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ABC Transporters as Potential Targets for Modulation of Drug Resistance
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Abstract: ATP binding cassette transporters are implicated in multidrug resistant phenotypes of tumor cells and may be
cancer stem cell markers. Inhibitors of drug efflux pumps represent an emerging group of potentially useful agents for the
improvement of antitumor therapy. Here we provide an overview of drug transporter functions and modulation.
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INTRODUCTION

Drug resistance represents a major obstacle towards the
cure of cancer, being one of the main causes of failure of
antitumor therapy. Preclinical studies clearly support that
some tumors are already resistant to drugs when the therapy
starts (intrinsic resistance), whereas others acquire resistance
after some cycles of therapy in spite of the initial respon-
siveness (acquired resistance). Under both circumstances,
tumor cells frequently exhibit simultaneous resistance to
multiple structurally unrelated anticancer drugs (Table 1), a
phenotype known as multidrug resistance (MDR) [1]. A ma-
jor cause of the MDR phenotype is the overexpression in
tumor cells of members of a highly conserved family of
transmembrane proteins characterized by an ATP-binding
cassette (ABC), i.e., the ABC superfamily of transporters [1,
2]. An extraordinarily different array of structurally unre-
lated chemotherapeutic agents is substrate for such transport-
ers which act as efflux pumps decreasing the intracellular
amount of toxins. Overexpression of ABC transporters usu-
ally occurs at the level of the plasma membrane, the final
goal being to reduce the intracellular amount of drug avail-
able for interaction with the drug target, thereby preventing
cell death. A recent study indicating non-genetic transfer of
the MDR phenotype suggests the occurrence of multiple
mechanisms to increase the function of ABC transporters [3].

Whole genome approaches have documented the exis-
tence of a wide family of ABC type transporters in human
cells [1]. Fifty different ABC transporters have been identi-
fied that can be divided into seven classes (A-G) based on
sequence similarities. Members of the A, B, C, and G classes
have been shown to confer drug resistance in cultured cells
[4]. Although all share a highly conserved ABC, containing
3 core consensus motifs (Walker A, Walker B and Signature
C) essential for ATP binding, their domain structures are
organized differently, with diverse numbers and locations of
trans-membrane domains [5]. With the exception of BCRP,
these transporters contain two ABCs in a single molecule.
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MDR efflux transporters have been initially shown to be
localized mainly at the plasma membrane of malignant cells.
However, transporters can be localized at subcellular sites
including nucleus and Golgi apparatus [6]. Also, a mecha-
nism of drug sequestration in extracellular vesicles localized
at cell-cell attachment zones in breast cancer cells resistant to
mitoxantrone has been reported [7].

Since it is reasonable that the success of antitumor ther-
apy will depend on the specific features of the treated tumors
and on the structural properties of the drugs used for the
treatment, a precise knowledge of the functions of novel
transporters is expected to contribute to optimization of anti-
tumor therapies. In this context, the poor pharmacokinetics,
the effect of inhibitors in other tissues and the lack of patient
selection, rather than the lack of selectivity, could represent
the major cause of therapy failure. Based on this background,
the present review focuses on the pharmacological signifi-
cance of selected ABC transporters, with particular reference
to perspectives in the development of useful modulators of
their function, as therapeutic agents. In particular, a charac-
terization of the substrate specificity of the novel transporters
is provided, together with a comprehensive description of the
available modulators of efflux pumps with an indication of
their efficacy in the clinical use.

ABC TRANSPORTERS
ABCBI1/P-gp/MDRI

The best known member of the ABC transporter super-
family is the 170 kDa P-glycoprotein (P-gp), encoded by the
MDRI1 (ABCBI) gene that was identified over 30 years ago
[8]. P-gp can transport a variety of molecules including cy-
tostatic drugs and endogenous substrates such as steroid
hormones and cytokines, and binds and transports drugs
against a concentration gradient using ATP [2]. It has been
proposed that the drug molecule binds to a specific site of P-
gp within the lipid bilayer of the cell plasma membrane, and
by means of the energy of ATP hydrolysis is transported out
of the cell [9]. A negative correlation between P-gp expres-
sion levels and chemosensitivity has been documented in a
range of human malignancies [10]. P-gp activity undergoes a
complex regulation involving multiple genes (i.e, p33,
EGRI, etc.) [9]. Evidence for multiple regulators of MDRI/
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Table 1. Recognition of Widely Used Anticancer Drugs by ABC Transporters*
Compound Target P-gp | MRP1 MRP2 MRP3 MRP4 MRP5 MRP6 MRP7 MRPS8 BCRP
Methotrexate Dihydrofolate + + + + + +
reductase
Vincristin, Vin- Tubulin + + + +
blastin
Taxol Microtubules + + +
Mitoxantrone Top IT + +
Anthracyclines Top I + + + + + +
Etoposide Top II + + + + + +
Camptothecins Top1 + + + + + +
Cisplatin DNA +
6-thioguanine DNA + + +
Imatinib Ber-ABL + + +
c-kit
PDGF-R
Erlotinib EGF-R + +
Gefitinib EGF-R + +

"Drug recognition may vary depending on the allelic status of genes coding for ABC transporters or on the drug exposure time used in cell sensitivity assays.

P-gp transcription/activity underlines the great importance of
this defence system for cell protection against xenotoxins.

ABCG2/BCRP

The BCRP (breast cancer resistance-related protein,
ABCG?2), described as mitoxantrone-resistance associated
protein (MXR) and as placenta-specific ABC protein (ABCP)
[11-13], is a half-transporter consisting of only 1 nucleotide
binding domain and 1 membrane-spanning domain [11,12].
BCRP, which may function as a homodimer or homotetra-
mer, is a 72 kDa protein that localizes to the plasma mem-
brane in cells which overexpress the protein through gene
amplification or rearrangement [14]. In normal tissues, it is
abundantly expressed in throphoblast cells, liver canalicular
membrane, ducts and lobules of the breast, in the apical side
of the epithelium of the small intestine and colon. Such a
localization suggests a role in epithelial barriers, and in par-
ticular in the uptake of orally administered drugs. BCRP is
also expressed by normal stem cells, in which it may play a
protective function by preventing toxins from entering cells
and by regulating differentiation [15]. The overexpression of
BCRP was initially found in cells exhibiting resistance to
mitoxantrone and anthracyclines [12,16], but not to vinca
alkaloids and taxanes. The transporter was then shown to
confer resistance to selected camptothecins, etoposide and
methotrexate [17-20]. However, although methotrexate is
clearly a substrate for BCRP the transport of the antifolate
appears dependent on drug exposure time as well as on certin
polymorphisms, in particular those affecting the 482 Arg
(wt) residue (Arg—Gly, Arg—Thr) [21,22]. In fact, BCRP-

mediated resistance to methotrexate can be evidenced in cell
sensitivity assays only when using clinically relevant short
term exposure [21,22]. In addition, wild-type BCRP but not
mutated, is a methotrexate-polyglutamate transporter [23],
since antifolate metabolites resulting from long-term expo-
sure (i.e., long chain polyglutammates) can not be effluxed
by mutated BCRP. The relevance of mutations in the amino
acid 482 of BCRP have been observed also in resistance to
doxorubicin and camptothecin [16,21,24,25]. Interestingly,
the 7-modified camptothecin analogue gimatecan has been
shown to overcome BCRP-associated resistance in a mi-
toxantrone-selected cell line exhibiting cross-resistance to
topotecan and SN38 [26]. The multidrug-resistant phenotype
due to BCRP expression is only in part overlapping with that
of P-gp [12]. Indeed, unlike Pgp, which appears to transport
unmodified drugs and xenobiotics, BCRP is an organic anion
pump capable of transporting conjugates of sulfates, glu-
tathione, and glucuronic acid [27]. It is most efficient in
transporting GSH conjugates and thus the metabolism of the
drug appears critical for determining possible transport by
BCRP and therefore drug resistance.

A constitutive expression of BCRP in human endothelial
cells of the blood-brain barrier suggests that together with P-
gp, BCRP plays a role in limiting drug access to the brain
[28]. The role of BCRP in clinical cancer drug resistance
remains to be defined [29, 30].

The ABCC Family (MRPs)

The human multidrug resistance-associated proteins
(MRPs) represent another subfamily of the ABC transporter
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superfamily encoded by MRP-related genes. Some compo-
nents of such a subfamily have an established role in trans-
porting several drugs, particularly glutathione (GSH)-conju-
gated derivatives of toxic compounds so that some members
have been defined “GS-X pumps” [31]. The best character-
ized member of such a subfamily is MRP1 [32].

The overexpression of MRPs plays an important role in
the development of drug resistance, as the expression of the
MRP transporters is induced by cytotoxic drugs [33,34].
There are currently 10 members of the MRP family, most of
them implicated in resistance to clinically relevant antitumor
drugs (Table 1). MRPs are organic anion pumps that trans-
port anionic drugs (e.g. methotrexate) and neutral drugs con-
jugated to acidic ligands, such as GSH, glucuronate, or sul-
fate, and in such features they differ from P-gp which has a
low affinity for such negatively charged compounds [31].
However, MRP1, MRP2 and MRP3 can also cause resis-
tance to neutral organic drugs that are not known to be con-
jugated to acidic ligands by transporting these drugs together
with free GSH [35]. For example, MRP1 can confer resis-
tance to arsenite, apparently by transporting it in complexes
with GSH [36]. Mutational studies have provided insights
into the significance of different aminoacidic residues in
interaction with substrates [37].

Increased expression of MRP2 has been related to resis-
tance to cisplatin as a result of increased efflux of the GSH-
cisplatin conjugate. The pattern of drug resistance associated
with increased levels of MRP2 (vincristine, vinblastin, doxo-
rubicin, etoposide, mitoxantrone, CPT11, SN38 and pacli-
taxel), may eventually turn out as being similar to that shown
for MRP1, except than for cisplatin resistance that has been
related mainly to MRP2 overexpression [2,38,39]. The rela-
tionship between MRP2 expression and cisplatin resistance
has been approached in model systems using hammerhead
ribozymes and RNA interference [40,41] and also in patients
[42], suggesting that MRP2 may be relevant for resistance to
cisplatin treatment in colorectal cancer. In contrast to these
results, there are reports in which an association between
cisplatin resistance and MRP2 could not be demonstrated
[43]. The reasons for this variability are unclear, but may be
attributable to differences in cell culture condition/genetic
background, modes of selection of cell systems, and to the
choice of transfected host cell lines, all features that may
affect both the expression level and the subcellular localiza-
tion of MRP2 [43].

Among the MRP family members, MRP3 shares the
highest amino acid sequence identity (58%) with MRP1, and
both localize to the basolateral membranes of polarized cells
[44]. Its only known substrates are epipodophyllotoxins (eto-
poside and teniposide) and metotrexate [44,45]. Novel sub-
states of MRP3 are expected to be identified in vivo using
approaches employing wild-type and Mrp3 -/- mice [46].

MRP4 is a cyclic nucleotide transporter implicated in the
transport of different compounds including organic anions,
antiviral and antiretroviral compounds and proinflammatory
mediators (i.e, leukotriene B4 and C4) [47,48]. MRP4 over-
expression is associated with high-level resistance to nucleo-
side analogues used as anti-human immunodeficiency virus
drugs [2]. The analysis of the drug resistance profile has
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documented a role of the transporter in the cellular efflux of
methotrexate, camptothecins, cisplatin and 6-mercaptopurine
[49-53]. Expression of MRP4 may be a marker of poor prog-
nosis in neuroblastomas in which preclinical studies have
shown that the transporter confers resistance to irinotecan
[54]. An analysis of the expression of MRPs in childhood
and adult acute lymphoblastic leukaemia suggests that MRP4
is not involved in predicting prognosis in this malignancy,
differently from what observed for other components of the
MRP superfamily, including MRP1, MRP2, MRP3, MRP5
and MRP6 [55]. Overexpression of MRP5 has been shown to
confer resistance to 6-mercaptopurine, 6-thioguanine and
antifolate [56,57]. In addition to MRP1, MRP2, MRP3 and
MRP4, also MRP6 has been shown to confer low levels of
resistance to several commonly used anticancer agents, in-
cluding etoposide, doxorubicin, daunorubicin and actinomy-
cin D [58,59].

Among ABCC subfamily of transporters, MRP7
(ABCC10) and MRP8 (ABCCI11) are at a relatively early
stage of investigation. Those proteins are lipophilic anion
pumps that are able to confer resistance to chemotherapeutic
agents. In particular, MRP7 has been reported to confer re-
sistance to vinca alkaloids, taxanes, gemcitabine, camptothe-
cin, etoposide, daunorubicin and cytarabine, while MRP8
has been implicated in methotrexate and 5-FU efflux [60-
62].

MODULATORS
TRANSPORTERS

OF THE FUNCTION OF ABC

In principle, on the basis of the mechanism of action,
inhibitors of ABC transporters can be grouped in two main
classes, i.e., compounds that are substrates for the transport-
ers and then act as competitive antagonists, and inhibitors
that are not transported. Molecular modelling and crystallo-
graphic approaches, together with homology studies support
the concept that the modulators bind to a common recogni-
tion site that is large, flexible and rich in aromatic aminoac-
ids producing hydrophobic interactions in addition to elec-
trostatic bonds [63]. According to this model, interaction
would occur with different binding modes. For some inhibi-
tors, binding to different domains has been documented (i.e.,
flavonoids C terminal NDB, steroids hydrophobic region
close to the ATP binding site). Structural activity studies
have recognized that the features required to reach target
inhibition include the presence of aromatic rings and of a
protonable nitrogen atom as well as the amphipatic nature of
the molecule [64].

Structurally dissimilar classes of modulators of ABC
transporters have been described including terpenoids, fla-
vonoids, steroids, phenols (e.g. curcumins) and polyphenols
(e.g. catechins), quinolines, etc. In this context, the recent
application of high-troughput technologies (i.e, libraries of
synthetic and natural compounds) has allowed to identify
molecularly targeted reagents including ABC transporters
inhibitors [65]. After the discovery of the P-gp inhibitory
activity of the calcium channel blocking verapamil (Fig. 1),
second and third-generation P-gp inhibitors have been re-
ported which include the non-immunosuppressive Cy-
closporin A derivative valspodar (PSC833) and tariquidar
(XR9576) [66].
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Fig. (1). Chemical structures of representative P-gp inhibitors.

The clinical use of such modulators has been limited by
the severe toxic side-effects observed at the concentrations
required to inhibit P-gp in vivo. More recently, natural phe-
nolic compounds known as curcuminoids (Fig. 1) have been
shown to be potential modulators of P-gp functions, thereby
suggesting the interest of this class of compounds endowed
with a range of pharmacological activities as MDR che-
mosensitizers [67]. The spectrum of activity of curcumin
appears not limited to inhibition of ABCBI1, because the in
vivo efficacy of the modulator on ABCG2 has already been
established in animal models [68].

The fact that several efflux pumps can transport a spe-
cific anticancer agent has relevant implications for reversal
of drug resistance. The anthracycline doxorubicin, for exam-
ple, is substrate for P-gp, MRPs and BCRP. Thus, inhibition
of one transporter may be hampered by the presence of an-
other. This observation may explain why drug reversal trials
in the clinic have not achieved satisfactory results [12].
However, as mentioned above, P-gp modulators can exhibit
inhibitory capability towards other ABC transporters. Thus,
the difficulties encountered with several generations of these
products in modulating the MDR phenotype may be counter-
balanced by the recently acquired knowledge about novel
transporters through the design of multi-specific inhibitors.
Some preclinical studies have provided the proof of principle
of the relevance of transporters as targets for modulation.
Indeed, small interfering RNA-induced suppression of
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Fig. (2). Chemical structure of selected BCRP inhibitors.
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hMDRI gene restores sensitivity in MDR preclinical models
[69]. Reversal of different drug-resistant phenotypes has
been achieved in gastric and ovarian carcinoma cell lines
overexpressing P-gp and MRP2 by using an autocatalytic
multitarget multiribozyme [70].

Inhibitors of BCRP, which could be used to address its
contribution to drug resistance, have not been readily made
available until recently [19,71]. Several P-gp inhibitors have
been tested for their capability to reverse BCRP-associated
decrease in drug accumulation [72]. Some of them (i.e cy-
closporin A, Fig. 2) displayed capability to partially restore
drug accumulation in BCRP-overexpressing cells [72]. Spe-
cific inhibitors have also been designed. Among them, fumi-
tremorgin C (Fig. 2) has been shown to modulate BCRP-
mediated, but not P-gp-or MRP-mediated resistance through
a mechanism that has not been clarified [72,73]. Since neuro-
toxic effects of fumitremorgin C preclude its use in vivo,
another tetracyclic analog (Kol43) has been evaluated as
specific inhibitor of BCRP [74].

Interestingly, it has been shown that tyrosine kinase in-
hibitors such as imatinib mesilate (Gleevec ™; Fig. 3), a
phenylamino-pyrimidine kinase inhibitor for Ber-ABL, c-kit
and PDGF-R, as well as gefitinib (Iressa ") and erlotinib
(Tarceva ™), both EGF-R tyrosine kinase inhibitors, are
potent P-gp and BCRP inhibitors [75-81]. Imatinib mesilate,
gefitinib and erlotinib have been reported as being both in-

general structure of a flavonoid
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Fig. (3). Chemical structures of tyrosine kinase inhibitors. The shown compounds have been reported to inhibit ABCG2 and or ABCB1.

hibitors and substrates for BCRP, and the concentration of
these drugs seems to determine whether they behave as sub-
strates or inhibitors [82]. In particular, gefitinib and erlotinib
appear to be BCRP substrates at clinically achievable plasma
concentrations, whereas they inhibit BCRP at higher doses
that are possibly achieved locally in tissues and tumors [82,
83]. Also sunitinib malate (Fig. 3), that inhibits cellular sig-
nalling of multiple targets (ie, PDGF-R and VEGF-R) has
been shown to block the function of ABCB1 and ABCG2 in
in vitro cell systems [84]. In fact, a direct interaction of
sunitinib with the substrate binding pocket of the two trans-
porters has already been documented [84]. Evidence of the
capability of lapatinib (Fig. 3) to reverse the MDR pheno-
type by inhibition of ABCB1 and ABCG2 has been provided
recently [85].

These findings are expected to have relevant clinical im-
plications because the specific targeting of tyrosine kinases
represents a promising therapeutic approach aimed at block-
ing cellular signalling pathways involved in tumor cell
growth and metastasis. Indeed, gefitinib (Fig. 3) has been
documented to enhance the antitumor activity and oral
bioavailability of irinotecan in preclinical models [86]. Also
HIV protease inhibitors as well as flavonoids (Fig. 2) have
been reported to inhibit BCRP (Fig. 2) [87,88]. Further stud-
ies are needed to clarify the precise mechanism of BCRP
inhibition of several of the compounds as well as to define
specificity of inhibition with particular reference to other
ABC transporters.

Attempts to find inhibitors for MRPs have been mainly
focused on MRP1 and MRP2. Substrates for MRP1 and
MRP2 are organic anions with a substantial hydrophobic

moiety and atleast one, but preferably two, negative charge(s)
[2]. Other inhibitors of MRPI are organic acids originally
developed to inhibit transport of uric acid, but as charged
compounds do not easily enter cells, such inhibitors do not
represent obvious lead compounds for drug development, but
are excellent laboratory tools. Better compounds could be
synthesized by making pro-drugs in which the charged moi-
ety is shielded [2]. Among MRP1 inhibitors, the interest of
indomethacin analogues has emerged from structure activity
studies showing the possibility to generate compounds tar-
geting only MRP1 in the absence of substantial inhibition of
COX-1 or COX-2 and of glutathione-S-transferase [89]. In
the absence of effective and specific pharmacological MRP
inhibitors, it is not easy to analyze the contribution of MRPs
to resistance by use of intervention studies in which antican-
cer drugs transported by MRPs are combined with inhibitors

(2].

Several ABC transporters inhibitors have undergone
clinical evaluation (www.clinicaltrial.gov; Fig. (4) and Table
2). Among them valspodar has reached phase III in spite of
the evidence of effects on the pharmacokinetics of the co-
administered antitumor drug.

Other inhibitors are under evaluation due to the apparent
lack of interaction with the combined chemotherapeutic
agents at the pharmacokinetic level (i.e., LY335979, zosu-
quidar; XR9576, tariquidar; VX-710, biricodar; GF-120918,
elacridar; R101933, laniquidar). In particular biricodar, an
inhibitor of P-gp, MRP1 and BCRP has shown good toler-
ability but has failed to enhance antitumor activity of
doxorubicin and vincristine as well as survival [90]. Some
inhibitors (ie, tariquidar and zosuquidar) have shown in-
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Fig. (4). Chemical structures of MDR modulators under clinical evaluation.

creased potency and specificity for Pgp at the preclinical
levels [91]. Also orally administrable inhibitors are being
developed. The promising features of CBT-1, a natural bis-
benzylquinoline capable of inhibiting P-gp and MRP1 medi-
ated transport [92] have led to the design of trials in which
the compound is used in combination with paclitaxel.

ABC TRANSPORTERS AND CANCER STEM CELLS

Several lines of evidence support that in all differentiated
mammalian normal tissues there is a small number of cells
that can differentiate in response to environmental stimuli,
because they maintain stem-cell like features [93]. Recent
investigations have proposed the existence also in tumors of
a cell fraction endowed with self-renewal, differentiating and
tumor initiating properties designates as CSCs or tumor-
initiating cells [94,95]. In this view, only one population of
cancer cells initiates and sustains the growth of a tumor.
CSCs have been identified in different tumor types, but the
precise phenotypic/functional features of such cells still need
to be defined [96]. Expression of proteins conferring drug-
resistance, and in particular of ABC transporters, in putative
CSCs versus differentiated cancer cells is being regarded as a
major feature of CSCs that could be targeted to improve the
efficacy of treatment [97].

The significance of ABC transporters in relation to stem
cell physiology has been originally mainly addressed in
normal haematopoietic stem cells (HSC). A small fraction of
bone marrow cells that can be evidenced by flow cytometry

for the ability to efflux the fluorescent dye Hoechst 33342
(known as “side population” and enriched for HSC), has
been identified in the haematopoietic compartments of dif-
ferent organisms including humans and in non haema-
topoietic tissues [98,99]. Normal HSC express at least 2 ABC
transporters, but the complexity of the ABC transporter fam-
ily suggests that other members could be present [100]. Stud-
ies in mice have indicated that BCRP but not MDR1 deter-
mines the HSC phenotype [98,101]. Expression of the mur-
ine hortologue of ABCG2 appears a constant feature of mur-
ine stem cells from different sources such as bone marrow,
skeletal muscle, and embryos. In murine HSC, Abcg2 is
highly expressed and is down-regulated during differentia-
tion. Gain of function and loss of function studies have
shown that the side population phenotype is dependent on
Abcg2 [102].

Since the expression of ABC transporters has been
shown in different models of CSCs, these transporters are
considered phenotypic markers of CSCs and are regarded as
functional regulators. For example, putative prostate stem
cells and prostate tumor stem cells in benign and malignant
tumors have been defined by expression of BCRP and con-
comitant lack of adrogen receptor [103]. In this view, ex-
pression of BCRP by normal/tumor prostate stem cells may
protect from androgen deprivation, hypoxia or chemother-
apy, thus favouring recurrence of prostate cancer [103]. In
keeping with a pro-survival role of the expression of BCRP
in CSCs is the observation that the PI3K/Akt pathway regu-
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Table 2. Clinical Trials Including Efflux Pump Inhibitors”
Efflux Pump Inhibitor Clinical Trial
P-gp Verapamil Phase II (ongoing)
Valspodar (PSC833) Phase III (ongoing)
Tariquidar (XR9576) Phase III (terminated)”
Zosuquidar (LY335979) Phase III (ongoing)
Biricodar (VX-710) Phase II (ongoing)
Elacridar (GF-120918) None*
Laniquidar (R101933) Phase II (ongoing)
CBT-1 Phase III (ongoing)
Curcumin Phase III (ongoing)
Imatinib Phase II (ongoing)
Erlotinib None
Gefitinib Phase III (ongoing)
Lapatinib Phase I (ongoing)
Sunitinib None
BCRP Curcumin Phase III (ongoing)
Fumitremorgin C None
Kol43 None
Biricodar (VX-710) Phase II (ongoing)
Imatinib ongoing but not recruiting participants
Erlotinib None
Gefitinib None
Lapatinib Phase II (ongoing)
Sunitinib None
MRP1 Biricodar None
CBT-1 None

" The clinical data are from www.clinicaltrial.gov.

# None: tested only in preclinical models.

" Terminated: recruiting or enrolling participants has halted prematurely and will not resume.

lates the side population phenotype and BCRP activity in
human glioma [104].

In addition to BCRP, the ABCBS transporter has been
implicated in CSC biology, with particular reference to ma-
lignant melanoma [105], in which it has been proposed as a
marker of melanoma-initiating cells. Indeed, ABCBS5 has
been shown to mark CD133-expressing progenitor cells
among human epidermal melanocytes and to positively regu-
late the propensity of this subpopulation to undergo cell fu-
sion, a process contributing to culture growth and differentia-
tion [106]. ABCBS has also been involved in doxorubicin
efflux transport and it has been already exploited as thera-
peutic target by development of a specific antibody [107].

This fast-moving field of research is still at an early stage
and functional studies are required to establish a precise link
between expression of BCRP or other ABC transporters and
stem cell-like features/behaviour. The available evidence
supports that protection of CSC against drugs and toxins is
mediated by expression of several ABC transporters, thus

providing therapeutic opportunities to overcome resistance
[97].

CONCLUSION

The recent definition of the complexity of the ABC
transporter family suggests that it will be a difficult task to
clarify which ABC transporters contribute to resistance to
specific drugs in the different tumor types and to define the
best targets for modulation of antitumor therapy. Among the
characterized transporters, the MRP family appears remark-
able because of the range of anticancer drugs handled by its
members. Whereas P-gp transports a wide range of neutral or
slightly basic organic compounds, the members of the MRP
family are even more versatile. Transport by MRPs also pro-
vides a link between drug efflux and the GSH system [2].
BCRP displays peculiar structural characteristics and par-
ticular physiological functions as it is expressed by normal
stem cells and in selected models of CSCs. Hopefully, CSC-
related research will provide knowledge useful for develop-
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ment of novel therapeutic strategies involving targeting of
ABC transporters.

Also pharmacogenomics approaches aimed at finding the
genetic bases for variability among drug responses are ex-
pected to increase the available knowledge, thereby allowing
to explain inter-individual differences [4, 108-111]. Genes
for drug pumps are prominent in all of the genomes of sev-
eral organisms recently sequenced, and the identification of
the complete family of human ABC transporters underlines
the complexity of the mechanisms developed also by human
cells to extrude toxic compounds. In a context where the
contribution of different transporters to drug resistance re-
mains to be clarified, it is already evident that the mutational
status of specific transporters can affect interaction with sub-
strate. Thus, the reversal activity of all modulators may be
influenced by the gene status of the transporters, a feature
that have a major impact also on the efflux of the antitumor
drug. Single nucleotide polymorphisms have been reported
for some ABC transporters and they are expected to be clini-
cally relevant considering that variability among individuals
has been shown in terms of oral bioavailability and clearance
of drugs that are substrates for ABC transporters [112,113].

Several studies have addressed the functional characteri-
zation of polymorphisms affecting ABCB1/MDRI1 and al-
teration of protein expression/function has been documented
[114]. For example, using a vaccinia virus expression sys-
tem, it has been documented that the common MDR1 coding
polymorphisms produce P-gps with cell surface distribution
and transport properties similar to wild-type P-gp [115].
Moreover, an altered pattern of cross-resistance in cells over-
expressing a mutated BCRP has been described. In particu-
lar, mutations affecting the amino acid 482 (R482G, R482T)
of BCRP confer a higher resistance to selected camptothe-
cins (i.e homocamptothecins) than the wild-type transporter
as well as high levels of resistance to various hydrophilic
antifolates [20,22]. For the ABCG2 gene, several different
naturally occurring sequence variations have been described
in human samples [112]. Details about possible functional
implications of single nucleotide polymorphisms (i.e., Q141K)
that could cause increased sensitivity of normal cells to
camptothecins, including topotecan and SN38, have been
reviewed [112].

Naturally occurring mutations in MRP and MRP-related
drug transporters have also been reported [72]. Whereas the
role of at least 5 MRPs in the elimination of drugs and other
organic anions and in maintainence of blood tissues barriers
has been established by knock out mice studies, in vitro site-
directed mutagenesis approaches are expected to allow pre-
dicting the consequences of aminoacid changes [116].

A better definition of the transport properties of recently
identified ABC transporters might contribute to provide in-
sights in an attempt to overcome MDR and in the design of
novel modulators. Studies on larger numbers of tumor
specimens could generate more conclusive data about the
role of different MRPs and their function. The clinical trials
with the use of modulators of drug transporters (e.g. valspo-
dar, tariquidar, CBT-1) are expected to provide a better un-
derstanding of the relevance of transporters in clinical resis-
tance of various tumor types. Of particular interest are com-

Mini-Reviews in Medicinal Chemistry, 2009, Vol. 9, No. 9 1109

pounds (e.g. elacridar and tariquidar) that inhibit both P-gp
and BCRP. A critical aspect of their use is the possible in-
crease of treatment toxicity related to the expression of these
transporters in normal tissues.
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