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ATP-binding cassette (ABC) transporters have been the subject of intense
scrutiny as potential mediators of clinical drug resistance. Since the identifi-
cation of MDR1/P-glycoprotein over 15 years ago, it has been recognised
that reduced intracellular accumulation of anticancer agents can result in
significant degrees of drug resistance. The multi-drug resistance associated
protein (MRP1) was the second ABC transporter to be associated with drug
resistance, and in the past three years, five additional MRP family members
have been recognised. While studies to define the substrate specificity and
normal physiology for the new transporters is underway, it appears that the
principal function for P-glycoprotein and MRP is protection of the host from
xenobiotics. The most recent addition to the list of ABC transporters
mediating drug resistance is the half-transporter, MXR/BCRP/ABCP.
Overexpression of this transporter is associated with mitoxantrone, anthra-
cycline and camptothecin resistance. The discovery of multiple distinct
ABC transporters capable of conferring multi-drug resistance offers the
possibility that clinical reversal of drug resistance can be achieved. Studies
with P-glycoprotein inhibitors alone have generated mixed results; one
potential explanation is that other transporters may be co-expressed. These
additional transporters offer new therapeutic targets, as both specific and
multi-specific inhibitors should be identified for clinical trials in drug
resistance reversal.
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1. Introduction

The efficacy of cancer chemotherapy is potentially limited by multiple
factors, including failure of drug delivery due to host mechanisms, such as
rapid drug metabolism or poor tumour perfusion; or failure of drug action
due to cellular mechanisms of resistance. These cellular mechanisms
include reduced drug uptake, increased drug efflux, drug metabolism,
altered target and enhanced survival mechanisms. This review will focus on
mechanisms responsible for increased drug efflux, which mediate drug
resistance through reduced intracellular drug accumulation. In 1972, it was
recognised by Dano that drug-resistant Ehrlich ascites tumour cells had
active outward transport of daunomycin that could be inhibited by the
addition of vinblastine and vincristine [1]. Thereafter, the classical multi-
drug resistance phenotype was characterised as the presence of cross-
resistance to structurally unrelated compounds including adriamycin,
vincristine and actinomycin D; along with overexpression of a 170 kDa
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plasma membrane glycoprotein [2-4]. The protein
responsible for this phenotype (P-glycoprotein,
encoded by the MDR1 gene) thus introduced clinical
oncology to the field of ABC transporters [5,6]. Interest
in this mechanism of resistance moved from the
laboratory to the clinic as inhibitors of drug efflux
were identified [7] and clinical trials were launched.
The reader is referred elsewhere for reviews of these
clinical trials [8-10]. Disappointment in the results of
many of these early studies fuelled the development
of more potent antagonists, currently in clinical trial
and also fuelled speculation regarding the existence
of other ABC transporters that could maintain drug
resistance despite antagonism of P-glycoprotein. This
review will focus on new ABC transporters thought to
have a role in drug resistance; drawing from related

models as needed to improve our conception of the
transporters under review.

2. ABC transporters

ABC transporters comprise a large and diverse family
of proteins that mediate the transport of a wide range
of substances across biological membranes [11]. ABC
transporters have been identified in species from
bacteria to humans. Substrates for transport include
sugars, amino acids, peptides, salts and xenobiotics.
Hydrolysis of ATP provides energy for transport. ABC
transporters are characteristically composed of two
hydrophobic transmembrane (TM) domains and two
ATP binding domains. The ATP binding domains are
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Table 1: ABC transporters linked to human disease.

ABC transporter
classic name

HUGO term TM:ATP domains
encoded

Substrates Linked disease

MDR1/P-glycoprotein ABCB1 12:2 Xenobiotics, anthracyclines,
Vinca alkaloids,
Taxanes, others

Multi-drug resistance in
cancer

MDR3 ABCB4 12:2 Phospholipids Progressive familial
intrahepatic cholestatsis
(PFIC Type III)

sPgp/BSEP (Bile salt
excretion protein)

ABCB11 12:2 Bile salts Progressive familial
intrahepatic cholestatsis
(PFIC Type II)

ABC7 ABCB7 6:1 Iron uptake into haem X-linked sideroblastic
anaemia

TAP1§

TAP2§

ABCB2

ABCB3

6:1 Peptides Bare lymphocyte syndrome

Impaired antigen presentation

CFTR ABCC7 12:2 Regulation of Cl--channel Cystic fibrosis

MRP1 ABCC1

ABCC3

17:2 Anthracyclines, vincristine,
Conjugates§§,
Methotrexate

Multi-drug resistance in
cancer

MRP2 ABCC2 17:2 Bilirubin glucuronide Dubin-Johnson syndrome

SUR (Sulphonylurea
receptor)

ABCC8 12:2 Regulation of the potassium
channel with Kir subunits

Persistent hyperinsulinaemic
hypoglycaemia of infancy
(PHHI)

ABC1 ABCA1 12:2 Cholesterol Tangier’s disease

ABCR ABCA4 12:2 Expressed in rod
photoreceptors

Stargaardt’s disease macular
dystrophy

ALDP§

ALDR§

PMP69§

PMP70§

ABCD1

ABCD2

ABCD3

ABCD4

6:1 Very long-chain fatty acids Adrenoleukodystrophy

Zellweger’s syndrome

§Individual genes with similar function.
§§Glutathione, glucuronide and sulphate conjugates of drugs and xenobiotics.



characterised by two short conserved peptide motifs
known as Walker A and Walker B [12,13]; between the
two is the C signature sequence, a small region
uniquely found in ABC transporters. Highly
conserved in evolution, these sequences can be
clustered into families, sometimes giving clues to
function [14,15].

In prokaryotes, the ATP binding and transmembrane
domains are frequently organised into separate genes.
In eukaryotes, most ABC genes are found as full
transporters with all four domains encoded in a single
open reading frame; or as half transporters, with a
single transmembrane domain and a single ATP
binding domain encoded in a single open reading
frame. The organisation of most full transporters is
TM-ATP-TM-ATP. Half transporters form either
homodimers or heterodimers with related
transporters. Recently, there has been a rapid increase
in the number of ABC transporter genes identified;
most in the last two years [14]. These families of
proteins have become increasingly important as it has
been recognised that mutation or altered expression
may play a role in human disease, although for many
of the genes, a role in human physiology or disease
has not been defined. Over 50 human ABC
transporters have been identified to date; there are 90
ABC transporter genes identified in Escherichia coli,
29 in Saccharomyces cerevisiae and 34 in the mouse
[16]. The human transporters have been grouped into
seven subfamilies [14,16]:

• ABC1

• Pgp/TAP

• CFTR/MRP

• ALD

• OAB

• GCN20

• White

At least two websites compiling lists of human ABC
transporters have been establ ished:
http://www.med.rug.nl/mdl/humanabc.htm and
http://www.gene.ucl.ac.uk/users/hester/abc.html; 47
transporters are currently listed.

Table 1 presents a list of transporters that have a
known function in normal physiology or disease. The
list of transporters with a potential role in drug
resistance is much shorter (Table 2), although it is
possible that even transporters which appear to have
specific, unrelated functions could be subverted for
drug transport whether by mutation or by overexpres-
sion, if exposed to chemotherapeutic compounds.

3. ABC transporters implicated in drug
resistance or drug disposition

3.1 MDR1 and MRP1

P-glycoprotein was the first transporter discovered
with a potential role in multi-drug resistance.
Organised TM-ATP-TM-ATP, the 170 kDa protein, can
generate profound drug resistance through reduced
accumulation of substrates [17]. The range of
substrates is diverse, including anthracyclines,
taxanes and vinca alkaloids. Cloning of the gene

Bates, Robey, Knutsen, Honjo, Litman & Dean 563

Ashley Publications Ltd. Emerging Therapeutic Targets (2000) 4(5)

Table 2: ABC transporters with a potential role in drug disposition or resistance.

ABC
transporter

HUGO Substrates§

Adria VCR PTX MTX Mito Plat Etop Tpt SN-38 OA GS
MDR1/Pgp ABCB1 X X X X X X X
MRP1 ABCC1 X X X X X X X
MRP2/cMOAT ABCC2 X X X X X
MRP3/MOATD ABCC3 X X X X X
MRP4/MOATB ABCC4
MRP5/MOATC ABCC5 X X
MRP6/ARA ABCC6 §§

sPgp ABCB11 X
ABC2 ABCA2
MXR/BCRP ABCG2 X X X X X
§ Adria: Adriamycin; Etop: Etoposide; GS: Glutathione and/or conjugates; Mito: Mitoxantrone; MTX: Methotrexate; OA: Organic
anions; Plat: Cisplatinum; PTX: Paclitaxel; Tpt: Topotecan; VCR: Vincristine.
§§Amplification of ARA/MRP6 reported in an adriamycin-resistant human leukaemia cell line CCRF-CEM.



allowed detection of the mRNA in normal and tumour
tissue. Subsequently, considerable effort has been
expended in identifying the tumour types in which
MDR1/Pgp expression is important. Evidence has
been gathered to suggest that MDR1/Pgp expression
may be important in leukaemia, breast cancer,
myeloma, lung cancer and sarcoma [18]. Expression in
these tumours increases after treatment and may
confer acquired drug resistance. Expression in renal
cell cancer and colon cancer is present prior to
treatment; and may confer intrinsic drug resistance.
Clinical trials attempting reversal of chemotherapy
resistance by combining P-glycoprotein inhibitors
with chemotherapy have had mixed results, with early
successes not always supported by subsequent trials
[8,19]. However, success may have been limited by the
presence of other resistance mechanisms, by the lack
of potency of the earlier modulators and by the need
to reduce drug dosage due to pharmacokinetic
interactions [20]. Some of these problems may be
overcome by the use of new, more potent and specific
antagonists in clinical trials (Table 3). Most of the
studies have been conducted in patients with multiple
prior therapies, where multiple mechanisms of
resistance are more likely to be present.

The discovery and understanding of P-glycoprotein
was aided by the development of models expressing
high levels of the protein following in vitro selection
in increasing concentrations of anticancer agents. In
1992, a second drug transporter was identified by this
strategy: the multi-drug resistance associated protein
(MRP) [31]. Cloned from a multi-drug resistant human
lung carcinoma cell line by Cole et al., MRP is distinct
from P-glycoprotein in having 17 TM segments, five
more than Pgp. These five TM segments (TMD0) are
located at the amino terminus and are connected to a
Pgp-like core by a linker region (L0). Mutational
analyses have suggested that this linker region is
responsible for the organic anion affinity of MRP [32].
Definition of the substrate specificity for MRP has

been more difficult than for P-glycoprotein. Disrup-
tion of MRP in embryonic stem (ES) cells resulted in a
3- to 4-fold increase in sensitivity to etoposide and
teniposide; and a 2-fold increase in sensitivity to
vincristine, doxorubicin and daunorubicin [33]. In
addition to conferring resistance to etoposide,
adriamycin and vincristine, MRP was shown to
transport leukotriene C4 (LTC4), a glutathione
conjugate of leukotriene, suggesting that MRP is an
organic anion transporter [34]. Subsequently, it was
also shown that MRP could transport compounds
conjugated to glucuronides and sulphates [35].
Additional evidence has been presented suggesting
that MRP is able to efflux irinotecan and its active
metabolite 7-ethyl-10-hydroxy camptothecin (SN-38),
compounds that are glucuronidated in normal
metabolism [36]. As an organic anion transporter, MRP
is also able to confer resistance to methotrexate [37].
Recent studies suggest that in addition to the transport
of these conjugates, MRP is able to co-transport
glutathione with its natural product substrates,
without conjugation [38-41]. This would suggest that
MRP is able to transport both unmodified and
modified xenobiotics.

Apart from a role in protection of normal tissues from
xenobiotics, no physiologic functions for Pgp have
been found. Clinical trials combining Pgp inhibitors
with antineoplastic agents have shown no unusual
normal tissue toxicities. However, pharmacokinetic
interactions have resulted in delayed clearance of
anticancer agents [20,21]. This would support the view
that a principal role of Pgp (excluding its expression
in the normal adrenal) is to protect the body from
xenobiotics ubiquitous in nature [42]. High levels of
expression of Pgp in the endothelial cells of the brain
as a component of the blood-brain barrier, are consis-
tent with this interpretation [43,44]. Additional support
comes from studies with mice in which the
orthologues for MDR1 have been genetically deleted.
Knockout mice lacking the MDR1 orthologues grow
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Table 3: Pgp/MRP modulators in clinical of preclinical development.

PSC 833 [21-23] Amdray® Valspodar Novartis Pharmaceuticals, Inc.

VX-710 [24] Incel® Biricodar Vertex Pharmaceuticals, Inc.

GF120918 (GG918) [25] Glaxo Wellcome, Inc.

LY335979 [26] Lilly Research Laboratories

XR9576 [27] Xenova Group plc.

OC144-093 [28] Ontogen Corp.

S9788 [29]

R101933 [30]



to maturity and reproduce normally [45]. However,
they have reduced clearance and increased CNS
penetration of numerous Pgp substrates including
vinblastine, digoxin, dexamethasone, morphine and
the sedative asimadoline [42,46,47].

Like MDR1, MRP knockouts reach maturity and have
normal fertility. Alterations in drug elimination have
not been observed, however, there is increased
sensitivity to etoposide and a decreased response to
inflammatory stimuli [48,49]. The reduced inflamma-
tory response may be due to impairment in the ability
of mononuclear cells to transport LTC4 [48]. In
addition, tissue levels of glutathione are elevated in
MRP knockouts, thus invoking a role for MRP in
glutathione-mediated drug detoxicification [49].
Whether these studies are directly applicable to
normal human physiology is not known. In MRP, as in
P-glycoprotein, naturally occurring mutations have
not been identified. The physiologic role for both of
these proteins is thus currently understood to be
protection of the body from xenobiotics; as such,
natural product anticancer agents including the
anthracyclines, etoposide and the vinca alkaloids are
substrates.

3.2 MRPs 2-6

Recently, multiple MRP family members have been
identified [40,50]. MRPs 1, 2, 3 and 6 have the highest
homology, with 17 TM segments encoded with 2 ATP
binding domains [40,51]. MRP4 and MRP5 lack the
additional five TM segments (TMD0) characteristic of
MRP1, but contain the sequences of the linker region
[39,52]. As shown in Table 2, these are potential
candidates to mediate drug resistance because of their
localisation in the normal liver and suggested involve-
ment in drug disposition. The first of these to be
identified was MRP2, also named cMOAT (canalicular
multispecific organic anion transporter). MRP2 has
been identified as the transporter of bilirubin
glucuronide from the hepatocyte [45,53]. Conjugation
of bilirubin and excretion into the bile is the final step
in the metabolism of haemoglobin. The Dubin-
Johnson syndrome in the human, as in the TR mouse
model, is distinguished by mutations in MRP2/cMOAT
which result in an absence of the protein in the liver
[45,53,54]. Patients have a defect in the biliary
excretion of conjugated bilirubin, cholephilic dyes
(e.g., sulphobromophthalein [BSP]) and porphyrins.
The liver accumulates an excess of bilirubin
glucuronide and unconjugated bilirubin resulting in
hyperbilirubinaemia. MRP2 is also expressed in the

kidney, where it may play a role in the excretion of
organic anions [55]. However, patients with Dubin
Johnson syndrome do not have renal disease,
possibly because of co-expression of MRP family
members and other organic anion transporters.

The question of whether MRP2 may be involved in
drug resistance has been addressed by in vitro
transfection studies, with both sense and antisense
constructs. Both support the conclusion that MRP2 is
able to transport cisplatin as well as the other MRP
substrates, etoposide, adriamycin, vincristine and
methotrexate [56-59]. However, convincing evidence
that MRP2 is involved in cisplatin resistance has been
more difficult to obtain [50,60]. Overexpression of
MRP2 is found in some but not in all cell lines selected
for high levels of cisplatin resistance [60]. A specific
inhibitor for MRP2 would be required to directly
answer this question.

To date, conclusive links to drug resistance have not
been established for the newly described MRP family
members. Like MRP1, MRP3 has been shown to
transport adriamycin, vincristine and methotrexate
[37,61,62]. MRP3 is highly expressed in human liver
and, like Pgp, MRP2 and sPgp, is localised to the
canalicular surface of the hepatocyte [63,64]. Transfec-
tion studies with MRP5 suggest that it can transport
organic anions, but resistance to anticancer agents has
not been demonstrated [65]. Taken together, the
findings suggest that the MRP subfamily of
transporters has a role, with some built-in
redundancy, in drug disposition. That function may
be subverted by a cancer cell for the development of
the drug-resistant phenotype.

3.3 sPgp

Structurally homologous to MDR1/Pgp, the ‘sister of
Pgp’ was originally cloned from the hamster in a
search for genes with homology to MDR1 [66].
Subsequently recognised as the bile salt exporter
protein (BSEP), sPgp plays an important role in biliary
homeostasis [67]. Inherited mutations of sPgp result in
progressive familial intrahepatic cholestasis (PFIC),
Type II. This is due to failure of bile salt and in turn
phospholipid excretion from the liver. While evidence
for a role in drug resistance is limited, it is interesting
to note that paclitaxel is also a substrate for transport
by this protein. Overexpression of the rat sPgp in
human ovarian SKOV3 cells conferred a 4-fold
resistance to paclitaxel [68]. Sensitisation by PSC 833,
cyclosporin A and verapamil was observed. In
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addition, studies in which murine sPgp was overex-
pressed added vinblastine, but not vincristine or the
acetoxymethyl ester of calcein (calcein-AM) to the
profile of substrates [69]. Although knockout studies
have not yet been reported, impairment of vinblastine
and paclitaxel excretion would probably not be
observed due to high levels of expression of Pgp in
the normal liver. Simultaneous deletion of both genes
would be required to eliminate the redundancy.

3.4 ABC2

Active outward efflux has also been observed in
SKEM cells, a human ovarian carcinoma cell line
selected for estramustine resistance [70]. Estramustine
is not a substrate for Pgp and the cells have a
phenotype distinct from that due to Pgp overexpres-
sion. Amplification of ABC2 was detected in these
cells and antisense to ABC2 sensitised the resistant
cells to estramustine [70]. ABC2 belongs to the ABCA
subfamily, which also includes ABC1 (the transporter
linked to cholesterol transport) and ABCR (the
transporter linked to retinal integrity) [71]. Genetic
mutations in both latter genes have been associated
with heritable disorders (Table 1).

4. ABC half-transporter families

The ABC proteins described above have in common
twelve or more transmembrane domains and two
nucleotide-binding domains, encoded in a single
gene. In humans, four half-transporter families are
known. Half-transporters are generally localised to
intracellular compartments. One newly described
half-transporter, MXR/ABCP/BCRP, is associated with
multi-drug resistance and will be discussed in detail
below. To gain additional insights into the potential
complexity of MXR/BCRP/ABCP, it is useful to
examine the other half-transporter families described
in humans.

4.1 ALDP subfamily

A half-transporter gene (ALDP) encodes the adreno-
leukodystrophy protein. In addition, three subfamily
members have been identified: ALDR, PMP70 and
PMP69 [72]. Mutations in ALDP result in X-linked
adrenoleukodystrophy, a demyelinating disorder with
a characteristic defect in β-oxidation of very
long-chain fatty acids [73-75]. The ALDP transporter is
located in peroxisomal membranes and is thought to
homo- or hetero-dimerise for normal function [76].
Mutations in ALDP can be complemented in

experimental conditions by other members of the
family, suggesting that heterodimers may be physiol-
ogic in the normal state [77].

4.2 TAP subfamily

The TAP1 and 2 half-transporters are localised in the
endoplasmic reticulum. Their orientation is, like the
ALDP family, such that transport occurs into the
organelle. In one aspect, the TAP proteins resemble
the bacterial transport systems that are comprised of
multiple protein subunits. The TAP gene (transporter
associated with antigen processing) encodes a
transporter that is responsible for loading
proteasome-generated proteolytic fragments of
foreign proteins onto the class 1 major histo-
compatibility complex [78]. This complex is
comprised of the proteins tapasin, calreticulin, FR60
and β2 microglobulin. The assembled complex then
travels to the cell surface for recognition by cytotoxic
T-cells. Loss of TAP1 or TAP2 results in impaired
presentation of antigen on the cell surface; this can be
restored by transfection of the appropriate gene [79].
Mutations in TAP1 and TAP2 have been reported in
selected patients with immunodeficiency, including
those with the bare lymphocyte syndrome, a heritable
illness characterised by chronic bacterial infections
and impaired antigen processing [80-83]. Substrate
specificity of TAP may be modified by polymorphism,
as shown for two pairs of residues of the rat TAP and a
single point mutation in the human [84,85].

When sequence homology is used to group ABC
transporters, the TAP transporter group with
MDR1/P-glycoprotein, while ALDP are found in their
own subfamily [14]. Two other half-transporters are
found in the MDR/TAP subfamily, ABC7 and M-ABC1.
These transporters are localised to the mitochondrial
membrane and appear to be involved in iron
homeostasis [86-88].

4.3 White subfamily

The White subfamily is named after the Drosophila
white ABC transporter gene and presently consists of
four members: ABC8 (the human homologue of the
Drosophila white gene) [89,90], two white-related
genes, and the half transporter cloned from
mitoxantrone-resis tant cancer cel ls ,
MXR/BCRP/ABCP. In Drosophila, the White, Brown
and Scarlet gene products determine eye colour by
heterodimerisation. Mutations in these genes affecting
function result in alterations in eye colour [91,92].
When the White gene product complexes with the
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Scarlet, tryptophan is transported; when it complexes
with the Brown gene product, guanine is transported.
Although precise localisation studies have never been
performed, it has been thought that the Drosophila
White transporter is localised in the plasma
membrane, with the ATP binding domain oriented
toward the cytoplasm. Guanine and tryptophan
binding must occur on the extracellular surface to
allow transport into the cell. Little is known about the
human homologue of the Drosophila White protein,
although a recent study reported high levels of
expression in lipid-laden macrophages, suggesting a
role in cellular sterol homeostasis [93].

5. MXR/BCRP/ABCP/ABCG2

The remainder of this review will examine in greater
detail the most newly described ABC transporter
capable of conferring multi-drug resistance.
MXR/BCRP/ABCP was named ABCP1, for ABC
transporter highly expressed in placenta [94]; also
known as BCRP, for breast cancer resistance protein
[95]; and in our laboratory, as MXR, for mitoxantrone
resistance gene [96]. Although BCRP was first reported
in abstract form at the American Association for
Cancer Research annual meeting in April 1998 [97], the
sequence information had not yet become available
for comparison when the gene was separately cloned
in our laboratory and by Allikmets et al. Although it
will be referred to as MXR/BCRP/ABCP in this
manuscript, the human genome nomenclature
committee recently recommended that the gene be
named ABCG2 [14] . Overexpression of
MXR/BCRP/ABCP was found in multi-drug resistant
cell lines without evidence of overexpression of other
well-characterised multi-drug resistance genes.

5.1 MXR overexpression in selected cell lines

Prior to the identification of MXR/BCRP/ABCP, a
particular phenotype had been observed in multi-
drug resistant cells, characterised by high levels of
resistance to mitoxantrone and anthracyclines, but
without resistance to vinca alkaloids or taxanes; and
without overexpression of Pgp or MRP (Table 4). Like
Pgp-overexpressing cells, many of these sublines had
a drug accumulation defect that was reversible by ATP
depletion. One of these cell lines was the MCF-7 AdVp
subline, which had been selected from the human
breast cancer cell line MCF-7 in adriamycin in the
presence of verapamil in order to prevent overexpres-
sion of P-glycoprotein [98,99]. A similar phenotype
was observed in additional sublines independently
selected in mitoxantrone from MCF-7 cells [100-102].
There were also similar phenotypes among sublines
derived in mitoxantrone from human gastric cancer
cells, human myeloma cells and human colon cancer
cells (Table 4) [103-107]. MXR/BCRP/ABCP was
cloned from two of these cell lines, MCF-7 AdVp
(BCRP [95]) and S1-M1-80 (MXR1 [96]). Subsequently,
Ross et al. demonstrated that the other cell lines with
the characteristic mitoxantrone-resistant phenotype
had overexpression of MXR/BCRP/ABCP [108]. Most
recently, a topotecan-selected cell line has been
described, having reduced accumulation of topotecan
and MXR/BCRP/ABCP overexpression [109,110].
Interestingly, when Allen and co-workers used
adriamycin, mitoxantrone or topotecan to derive
resistant sublines from mouse embryonic cells in
which the orthologues for both MDR1 and MRP were
deleted, MXR/BCRP/ABCP overexpression resulted
from each selection [111].
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Table 4: Cell lines with MXR/ABCP/BCRP overexpression.

Parent Subline Selecting agent Ref.

MCF-7 Breast MCF-7 AdVp
MCF-7/MX
MCF-7/Mitox

Adriamycin/verapamil
Mitoxantrone
Mitoxantrone

[98,99]
[100,102]

[101]

S1 clone of LS174T
WiDr/S
EPG85-257P

Colon
Colon
Gastric

S1-M1-3.2§

WiDr/R
EPG85-257RNOV

Mitoxantrone
Mitoxantrone
Mitoxantrone

[104]
[103]

[106,107]

8226 Myeloma 8226MR20 Mitoxantrone [105]

IGROV Ovary IGROV T8 Topotecan [109,110]

§Used to generate the S1-M1-80 cell line.



5.2 Substrates for MXR-mediated transport

S1-M1-80 cells were derived by advancing the
mitoxantrone concentration in S1-M1-3.2 cells, which
were themselves derived from S1, a clone of the LS
180 human colon cancer cell line obtained from Lee
Greenberger at Wyeth-Ayerst [104]. Mitoxantrone,
daunorubicin and topotecan accumulation examined
by confocal microscopy in S1-M1-80 and S1 parental
cells and in MCF-7 AdVp3000 and MCF-7 parental
cells, is shown in Figure 1. Reduced accumulation is
readily apparent in the two selected sublines, with

fluorescence visible only in intracellular vesicles.
These vesicles have been shown in previous studies
to be acidic, based on co-localisation with Lysotracker
Green, which selectively stains acidic compartments
[112].

The most distinctive feature of the phenotype
conferred by MXR/BCRP/ABCP overexpression is the
high level of resistance to mitoxantrone. Moderate
resistance to the anthracyclines including daunoru-
bicin, doxorubicin and epirubicin is observed, with
lack of resistance to cisplatin, paclitaxel and

568 New ABC transporters in multi-drug resistance

Ashley Publications Ltd. Emerging Therapeutic Targets (2000) 4(5)

Figure 1: Steady-state drug accumulation in parental MCF-7 wt and S1 wt or MXR-overexpressing MCF-7 AdVp3000 and S1-M1-80
cells. Confocal microscopy images were captured after cells were incubated for 60 min at 37°C in media containing 5 µM mitoxan-
trone (top row), 5 µM daunorubicin (middle row) or 5 µM topotecan (bottom row).



vinblastine [95,104,110,112]. A compound related to
mitoxantrone, bisantrene, is also a substrate for
MXR/BCRP/ABCP [112]. Recent studies have also
shown high levels of resistance to two camptothecins,
topotecan and SN-38 (the active metabolite of
CPT-11) [110,113,114]. Interestingly, camptothecin
itself is a poor substrate. Etoposide and the
aza-anthrapyrazole BBR3390 were also demonstrated
to be substrates in mitoxantrone-resistant 8226
multiple myeloma cells [105]. In addition, the fluores-
cent compounds rhodamine and Lysotracker Green
are substrates, based upon fluorescence accumulation
data [112]. That MXR/BCRP/ABCP confers this
mitoxantrone-resistant phenotype has been
confirmed in two other experimental systems.
Transfection of the MXR/BCRP/ABCP cDNA results in
a cross-resistance profile similar to that found in the
selected cells; and increased efflux of rhodamine can
be demonstrated by FACS analysis in transfected cell
lines [95,115]. There is no evidence to date that
MXR/BCRP/ABCP is able to transport organic anions,
although laboratory studies indicate enhanced
glucuronidation capacity in MCF-7 AdVp3000 cells
[113]. Although non-identical, there is considerable
overlap in substrate specificity between the various
multi-drug transporters. Synthesising data from the

literature and from our own studies, Table 5 presents
a schematic showing the parallel phenotypes for the
various multi-drug transporters, Pgp, MRP1, MRP2
and MXR/BCRP/ABCP. Other than 5-FU, each
compound is a substrate for at least two transporters.

5.3 Mechanism of MXR overexpression

Comparative genomic hybridisation demonstrated a
region of amplification in MCF-7 AdVp3000 cells,
matching the assignment of an expressed sequence
tag (EST) containing MXR/BCRP/ABCP to chromo-
some 4q22 [15,116]. FISH studies with whole
chromosome 4 paint revealed multiple translocations
of chromosome 4 in these cells and a BAC probe
containing MXR/BCRP/ABCP confirmed an amplifica-
tion associated with one of the translocations [116].
Spectral karyotyping (SKY) identified a chromosome
4;5 translocation on the chromosome containing an
amplified region. Figure 2 shows the SKY analysis of
MCF-7 AdVp3000 cells, with numerous translocations
involving chromosome 4 (turquoise). Studies using a
BAC probe for MXR/BCRP/ABCP localised it to the
amplified region of the translocated t(4;5) chromo-
some. Studies of the S1-M1-80 cells confirmed
absence of amplification, but demonstrated a
balanced translocation of one chromosome 4. BAC
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Table 5: Overlapping substrate specificity for ABC transporters.

Substrate MDR1/Pgp MRP1 MRP2 MRP3 MXR

Mitoxantrone

Adriamycin

Daunomycin

Topotecan

Irinotecan (SN38)

Taxol

Vincristine

Vinblastine

Etoposide

Teniposide

Rhodamine

Methotrexate

5-FU

Cisplatin

Key:

High levels

Moderate levels

No/Low levels
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Figure 2: SKY analysis of the drug-resistant cell line, MCF-7 AdVp3000. Letters A-H in all three images refer to chromosome 4 ab-
normalities.
A: Inverse-DAPI image of metaphase spread.
B: Classified image of same metaphase.
C: Karyotype of classified image. Note that all abnormalities involving chromosome 4 have been grouped together, regardless of the
derivation of the marker’s centromere, to emphasise the variety of abnormalities involving this chromosome. Composite karyotype,
structural abnormalities only (chromosome 4 abnormalities are in bold, rearrangement resulting in MXR amplification is underlined):
64-72,X,del(X),der(1)t(9;20;1)t(17;2;9;1;3),der(2)t(2;12),der(2)t(7;2;1;9;20),der(2)t(2;3),der(2)t(2;9),del(3),der(3)t(3;20;1),
der(3)t(3;7),der(3)t(3;16),der(4)t(4:5)(4qter->4cen->4q21-22::5q13>5qter),der(5)t(4;5)(5pter->5ql1::4q1l>4qter),
der(6)t(4;6)(q21;q13),der(4)t(4;16)(:4p15->4q21::16q13->l6qter),der(4)t(4;14)t(4pter->4q12::14q13->l4qter),
der(7)t(3;7;20;15;4)(3?::7p11>7q31.2::20?::15?::4?), der(19)t(19;4)(l9pter>19q13::4?),der(8)t(4;8)(?;p23),i(4q),
del(5),der(5)t(5;2;14),der(5)t(5;14),der(6)t(6;12)x2,der(7)t(7;21;20), del(7),der(8)t(8;15),der(8)t(5;8;11;16),der(9)t(8;9),der(10)
t (7;10) ,der(10) t (7;10;14) ,der(10) t (6;10) ,d ic(1;12) ,dup(14) ,der(14) t (8;14) ,del (15) ,der(15) t (2;15) ,del (16) ,
der(16)t(22;16;19;17),der(16)t(20;16;3;6),der(16)t(15;16),der(16)t(1;16),der(16)t(5;16),der(17)t(17;20;1;X),
der(17)t(17;10;17),del(18),der(18)t(18;19),der(19) t(12;19),der(20)t(3;20;1;20)x2,der(20)t(1;20)x2,der(20)?r(14;20).
Band designations have been given only for the markers involving chromosome 4. Since this is a composite karyotype, not all abnor-
malities listed are necessarily present in this particular image.



hybridisation localised MXR/BCRP/ABCP to the
breakpoint in the translocated 4, and spectral
karyotyping demonstrated that the translocation was
with chromosome 17. Thus, as previously shown in
studies with MDR1 [117], gene rearrangements occur
in cells overexpressing MXR/BCRP/ABCP.

5.4 Protein characterisation

MXR/BCRP/ABCP is predicted to consist of 655 amino
acids, with six transmembrane segments and one ATP
binding domain. Figure 3 shows the hydropathy plot
of MXR/BCRP/ABCP, in comparison to those of MRP1
and MDR1/Pgp. Peptide antibodies were made
against several regions in the ATP binding domain.
One of these, designated antibody 87405, was used
for immunoblot analysis and confirmed the predicted
72 kDa protein [112]. Immunohistochemical analysis
using S1-M1-80 and MCF-7 AdVp3000 localised the
protein to the cell surface and also showed

cytoplasmic staining [112]. This result was confirmed
with the same antibody by Rocchi et al. [118] and by
Scheffer et al. using a monoclonal antibody [119].

5.5 Transport inhibitors

A large number of compounds have been found to
inhibit Pgp-mediated drug efflux. Several of these
compounds have been tested for activity against
MXR/BCRP/ABCP-mediated drug efflux. Verapamil
was unable to increase the accumulation of topotecan
in MXR/BCRP/ABCP-overexpressing ovarian cancer
cells [109]. Cyclosporin A was able to increase the
accumulation of rhodamine to a limited extent in
MCF-7 AdVp3000 cells [99]. The Glaxo compound,
GF120918, a potent P-glycoprotein antagonist, at a
concentration of 10 µM was able to increase accumu-
lation of both mitoxantrone and rhodamine in
MXR/BCRP/ABCP-overexpressing S1-M1-80 cells
[120]. Higher concentrations were required to increase
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Figure 3: Hydropathy plots of MXR, MDRl and MRP1. The hydropathy plots allow for visualisation of hydrophobicity over the
length of a protein. A hydropathy scale, which is based on the hydrophobic and hydrophilic properties of the 20 amino acids, is used. A
moving window determines the summed hydropathy at each point in the sequence (Y co-ordinate). These sums are plotted against their
respective amino acid positions (X co-ordinate). The hydropathic profile of the protein is a sequence of numbers between -4.5 and 4.5,
representing the hydropathy value at that position in the peptide chain. Positive values indicate hydrophobic regions. Such a plot is
useful in determining the membrane spanning regions of membrane bound proteins. The method described by Kyte and Doolittle is
applied (J. Mol. Biol. (1982) 157:105-132).



accumulation in the S1-M1-80 cells than in the
Pgp-overexpressing cells, S1-B1-20, where 25 nM
GF120918 was able to increase accumulation. By
inhibiting both Pgp and MXR/BCRP/ABCP, GF120918
serves as a model for a multispecific antagonist. A
recent abstract reports identification of BIB-E, a
dipyridamole analogue, able to inhibi t
MXR/BCRP/ABCP [121]. An apparently specific
MXR/BCRP/ABCP antagonist has also been reported,
derived from Aspergillus fumigatus. Fumitremorgin C
(FTC), a Wyeth-Ayerst compound, increases drug
accumulation in MXR/BCRP/ABCP-overexpressing
cells, but not in Pgp-overexpressing cells [104,115].
Reversal of mitoxantrone resistance with FTC by >
100-fold is shown in Figure 4, using the S1-M1-3.2
cells obtained from Lee Greenberger. However, the
cells are not sensitised completely with 5 µM FTC.
There is no sensitisation of S1 cells with the addition
of FTC to mitoxantrone. Rhodamine efflux in the
presence of MXR inhibitors FTC and GF120918 is
shown in comparison to efflux in the presence of the
Pgp antagonists PSC 833 and dexniguldipine in
Figure 5. In this study, rhodamine efflux in the
presence and absence of these inhibitors is compared
in Pgp-overexpressing S1-B1-20 cel ls and
MXR/BCRP/ABCP-overexpressing S1-M1-80 cells.
PSC 833 has no effect, and dexniguldipine a modest
effect on rhodamine efflux in S1-M1-80 cells, while
both inhibit efflux in S1-B1-20 cells. However, both
GF120918 and FTC were able to increase accumula-
tion in the MXR/BCRP/ABCP-overexpressing cells to

the levels found in parental cells. FTC has no impact
on the Pgp-expressing cells. GF120918 is, however,
able to inhibit both MDR and MXR/BCRP/ABCP
mediated rhodamine efflux. Depending upon the
tumour type, or the antineoplastic agent being
administered, it may be preferable to have an antago-
nist able to block one or more transporters.

5.6 Dimerisation partners

One critical question to be addressed is that of dimeri-
sation partners. All other half transporter subfamilies
have multiple members [14,16]. In the Drosophila
white gene subfamily, there is 25 - 35% identity
between White, Brown and Scarlet gene products.
White-white homodimers are not functional for
transport of either tryptophan or guanine [122]. In the
TAP human half-transporter subfamily, the ABC
transporters form heterodimers to transport peptides
into the endoplasmic reticulum for loading onto the
MHC Type I complex for antigen presentation [78].
The homology between TAP1 and TAP2 in all species
is approximately 35%. The second human half
transporter subfamily includes the adrenoleukodys-
trophy protein (ALDP, ABCD1) and the related
proteins ALDR (ABCD2), PMP69 (ABCD4) and PMP70
(ABCD3). These proteins have 27 - 42% identity. The
proteins localise to the peroxisome, where it is known
that they can heterodimerise. In addition, the
analogous genes in yeast (PAX1 and PAX2) have also
been shown to interact [123]. However, whether or
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not heterodimers occur under normal conditions is
not known, since mutation and loss of ALDP alone
results in abnormal oxidation of lipids due to the
failure of the lipids to enter the peroxisome for
β-hydroxylation [74,75]. For MXR/BCRP/ABCP, a clear
partner protein has not yet been identified and
transfection experiments suggest that it can function
as a homodimer. A gene closely related to
MXR/BCRP/ABCP, Abcp2, has been identified in the
mouse. In addition there are at least three white
related genes in the human genome with 25 - 30%
amino acid identity to MXR/BCRP/ABCP. However,
most of these genes have very different expression
patterns from MXR/BCRP/ABCP making them
unlikely partners. Studies aimed at identifying a
partner for MXR/BCRP/ABCP through a traditional
co-immunoprecipitation strategy are underway.

5.7 Therapeutic target

The tools for studying the genetic basis of disease are
more accessible than ever before, shortening the time
between identification of an ABC transporter and
determination of its function in physiology and
pathology. An ABC pipeline can be envisioned, in
which discovery of a new ABC transporter leads to
studies aimed at defining the substrates and then
antagonists for that transporter (Figure 6). For those
in which a role in multi-drug resistance is considered,
non-toxic antagonists must be identified. These
studies can be accomplished in cell line models with
high levels of overexpression; and then validated in
cell lines in which the transporter has been transfected
to provide a model for overexpression. Clues to the
role in normal physiology can be gained from studies
of normal tissue expression. For the MRPs, expression
on the canalicular surface of the normal hepatocyte
suggests a role in drug disposi t ion. For
MXR/BCRP/ABCP, expression in the placenta
suggests a role in protection. Expression in normal
tissue will also provide insight into potential normal
tissue toxicities for treatments combining substrates
and inhibitors. These studies can be rapidly and
conclusively carried out using in vitro and cell line
model systems.

The most difficult question to answer, using experi-
ence with P-glycoprotein as a model, is whether
MXR/BCRP/ABCP, or any of the newly described ABC
transporters, plays an important role in clinical drug
resistance. To answer this question, clinical samples
need to be gathered before and after therapy, and
analysed for the expression of the transporter. Early

studies suggest that expression of MXR/BCRP/ABCP
in leukaemia cells might account for resistance in
those cells without Pgp overexpression [124]. With the
rapid increase in the number of transporters
recognised, it will become important to analyse
multiple transporters simultaneously in the clinical
setting. One conclusion from clinical studies
attempting reversal of Pgp-mediated resistance is that
multiple mechanisms of resistance probably operate
simultaneously. Cell line models have supported such
a conclusion. In K562 cells, there was sequential
overexpression of first MRP and then MDR during
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Figure 5: Antagonism of Pgp-mediated or MXR-mediated
rhodamine efflux. The rhodamine efflux assay was performed
on parental S1 cells, Pgp-overexpressing S1-B1-20 cells or
MXR-overexpressing Sl-M1-80 cells. Blank histogram: cell
autofluorescence. Efflux histograms: cells incubated for 30
min with complete media containing 0.5 µg/ml rhodamine 123
alone, or rhodamine with 10 µM FTC, 10 µM dexniguldipene,
10 µM GF120918 or 3 µg/ml PSC 833, washed, then incubated
60 min with mitoxantrone-free complete media alone
(EFFLUX) or complete media with 10 µM FTC (FTC), 10 µM
dexniguldipene (DEX), 10 µM GF120918 (GF), or 3 µg/ml
PSC 833 (PSC), respectively.



selection in homoharringtonine [125]. Similar results
were found for cells selected in VP-16, where
topoisomerase II reduction was observed prior to
MRP overexpression [126]. In drug-selected 8226 cells,
both MXR/BCRP/ABCP and reduct ions in
topoisomerase II levels occurred [105]. While cell lines
with high levels of expression following drug
selection provide invaluable information about a
transporter, to the extent that the models reflect only a
single mechanism of resistance, they are inaccurate as
clinical models.

Thus, early clinical trials of a transporter antagonist
ought to be aimed at confirming that inhibition of that
transporter can occur in the clinical setting, and not
attempting antitumour efficacy studies without
correlative studies that confirm transport inhibition
whether or not antitumour efficacy is confirmed.
Ideally, imaging studies could be performed with a
labelled substrate, showing higher levels in tumours
after the addition of an inhibitor. Clinical trials with
Pgp antagonists were initially performed without the
benefit of such surrogate studies. Where negative
clinical results were obtained, it could not be
determined whether the inhibitor failed to increase
drug accumulation, or whether increased drug
accumulation was present in the tumour, but was
insufficient to overcome clinical drug resistance. As it
was learned that 99mTc-Sestamibi is a substrate for
Pgp, sestamibi scans were employed and have
provided images demonstrating increased accumula-
tion in tumours and in normal liver after the addition
of P-glycoprotein antagonists [127-129]. Studies with
both 99mTc-Sestamibi and a newer radiopharmaceu-
tical, 99mTc-Tetrofosmin, have confirmed the two
agents as Pgp substrates and to a lesser extent, as MRP
substrates [130]. However, the two agents do not

appear to be substrates for MXR/BCRP/ABCP. An ex
vivo surrogate assay for Pgp inhibition was also
validated, documenting inhibition of dye efflux in
normal circulating CD56+ blood mononuclear cells
following treatment with a Pgp inhibitor [131,132]. As
more is learned about the substrate specificity and
normal tissue distribution of the new ABC
transporters, it should become possible to develop
novel surrogate assays for clinical detection and
confirmation of inhibitor action.

6. Conclusion and expert opinion

The existence of ABC transporters in the human
genome offers the possibility for a cancer cell to
develop overexpression, subverting a normal protein
for use in developing drug resistance. The list of ABC
transporters with potential involvement in clinical
drug resistance has expanded in recent years and now
includes Pgp, MRP1-6, sPgp, ABC2 and
MXR/BCRP/ABCP. Studies are needed to characterise
substrates for transport, to determine which of these
can confer drug resistance, to learn which are
important in clinical oncology, to identify non-toxic
inhibitors and to develop surrogate assays for
transport inhibition. With Pgp, we learned that a
broad range of compounds can be substrates for
transport. Indeed, hundreds of compounds have been
identified in collaboration with the NCI drug screen
[133]. With the MRPs, we learned that compounds can
be substrates after modification in the cell. With
MXR/BCRP/ABCP, we learned that even the newest
anticancer agents (topotecan and CPT-11) are
potential substrates for transport-mediated resistance.
Given the diversity of ABC transporters, it could be
predicted that a transporter exists for every anticancer
compound that could be developed. From that
perspective, transport inhibitors have the potential to
become a core element in the oncologic armamen-
tarium. Since the effect of overexpression of a
transporter is to decrease the intracellular accumula-
tion of anticancer agents, potentially increasing the
potency of any intracellular mechanism of resistance,
it could be argued that new transport substrates ought
to be combined with transport inhibitors early in
clinical development. If non-toxic inhibitors that are
confirmed to be active in surrogate assays can be
found, then studies aimed at prevention of resistance
can be designed, before multiple mechanisms of
resistance emerge.
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