and functionally unrelated agents."l‘“s

MRP characterization
Structure and function

The MRP gene was cloned from a non-P-glycopro-
tein-mediated multidrug-resistant small cell lung
cancer cell line, HG69AR, selected for resistance to
doxorubicin."""? Using a differential hybridization
approach, a 6.5 kb mRNA species overexpressed in
HG9AR cells as compared to the parental cell line
was identified. The mRNA species was cloned and
sequenced, and found to encode for a 190 kDa
membrane protein with a predicted sequence of
1531 amino acids."*'® The MRP gene has been
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localized to chromosome 16p13.1.“‘l7‘18 Like P-

glycoprotein, MRP is a member of the ABC protein
superfamily. However, MRP and P-glycoprotein share
only 15% amino acid identity, even though they
confer resistance to a similar, but not identical, range
of chemotherapeutic drugs.'s‘")‘zo A number of
independent reports have established a functional
role for MRP, by demonstrating that increased ex-
pression of the MRP gene correlated with increased
expression of both MRP protein and resistance to
MDR-associated drugs in cell lines transfected with
this gem:.”'“‘22

The predicted membrane topology of the MRP
protein is not conclusive. Based on the original
sequence data, MRP was predicted to contain eight
transmembrane domains in the N-terminal half of
the molecule and four in the C-terminal half, with
both portions of the molecule predicted to be N-
glycosylated.“'l(’ Due to the high sequence homol-
ogy and hydropathy profile alignment of the recently
identified sulfonylurea receptor (SUR)** and the
yeast cadmium resistance protein (YCFl)24 to MRP,
this model has now been modified to contain 11 or
12 transmembrane segments in the N-proximal half
and six transmembrane segments in the C-proximal
half (Figure 1).25‘2(’ In contrast, another model has
recently been proposed for the membrane topology
of MRP. Bakos et al.”’ have suggested that human
MRP contains a tandem repeat of six transmembrane
helices, not dissimilar to the cystic fibrosis trans-
membrane conductance regulator (CFTR), each con-
taining a nucleotide binding domain with a
glycosylated C-terminal membrane bound region. In
addition, a membrane-bound, glycosylated region
with four to five transmembrane helices was also

predicted in the N-region of MRP, which would give
a total of 10 or 11 transmembrane segments in the
N-proximal half of the molecule and six in the C-
proximal half. This appears to be a common feature
of other ABC transporters that are close relatives of
MRP, such as YCFl. Accurate determination’ of
membrane topology of proteins, such as MRP and
the other ABC transporters, has not been possible
due to the difficulty of crystallizing these large
molecules.

Human MRP is an N-linked glycosylated protein
which contains 12 potential glycosylation sites.
Almquist et al®® demonstrated that cellular drug
levels were not altered in cells treated with a
glycosylation inhibitor. The functional significance of
these glycosylation sites is not yet known. One
possibility is that glycosylation is involved in the
processing and stability of MRP mRNA. In addition
to glycosylation, a number of groups have demon-
strated that MRP is phosphorylated in vivo.®*® A
functional role for protein phosphorylation of other
ABC transporters, such as the cystic fibrosis TM
conductance regulator, has led to suggestions that
this may also be important in drug transport."'o It has
not been established, however, which amino acids
in MRP are phosphorylated nor which kinases are
responsible, although MRP does contain a number of
sequence motifs which suggests that phosphoryla-
tion of this protein may be regulated by several
kinases."*

To date, limited information is available about
regulation of the MRP gene. Amplification of this
gene has been identified in a number of laboratory-
derived drug-resistant cell lines that display over-
expression of MRP.

1173133 Despite the fact that
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Figure 1. Schematic representation of proposed structure of MRP. Bold lines represent the transmembrane dorzrgains,
while cIosz%d circles represent two potential extracellular N-linked glycosylation sites. Adapted from Stride et al.”” and

Loe et al.
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gene amplification is often present in laboratory-
derived MDR cell lines, this is rarely observed in
human tumor samples. Many investigations involving
MRP have been performed at the RNA and protein
level. A recent study using human lung cancer cell
lines, non-small cell lung cancers and normal lung
tissues found no amplification of MRP, despite high
expression of this gene in a number of Ilung
tumors.>* Therefore, MRP gene amplification in
human tumor samples is not likely to be a common
mechanism of MRP overexpression.

Development of antibodies to MRP has aided in
the elucidation of both the structure and expression
of this protein in drug-resistant cell lines and tumor
samples. A number of independent groups have
prepared polyclonal antibodies against MRP which
have contributed to the initial characterization of the
cellular distribution and structure of this protein.
Krishnamachary and Center”® raised antibodies
against synthetic peptides corresponding to various
regions of the deduced sequence of the MRP
protein. These antibodies recognized a 190 kDa
protein present in the membranes of drug-resistant
(HLGO/ADR) cells, but not sensitive cells (HL60). In
addition, Grant et al.,'’ using a polyclonal antibody
against an MRP synthetic peptide, reported in-
creased reactivity of a 190 kDa protein that corre-
lated with increased resistance in HeLa cells
transfected with the MRP gene. Using a different
approach, Zaman et al? raised antibodies to MRP
by immunizing animals with a fusion protein of MRP.
Development of monoclonal antibodies (mAbs)
against MRP has provided a useful probe for the
analysis of this protein using techniques such as
immunoblotting, immunoprecigitation, immuno-
fluorescence and flow cytometry. 637

Phenotypic characterization of MRP

The MRP phenotype is characterized by resistance
of cells to a range of MDR drugs, not dissimilar to
those observed for P-glycoprotein-mediated MDR.
These include the anthracyclines, Vinca alkaloids
and epidophyllotoxins but, unlike P-glycoprotein-
mediated resistance, it confers onlz low level resis-
tance to taxol and colchicine.'*?%? MRP-expressing
drug-selected cells usually display an MDR pheno-
type that is usually, but not always, related to
reduced drug accumulation as a consequence of
increased drug efflux.? Support for MRP as a
putative drug resistance gene was obtained by
transfection of the MRP gene into drug-sensitive
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Hela cells."> Transfected cells expressed increased
levels of MRP mRNA and MRP protein, and were
resistant to vincristine and VP-16, but not to the
non-MDR-associated drug cisplatin. Kruh et al !
using a cDNA library transfer technique, found that
drug-sensitive cells transfected with the gene ob-
tained from drug-resistant (non-Pglycoprotein ex-
pressing) cells led to increased expression of the
MRP gene and conferred a drug-resistance pheno-
type to these cells.

Cell lines which overexpress MRP usually display
reduced drug accumulation and increased efflux
which is A’I‘P-dependcm.19‘22‘58 The biochemical
basis of this mechanism has not been definitively
established. Initial studies of both human and
murine drug-resistant MRP-overexpressing cells de-
monstrated that increased levels of resistance corre-
late with increased levels of MRP protcin.lg‘”'”
While MRP-ransfected cells also express increased
levels of MRP protein, their relative cross-resistance
levels often differ from drug-selected MRP-express-
ing cell lines."® For example, MRP-transfected cells
had at least a 70fold increase in MRP mRNA
compared to the endogenous levels seen in parental
cells, with a concomitant 15-fold increase in drug
resistance.” In contrast, multidrug-resistant HG9AR
cells which express levels of MRP mRNA 100-fold
above those of the parental drug-sensitive cells are
between 50- and 100-fold resistant to doxorubicin
compared to the parent cells. One possible explana-
tion for this difference is that laboratory-derived
drug-resistant cell lines, such as the HG9AR cells,
often display multiple alterations which may be
contributin§ to the drugresistance phenotype of
these cells.” In addition, differences in the proces-
sing efficiency between the MRP harboring vector
and the endogenous MRP mRNA may be contribut-
ing to this anomaly. An alternate explanation could
be that the MRP may not function in isolation and
transfection of only one component of a complex or
dimer confers partial resistance to cells.

Variations in the distribution of MRP protein in
both MRP-transfected and MRP-expressing drug-
selected cells has been observed.?>?%753638 | oeqliza.
tion of MRP to the plasma membrane has been
reported by a number of groups, in both MRP-
overexpressing and -transfected cells. #3637 MRP
protein has been localized to membrane fractions,
predominantly in the endoplasmic reticulum and to
a lesser extent in plasma membranes, in adriamycin-
selected HL-60 cells.*® In non-small cell lung cancer
cells transfected with a vector harboring the MRP
gene, MRP antibody staining was demonstrated in
plasma membranes.”? In contrast, NIH-3T3 MRP-
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transfected cells were found to have an intracellular
distribution of drug initially at the perinuclear
fraction, followed by a punctate distribution of drug
across the cytoplasm."’ ® This pattern of drug distribu-
tion is consistent with the original hypothesis“ that
MRP may be involved in drug sequestration and
perhaps vesicular transport. Differences observed in
the subcellular localization of MRP may be depen-
dent on variations in the intracellular trafficking of
this protein in different cell types.

A number of groups have demonstrated that MRP
functions as an ATP-dependent glutathione S-conju-
gate carrier (GS-X pump).zo‘"’“‘"l MRP has been
shown to transport a number of reduced glutathione
S-conjugates (GSH), including the cysteinyl leuko-
triene, LTC4.20‘40_42 An inhibitor of LTC; transport,
MK571, and an MRP mAb were found to inhibit
LTCs photolabeling of a 190 kDa protein in MRP-
expressing cells, indicating a role for MRP in
cysteinyl leukotriene transport.'“‘“ LTC;, as are
other cysteinyl leukotrienes, is a powerful intermedi-
ary of inflammation (increases vascular permeability)
and smooth muscle contraction (reviewed in
chpler“). MRP, by its ability to transport hydro-
phobic anionic compounds in an ATP-dependent
manner, bears a strong similarity to the recently
identified multispecific anion transporter (MOAT).

While the role of MRP in conferring drug resis-
tance has been established, mechanisms responsible
for this phenotype are not entirely understood.
Using photoactive analogs of MRP-associated drugs,
vinblastine and doxorubicin, no photoaffinity label-
ing of MRP could be demonstrated."”** In addition,
MRP-overexpressing drug-resistant cells were found
to increase their drug accumulation, or decrease
their drug efflux, following treatment with buthio-
nine sulfoximine (BSO), an agent that depletes
GSH. Moreover, evidence that membrane vesi-
cles are capable of pumping glutathione conju-
gatcszu‘m"l has led to the hypothesis that MRP
transports glutathione conjugates or anionic metabo-
lites of drugs, and not unmodified chemotherapeutic
drugs.“ This is supported by a recent report that
MRP transports glutathione, glucuronate and sulfated
conjugates, but not unmodified doxorubicin, dauno-
rubicin or vinblastine.* In contrast, another group
using inside-out membrane vesicles isolated from
MRP-transfected cells demonstrated that MRP is
capable of transporting unmodified lipophilic chemo-
theraputic drugs.so Transport of daunorubicin also
was inhibited competitively by drug-glutathione
conjugates, as well as the LTC; antagonist MK571,
suggesting a role for MRP transport of both con-
jugated and unmodified drugs. Recently, Loe et al®?
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demonstrated that MRP can indeed transport vincris-
tine in an ATP-dependent manner but only in the
presence of GSH.

The MRP/GS-X pump has recently been shown to
transport cisplatin—glutathione <:0mplcxcs.§I In this
study, MRP gene expression was found to be higher
in human leukemic cells selected for resistance to
cisplatin, HL-60/R-CP, than in sensitive cells. Reduc-
tion of MRP mRNA levels was achieved by growing
cells in the absence of cisplatin, in contrast to
treatment with cisplatin and heavy metals which
induced these levels to rise. Increased MRP mRNA
correlated with increased activity of ATP-dependent
transport of LTC;, but not cisplatin. In addition to
the induction of the MRP/GS-X pump by cisplatin,
there was a concomitant increase in y-glutamylcys-
teine synthetase, a rate-limiting enzyme in GSH
synthesis, suggesting a role for this coordinated
increase in resistance to cisplatin, heavy metals and
alkylating agents. So why is overexpression of MRP
not usually associated with cisplatin resistance? At
present, the answer is not clear. One possibility is
that formation of a cisplatin—glutathione complex is
essential for the extrusion of cisplatin via the MRP/
GS-X pump which, in turn, would be dependent on
cellular GSH levels. Cells described by Ishikawa and
collcagl.uesSI were selected for resistance to cisplatin,
while others have examined MRP-transfected cells or
cells selected for resistance to MDR-associated chemo-
therapeutic drugs. Tumor cells selected for resis-
tance to chemotherapeutic agents often display
multiple mechanisms of drug resistance.? Further-
more, induction of MRP expression in cisplatin-
selected cells may not necessarily mirror that of
MRP-expressing cells sclected for resistance to an
MDR-associated drug.

While data concerning the transport of chemo-
therapeutic drugs is at this stage conflicting, there
are a number of points to consider. To date, there is
no convincing evidence that drug conjugates are
readily formed in tumor cells, particularly to account
for the rapid drug efflux levels seen in some MRP-
overexpressing cells. 223 During transport of ar-
senite from MRP-overexpressing cells, an increase
export of glutathione has been rv:portcd.47 Arsenite,
unlike many commonly used chemotherapeutic
agents belonging to the MDR phenotype, is readily
conjugated. Partial depletion of glutathione levels in
tumor cells can inhibit MRP-mediated transport of
drugs, but does not affect the transport of calcein,
an organic anion.'® One hypothesis to explain some
of these various findings is that the MRP requires
glutathione to maintain its conformational state,
which then enables the transport of these often



bulky large neutral or positively charged mole-
cules.>?

Modulation of MRP

Identification of MRP as an ATP-dependent drug
efflux pump” led to the search for agents that could
reverse this phenotype. A number of compounds
can modulate drug distribution and sensitivity in
MRP-overexpressing cells to various levels (refer to
Table 1). The extent of modulation with the com-
pounds listed in Table 1 varies with the cell type
and selecting drug. In MRP-expressing cells, many of
these agents afford only partial reversal of MDR.
Verapamil and cyclosporin A are strong modulators
of P-glycoprotein-mediated MDR, while in MRP-
expressing cells they are not as potcnt.m‘n"”8 This
suggests that the action of these MDR modulators is
not the same for MRP. Reversal of MRP-mediated
MDR has been demonstrated with the tyrosine
kinase inhibitor genistein.(’4 The high concentrations
required to modulate MRP-mediated MDR in these
cells is unlikely to make this a clinically useful
reversing agent. It is difficult to predict which agents
will be effective modulators since they do not share
distinct structural features.

MRP transport of cysteinyl leukotrienes has led
investigators to examine agents that can reduce
cellular levels of GSH and ultimately modulate the
MRP-mediated MDR phenotype. One such agent is
BSO, a potent inhibitor of y-glutamylcysteine synthe-
tase, an important enzyme in the GSH synthesis
pathway.(’(’ BSO is a useful modulator of MRP-
mediated MDR, particularly for daunorubicin, vin-

Table 1. Agents that modulate the MRP-mediated MDR
phenotype

Modulating agent Class of agent Reference
Verapamil calcium channel 54-57
blocker
Nicardipine and calcium channel 54, 56, 58
NIK250 blocker
Cyclosporin A and  immunosuppressants 59-61
PSC-833
GF109203X PKC inhibitor 62
MKS71 LTD,4 receptor 63
antagonist
Genistein tyrosine kinase 64
inhibitor
Difloxacin quinolone 65
antimicrobial agent
Amiodarone coronary vasodilator 61

Multidrug resistance-associated protein

cristine and rhodamine.***% 1t is important to be

cautious when interpreting the effect that an agent
such as BSO has on MRP-mediated MDR. Depletion
of glutathione leads to multiple cellular changes that
may be influencing drug alterations in MRP-express-
ing celis.” The mechanism whereby BSO influences
sensitization of cells to certain chemotherapeutic
agents has not been determined.

MRP is a phosphoprotein, whose phosphorylation
is likely to be regulated by a number of kinases.
Phosphorylation of murine P-glycoprotein has been
demonstrated using both protein kinase C (PKC)
and protein kinase A% In addition, human P-
glycoprotein is also phosphorylated via the action of
PKC and addition of PKC inhibitors appears to
modulate MDR in cells expressing this membrane
bound glycoprotcin.m However, recent evidence
suggests that phosphorylation/dephosporylation me-
chanisms are not essential for the function of P-
glycoprotein-mediated resistance.”’ Addition of PKC
inhibitors to human leukemia cells overexpressing
MRP, results in reduced levels of MRP phosphoryla-
tion concomitant with an elevation in drug accumu-
lation.” Inhibitors of PKC have been shown to
mediate a number of non-specific effects in P-
glycoprotein-mediated MDR cells (reviewed in
Germann® %) and a similar effect in MRP-overexpres-
sing cells cannot be excluded. Elucidation of the
phosphorylation sites on MRP and the role phos-
phorylation plays in the drug-resistance phenotype
in MRP-overexpressing cells will help in the develop-
ment of agents that can reverse this phenotype.

An alternate approach to the use of reversing
compounds has been the use of antisense oligonu-
cleotides. Inhibition of P-glycoprotein has previously
been demonstrated using antisense oligonucleo-
tides.”""”? Stewart et al.,” using a similar approach
in MRP-transfected cells, observed a decrease in the
MRP with a concomitant increase in doxorubicin
sensitivity. With improvements in the delivery of
antisense oligonucleotide technology, this approach
may one day prove valuable in reversing both MRP-
and P-glycoprotein-mediated MDR.

MRP expression in tumors

Characterization of MRP as a drug-resistance gene in
laboratory-derived drug-selected cell lines has been
followed by considerable interest in the expression
of this gene in both normal tissues and tumors.
While the physiological role of MRP is not known, a
wide range distribution of MRP has been detected in

various tissues and tumors at both the RNA® 1.74-76
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and 1:)t'otcin77 level. The broad pattern of expression
suggests that MRP is required to perform a function
that is common to many cell types. In 16 normal
human tissues examined, low MRP mRNA expres-
sion levels were detected in brain, liver, small
intestine and colon, while moderate to high levels
were detected in lung, skeletal muscle, testis, ovary
and peripheral lcukocytes.75 Essentially similar re-
sults were obtained with Western blotting and
immunohistochemistry.77

Despite evidence that the MRP confers the MDR
phenotype,ls'n its clinical relevance is far from
clearr MRP gene expression has been reported
in hematological malignanciesﬁ‘m_“ and solid
tumors.***~® The clinical relevance of MRP expres-
sion has been identified in only a small number of
malignancies. In a subtype of acute myeloblastic
leukemia, inversion of chromosome 16 is associated
with a more favorable prognosis."'l This inversion
often results in deletion of the MRP gene. Daunomy-
cin is commonly used in the treatment of this type
of leukemia and reduction in MRP levels may
contribute to increased sensitivity to this drug.
Chronic lymphocytic and prolymphocytic leukemia’s
have been associated with high levels of MRP gene
expression, while in acute myeloid leukemia levels
are similar to normal hemopoetic cells with occa-
sional high expressing sam?les (reviewed in Nooter
et al® ). Bordow et al®™ demonstrated that in-
creased levels of the MRP gene correlated with
amplification and overexpression of the N-myc
oncogene in primary neuroblastoma tumors. This
finding is of interest since amplification of the N-
myc oncogene in neuroblastoma is a negative prog-
nostic indicator, and is associated with a more
aggressive and chemoresistant phenotype.% Further-
more, high-level MRP expression was associated
with a poor outcome in neuroblastoma.”’

Difficulty exists in the interpretation of many
studies performed on clinical samples for expression
of MRP, since a variety of techniques have been
utilized. Few methods have been developed to
determine whether MRP detected in tumor samples
has a functional role. While uptake of fluorescent
lipophilic dyes has been 1'1:ported,w‘92 many of these
substrates do not distinguish between P-glycopro-
tein- and MRP-expressing cells. Specific substrates
that detect MRP and not P-glycoprotein are required.
Flow cytometry techniques have proven useful for
the detection of P-glycoprotein in hematological
malignancics,” but, as yet, no mAbs against surface
epitopes of MRP have been described. Analysis of
tissues and tumors using RNA isolation-based techni-
ques or Western blotting should be interpreted with
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caution as they not take into account the hetero-
geneity of tumors and MRP expression in various
cell types.77 Standardization of various techniques
that have been recommended for P-glycoprotein-
mediated MDR have also been proposed for MRP-
mediated MDR.>*?”?

Conclusions

Characterization of the MRP-mediated MDR pheno-
type is progressing at a rapid rate. Many investigators
are focusing their efforts on identifying normal
physiological substrates for MRP, which will ulti-
mately contribute to the development of appropriate
agents to reverse this phenotype. In spite of the fact
that MRP has been shown to function as a GSX
pump, evidence suggesting that it is capable of
transporting unmodified drugs is presently limited.
Whether this protein functions on its own or is part
of a more complex system has not been determined.
Mechanisms mediating multidrug resistance in the
clinic are complex and diverse. The clinical rele-
vance of increased levels of MRP is poorly under-
stood and prospective controlled treatment studies
relating MRP expression with clinical outcome are
required to further our understanding of the role
this protein plays in clinical MDR.
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