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Abstract: The phenomenon of multidrug resistance (MDR) has attenuated the efficacy of
anticancer drugs and the possibility of successful cancer chemotherapy. ATP-binding
cassette (ABC) transporters play an essential role in mediating MDR in cancer cells by
increasing efflux of drugs from cancer cells, hence reducing the intracellular accumulation
of chemotherapeutic drugs. Interestingly, small-molecule tyrosine kinase inhibitors (TKIs),
such as AST1306, lapatinib, linsitinib, masitinib, motesanib, nilotinib, telatinib and
WHI-P154, have been found to have the capability to overcome anticancer drug resistance
by inhibiting ABC transporters in recent years. This review will focus on some of the latest
and clinical developments with ABC transporters, TKIs and anticancer drug resistance.
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1. Introduction

Cancer, also known as malignant neoplasm or tumor, is the second most leading cause of death after
cardiovascular diseases in United States and developing countries. Cancer is not a single disease, but
rather it consists of around two hundred potent, heterogeneous diseases, which originate in specific
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organs such as the lung, breast, colorectum and prostate [1]. Cancer treatment is often consisted of
surgery, radiation therapy, chemotherapy and combination therapy. Chemotherapy has been the
first-line treatment of most cancers for several decades, and uses drugs with different chemical structures
and different mechanisms of action. Chronic treatment of cancer with chemotherapeutic drugs produces
resistance to that particular drug and reduces the effectiveness of anticancer agents, which enhances the
possibility of “cancer recurrence” [2]. Anticancer drug resistance appears to be the leading obstacle in
the process of chemotherapy. The most common mechanisms that produce drug resistance in cancer
cells include: (1) altered cell cycle check points; (2) induction of emergency response genes;
(3) alterations in membrane lipids; (4) compartmentalization; (5) inhibition of apoptosis; (6) altered drug
targets; (7) decreased uptake and (8) increased efflux of drugs by ATP-binding cassette (ABC)
transporters [3]. Since ABC transporter-mediated multidrug resistance (MDR) is the most aggressive
and lethal form of drug resistance, it will be discussed here.

2. MDR and ABC Transporters
2.1. MDR

MDR is a phenomenon where cancer cells become resistant to drugs with different chemical
structures and different mechanisms of action [4]. MDR in cancer chemotherapy is similar to resistance
to antibiotics, which results in poor absorption, enhanced metabolism, environmental alterations, and
poor penetration to specific sites, hence limiting drug delivery. MDR in cancer cells usually develops
after repeated exposure to chemotherapeutic drugs for a long time, perhaps resulting from the
overexpression of certain transporters that function to efflux drugs out of cells [2].

The mechanism of anticancer drug resistance is sophisticated, since the resistance can be produced by
host factors (acquired) or genetic changes in cancer cells [5]. It consists of changes in the permeability of
lipid bilayer membrane, suppression of apoptosis, upregulated DNA repair of cancer cells, inactivation
or detoxification of drugs, alterations in the number of membrane receptors or transporters involved in
accumulating or effluxing drugs from cells [6]. One of most common mechanisms that produce MDR in
cancer cells is the overexpression of a family of specific transmembrane, energy-dependent transporters
known as ATP-binding cassette (ABC) transporters. The ABC transporter family is the most abundant
transmembrane protein family encoded in the human genome [7].

2.2. ABC Transporters

ABC transporters are a group of active transporter proteins that have various functions and ubiquitous
presence in both prokaryotes and eukaryotes [8]. These transporters utilize energy derived from the
hydrolysis of ATP to adenosine diphosphate (ADP) to transport their substrates across the membrane
against a concentration gradient [9]. The term, ABC transporter, is derived from a conserved consensus
sequence of 90—110 amino acids, which is possessed by most of the members of ABC family from yeast,
bacteria to human beings [10]. The consensus contains Walker A and B motifs as well as the C motif
(also named as signature or linker region), found upstream to Walker B motif joining Walker A and B
motifs (Figure 1). The Walker A and B motifs play a significant role in the hydrolysis of ATP to ADP + Pi
and energy coupling [11]. Up to now, 49 members of the ABC transporter family have been isolated and
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identified (even though some of the literature only recognizes 48 members, since ABCC13/MRP10 is a
nonfunctional gene encoding transporter). Structurally, ABC transporters have two nucleotide binding
domains (NBDs) and two transmembrane binding domains (TMDs) [12]. The NBDs contains conserved
ABC that is responsible for binding and extruding physiological and xenobiotic substrates out of cells.
The NBDs hydrolyze ATP via ATPase enzyme and play an essential role in conferring MDR to a variety
of chemotherapeutic drugs [13]. ABC transporter family can be divided into seven subfamilies ABC-A
to G, which are further subdivided into subfamilies (except ABCE/OABP family) depending on their
structure similarity or difference in their TMDs [14].

Figure 1. ATP-binding Cassette. ABC family members share this conserved consensus
sequence of Walker A and B along with the C (signature or linker region). The ABC cassette
is involved in effluxing the drugs out of the cells. NBD—mnucleotide binding domain;
TMD—transmembrane binding domain.
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2.3. ABCB1/P-Glycoprotein (P-gp/MDRI)

ABCBI1 or P-gp, an encoded gene product of human MDR I (multidrug resistance 1) with a molecular
weight of 160170 kDa, is the first discovered ATP-dependent system [15,16]. The ABCBI1 is an apical
plasma membrane transporter that is ubiquitously expressed in kidneys, intestine, placenta, liver, adrenal
glands and blood-brain barrier (BBB) cells, where it normally functions to extrude certain xenobiotics
and protect the cells from toxicants [17,18]. The overexpression of ABCB1 has been shown to produce a
primary effect in MDR to the chemotherapy of cancer and confer significant resistance to a wide variety
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of anticancer substrate drugs, such as anthracyclines, vinca alkaloids, taxanes, epipodophyllotoxins,
imatinib mesylate and so on [14,18]. Considerable evidence suggested that there are strong relationships
between the overexpression of ABCB1 and various cancers, like advanced gastrointestinal stromal
tumor (GIST), non-small cell lung cancer (NSCLC), fallopian tube, ovarian and thyroid cancer [19-23].
Interestingly, the absence of ABCB1 expression in some MDR cells has triggered more studies on other
important transporters with efflux functions, such as ABCC subfamily and ABCG2. More and more
studies are being performed to get a better understanding about the role of ABC transporters in MDR in
cancer treatment.

2.4. ABCC/Multidrug Resistance Proteins (MRPs)

ABCC subfamily, commonly called as multidrug resistance protein (MRP) family, has been shown to
be associated with MDR in various cancers, including lung cancer (both small and non-small cell lung
cancers), bladder cancer and breast cancer [24]. There are 13 members in ABCC subfamily (ABCCI1 to
ABCC13), in which ABCC13/MRP10 is a nonfunctional gene encoding transporter. The MRP family
can be further classified into two groups on the basis of their structural topology. One group including
ABCC1/MRP1, ABCC2/MRP2, ABCC3/MRP3, ABCC6/MRP6 and ABCC10/MRP7, has three TMDs
and two NBDs, and the other group including ABCC4/MRP4, ABCC5/MRP5, ABCC11/MRP8 and
ABCC12/MRP9, has two TMDs and two NBDs [25]. The substrate profile of ABCC subfamily
transporters overlaps that of ABCBI substrate list, but with a few exceptions such as taxanes (paclitaxel,
docetaxel), which are poor substrates of most of the ABCC family members except ABCC10. ABCC has
high affinity for negatively charged hydrophobic drugs; otherwise ABCBI1 prefers to transport neutral or
positive charged hydrophobic drugs [26]. The ABCC subfamily members are involved in the transport
of compounds formed after phase II metabolism, like glutathione sulfate or glucuronide conjugation, and
other organic anions, like methotrexate (MTX). Therefore, they are also called as multispecific organic
anion transporters (MOAT) [27]. Mutations or absence of ABC transporters can trigger some specific
diseases. For instances, mutations of ABCC2/MRP2/cMOAT gene would lead to mild liver disease
associated with conjugated hyperbilirubinamia, also called Dubin-Johnson Syndrome [28]. In addition,
mutations within the ABCC6/MRP6 gene would cause a condition known as Pseudoxanthoma Elasticum
Disorder, which is characterized by calcification of elastic fibers of skin, retina and arteries forming
lesions [29].

With the help of reverse transcription-PCR analysis, Hopper et al. reported a low level of ABCCI10
transcript expression in the skin, testes, spleen, stomach, colon, kidney, heart and brain [30]. However,
ABCCI0 transcripts were difficult to detect by Northern blot analysis, indicating that it has a low level of
expression in many tissues. It has been shown that ABCCI0 transcript expression takes place (from
highest to lowest) in the pancreas, then liver, placenta, lungs, kidneys, brain, ovaries, lymph nodes,
spleen, heart, leukocytes and colon [31]. The transfection of HEK293 cells with the ABCC10 gene
confers resistance to various anticancer drugs including docetaxel, paclitaxel, vincristine, vinblastine,
cytarabine, gemcitabine, epothilone B [32]. Chen et al. reported that ABCC10 can transport LTC4 while
it does not transport glycocholic acid, taurocholic acid, methotrexate, folic acid, cAMP or cGMP, which
are substrates for other MRP family members [33]. It has been found that ABCC10 has associations with
vinorelbine and paclitaxel resistance in non-small cell lung cancer [34]. ABCCI10 is also present in
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salivary gland adenocarcinoma [35]. In addition, ABCC10 transcripts have been detected in HepG2 liver
cancer cell line and two prostate cancer cell lines (CWR22Rv1 and TSU-PR1) [36].

2.5. ABCG2/Breast Cancer Resistance Protein (BCRP)/Mitoxantrone Resistant Protein (MXR)

The ABCG?2 protein is a 655-amino acid polypeptide and has a molecular weight of 72 kDa. Because
of containing only one TMD and one NBD, ABCG?2 is the first half transporter in the ABC transporter
family, which plays an essential role in regulating MDR in cancer cells. It has been indicated that
ABCG2 would have to dimerize with itself (homodimerize) or other members of ABCG subfamily
(heterodimerize) to have the capacity of performing ABC transporter like effluxing functions [37].
ABCG2 was first discovered in breast cancer cell line MCF-7, where it became resistant to DOX
(MCF-7/AdrVp). Therefore, it is also popularly known as breast cancer resistant protein (BCRP) [38]. It
has been found in mitoxantrone (MX) selected colon cancer cell line S1-M1-80, hence giving ABCG2
the name of mitoxantrone resistant protein (MXR) [39]. The wide substrate profile of ABCG2 is
comprised of organic anion conjugates, nucleoside analogous, organic dyes, tyrosine kinase inhibitors
(TKIs), anthracyclines (such as DOX, MX), camptothecin-derived indolocarbazole topoisomerase I
inhibitors, MTX, and flavopiridols [6]. The ABCG2 transporter is a modulator of MDR in different
kinds of caners, like breast, colon, gastric, small cell lung, ovarian, intestinal cancers and melanomas [12].

ABCQG?2 is a widely distributed transporter that is present mainly in the plasma membrane. The high
expression levels of ABCG2 protein are found in the liver canalicular membrane, at the luminal surface
of the endothelial cells of human brain microvessels, in the apical membrane of the epithelium of the
small intestine, and in the placental syncytiotrophoblasts. Moreover, the relatively lower expression of
ABCQG?2 is found in the colon, ovary veins, kidney, adrenal, lung, prostate, heart, stomach, spleen,
cervix, breast ducts and lobules [40,41]. This strategic and systematic distribution reveals that ABCG2
plays a significant role in protecting the fetus and adults against toxins and xenobiotics [42]. For
instance, the expression of ABCG2 has the potential to regulate the concentrations of fluoroquinolones
in the breast milk [43]. Being in a situation of hypoxia, increasing expression of ABCG2 prevents
accumulation of heme and protects mitochondrial from death [44]. The ABCG2 transporter plays a
significant pharmacokinetic role in absorption, distribution, metabolism, and elimination (ADME) of
drugs that are ABCG2 substrates, and regulating the drug bioavailability [6].

It is the overexpression of ABCG2 in a variety of cell lines and tissues that becomes an essential
MDR factor in solid tumors, such as breast cancer, colon cancer, gastric carcinomas, hepatocellular
carcinoma, endometrial carcinoma, small cell lung cancer, melanoma, ovarian, gastric, and intestinal
cancers [44]. High levels of ABCG2 expression were also present in acute lymphoblastic leukemia
(ALL) and acute myelogenous leukemia (AML) [45]. Below is a figure illustrating some of the
substrates for the ABC transporters (Figure 2).

3. Reversal of MDR in Cancers
3.1. Strategies for Overcoming MDR in Cancer Cells

Successful chemotherapy via using chemotheraperutic drugs can only be accomplished on condition
that optimal pharmacokinetics, tumor penetration, and intracellular concentrations are conserved inside



Cancers 2014, 6 1930

the cancer cells. However, as described earlier, overexpression of ABC transporters produces MDR and
hinders effective cancer chemotherapy development by extruding drugs outside the cell via ABC
transporters. Hence, it is essential to develop modulators of ABC transporters that have the potential to
block or inactivate them, in order to increase the concentration of anti-cancer drugs within the cells.
A number of strategies to overcome ABC transporter mediated MDR have been developed.

Figure 2. The topography and localization of ABCB1, ABCG2, short-(ABCC4, ABCCS,
ABCCI11) and long-(ABCC1, ABCC2, ABCC3, ABCC6, ABCC10) forms of ABCCs. Each
of these ABC transporters pumps out a variety of endogenous and xenobiotic substrates.
These transporters are mainly distributed apically or basolaterally. 5-FU: 5-fluorouracil;
6-MP: 6-mercaptopurine; DOX: doxorubicin; DHEAS: dehydroepiandrosterone;
DNP: dinitrophenol; E,17BG:  -estradiol-17B-D-glucuronide; GSH:  glutathione;
LTC4: leukotriene C4; MTX: methotrexate; PMEA: 9-(2-phosphonylmethoxyethyl)adenine;
SN-38: 7-ethyl-10-hydroxycamptothecin.
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Some other strategies to combat MDR have been put forward, such as drug nanoencapsulation for
effective delivery and better bioavailability, biological antibodies against ABCBI (i.e., MRK16), and
some highly specific peptide analogues of TMDs, which probably impede the function or appropriate
assembly of target ABC transporter [46]. Application of medical nanotechnology method for
transporting anticancer drugs to the sites of solid tumors after systemic administration brings new
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opportunities for optimal drug delivery. The small size and enlarged surface area of nanoparticles
produce improved solubility and stability of anticancer drugs, leading to a corresponding improvement
in prevention, detection and treatment of drug-resistant cancer cells with minimal toxicity towards
normal cells [47,48]. Controlled release, prolonged circulation, excellent ability to target the sites of
action and bypass drug resistance mechanisms are some of advantages that the application of medical
nanotechnology brings [49]. Furthermore, molecular strategies by using hammerhead ribozymes against
ABCG2, antisense oligonucleotides and small interference RNA (siRNA) have also been proposed [50].
Even though all these strategies showed efficacy in vitro studies, their clinical applications are limited
because of the shortness in delivery, stability and potency. While making efforts to establish a profile of
substrates and inhibitors for ABC transporters involved in MDR, some inhibitors showed positive
correlation that potentiated the toxicity of other chemotherapeutic drugs in the presence of ABC
transporter. For instance, thiosemicarbazone (NSC73306) showed higher toxicity in which ABCB1
protein is overexpressed [51]. If so, we probably can also make well use of overexpression of ABC
transporters to overcome MDR in cancer cells.

3.2. TKIs as Modulators for Anticancer Drug Resistance

Tyrosine kinase inhibitors (TKIs) are characterized as inhibitors that can block the phosphorylation
mediated by tyrosine kinase. TKIs may interfere with kinases via different mechanisms such as
blocking the binding of ATP, blocking allosteric sites or inhibiting receptor internalization [52].
Suppression of tyrosine kinases can disrupt several cellular functions and then lead to decreased cell
proliferation and decreased apoptosis [53]. Interestingly, TKIs have been found to have the capability
to overcome anticancer drug resistance in recent years. For example, vemurafenib, a specific B-Raf
inhibitor is used for treatment of metastatic melanomas [54]. It has been found that vemurafenib could
reverse the ABCB1, ABCC10 and ABCG2-mediated MDR. It enhanced the intracellular accumulation
of paclitaxel in ABCB1 and ABCCI10 overexpressing cells and and mitoxantrone in ABCG2
overexpressing. In contrast, no significant change in the expression levels of ABCB1, ABCG2 and
ABCG2 was observed when these cells were exposed to 20 uM vemurafenib for 96 h [55]. Furthermore,
we discovered that TKIs mainly reglulated MDR by targeting at ABC transporters as substrates or
modulators [56—65] (Figure 3) (Table 1). Here, we will focus on the effects of small-molecule TKIs on
anticancer drug resistance especially by interfering with ABC transporters.

ATPase studies on selected ABC transporters are performed to illustrate these TKIs stimulate ATPase
activity. Therefore, these TKIs may sever as competitive inhibitors of ABC transporters. However,
although high possibility exists, ATPase evidence itself may not sufficient for proving of competitive
inhibition mode, therefore it is not included in Table 1. Tyrosine kinase inhibitors mentioned in the
manuscript are basically hydrophobic compounds; their calculated logP value usually ranges from 3 to 6.
Hydrophobic character is essential for ABC transporters inhibition. The drug binding sites in the
transmembrane domain and ATP binding domain of ABC transporters are both usually highly
hydrophobic in nature, such as ABCBI1 based on its structure [66]. The contribution of hydrophobic
compounds may be explained as their ability to distribute within the biomembrane where ABC
transporters locate. Moreover, for the pharmacophoric views, these TKIs have several essential features
such as hydrophobic groups and/or aromatic ring centers, hydrogen bond acceptors and some TKIs have
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positively charged ionizable group. These features have been described for ABCBI1 inhibition [67-69].
The TKIs as antagonists for ABC transporters are discussed below.

3.2.1. AST1306

AST1306 is a novel multi-targeted TKI that inhibits EGFR and ErbB2 [70,71]. Design of AST1306
was based on combination of chemical structure of lapatinib and key chemical group of irreversible
EGFR inhibition [70]. AST1306, at concentration of 1 uM, was about to overcome multidrug
resistance mediated by ABCG2. The reversal effect was not mediated through reducing the expression
level of ABCG2 transporter. Furthermore, the intracellular level of [*H]-MX in ABCGQG2-overexpressing
cells was significantly increased by AST1306. In the meantime, [’H]-MX efflux was accelerated by
incubation with AST1306. As reported, AST1306 stimulated ATP hydrolysis by ABCG2 therefore
might interact with ABCG2 as a substrate [63]. Overall, AST1306 might broaden the usage of TKIs as
novel reversal agent of ABCG2 transporter by increasing clinical response in combined chemotherapy.

Figure 3. Different types of small-molecule tyrosine kinase inhibitors (TKIs) antagonize
MDR mediated by ABC transporters. Overexpression of ABC transporters leads to
accelerated efflux of anticancer drugs from cancer cells. Modulation of ABC transporters by
different types of TKlIs, such as AST1306, lapatinib, linsitinib, masitinib, motesanib,
nilotinib, telatinib and WHI-P154, leads to enhanced intracellular accumulation of
anticancer drugs. BCR-ADI, breakpoint cluster region-Abelson; JAK3, Janus kinase 3;
VEGFR, vascular endothelial growth factor receptor; c-Kit, mast/stem cell growth factor
receptor; IGF-1R, insulin-like growth factor 1 receptor; EGFR, epidermal growth factor
receptor; PDGFR, platelet-derived growth factor receptor.
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Table 1. Tyrosine kinase inhibitors (TKIs) as modulators of ABC transporter.

Effects on Effects on
Concentrations Targeted ABC Targeted ABC Targeted ABC
Compound Targets
(M) Transporters Transporters Transporters
Substrate Protein Expression
AST1306 0.25,1 EGFR and ErbB2 ABCG2 + -
. EGFR, HER-2, HER-3 ABCBI and
Lapatinib 0.625,1.25,2.5 + >
and HER-4 ABCG2
Linsitinib ABCG2 and
1,2 IGF-1R + -
(OSI-906) ABCCI10
- . ABCG2 and
Masitinib 1.25,2.5 c-Kit + >
ABCCI10
Motesanib 13 VEGFR-1/2/3, PDGFR ABCBI and N
<>
(AMG-706) ’ and c-Kit ABCG2
. ABCBI,
Nilotinib
1,2.5 BCR-AbI ABCG?2 and + -
(AMN-107)
ABCCI10
Telatinib 0.25,0.5,1 VEGFR-2/3,PDGFR-3 ABCG2 + -
WHI-P154 1,4 JAK3, EGFR, VEGFR ABCG2 + “

(+): this compound shows reversal activity on the targeted ABC transporters; («»>): no significant alterations.
3.2.2. Lapatinib

The epidermal growth factor receptor (EGFR) and human epidermal receptor type 2, 3, 4 are often
overexpressed and activate a series of signaling pathways in human tumors [72]. Lapatinib is an orally
active tyrosine kinase inhibitor of Her-2 and EGFR. As lapatinib acts at ATP-binding site, it may also
inhibit the function of ABC transporters and therefore interrupt MDR. Following study revealed that
lapatinib sensitize ABCBI1- and ABCG2-overexpressing MDR cells in concentration-dependent
pattern. Lapatinib also enhanced the accumulation of chemotherapeutic agents via blockage of ABC
transporters. Dai et al. also demonstrated that lapatinib might be a substrate of ABCB1 and ABCG2 by
conducting ATPase assays [56]. The in vivo studies further confirmed the reversal effect of lapatinib on
ABCBI1-mediated MDR, therefore indicated that combination of lapatinib with other anticancer drugs
may be important in surmounting clinical resistance in cancer chemotherapy [56].

3.2.3. Linsitinib (OSI-906)

Linsitinib (OSI-906) is a selective inhibitor of insulin-like growth factor 1 (IGF-1R)/insulin receptor
(IR), and it inhibits IGF-1R auto phosphorylation and activation of the downstream signaling protein
Akt, ERK1/2 and S6 kinase [73]. Therefore, linsitinib inhibits tumor growth in IGF-1R-driven
xenograft mouse model [74]. Recent study of linsitinib investigated its reversal effect on MDR
mediated by ABC transporters. Linsitinib was shown to overcome MDR by significantly potentiating
the effect of anti-neoplastic drugs mitoxantrone, SN-38 in ABCG2-overexpressing cells, and the effect
of paclitaxel, docetaxel, vinblastine in ABCC10-overexpressing cells [62]. They further concluded that
linsitinib attenuated ABCG2- and ABCC10-mediated MDR by inhibiting their function instead of
altering protein expression via several radioactive labeled or immune hybridation studies [62]. Their
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findings suggested that linsitinib might be beneficial to the traditional chemotherapy by overcoming
MDR as a supplement agent.

3.2.4. Masitinib

Masitinib is a novel pheylaminothiazole derivative TKI used for gastrointestinal stromal tumor and
pancreatic cancer [75-77]. Recently, Kathawala et al. discovered that masitinib could antagonize
ABCG2-mediated multidrug resistance [78]. Masitinib (1.25 and 2.5 pM) significantly reversed
resistance to mitoxantrone (MX), SN-38 and doxorubicin in ABCG2 overexpressing cell lines.
Subsequently, it has been reported that masitinib could reverse ABCC10-mediated MDR [60]. Western
blotting analysis indicated that no significant alteration in the expression levels of ABCG2 and
ABCCI10 was observed when ABCG2 and ABCC10 overexpressing cells were exposed to 2.5 uM
mastinib for 72 h. Moreover, in vivo study indicated that the sizes of ABCC10-expressing tumors in
nude athymic mice significantly blunted by the combination treatment of paclitaxel and masitinib [60].
If these effects can be clinically translated, they suggested that masitinib might be efficacious in
treating MDR cancers in combination with paclitaxel or mitoxantrone.

3.2.5. Motesanib (AMG-706)

Motesanib, a novel nicotinamide derivative, was identified as a potent, orally bioavailable inhibitor of
the vascular endothelial growth factor receptor 1 (VEGFR1/FIt1), VEGFR2/kinase domain receptor/Flk-1,
VEGFR3/Flt4, platelet-derived growth factor receptor (PDGFR) and Kit receptors in preclinical
models [79]. Recent studies reported that motesanib significantly sensitized both ABCB1-transfected
and drug-selected cell lines overexpressing this transporter to its substrate anticancer drugs. Motesanib
significantly increased the accumulation of [*H]-paclitaxel in ABCBI overexpressing cells by blocking
the efflux function of ABCBI transporter. In contrast, no significant change in the expression levels and
localization pattern of ABCB1 was observed when ABCB1 overexpressing cells were exposed to 3 uM
motesanib for 72 h [65]. Furthermore, the stimulatory effect of motesanib on the ATPase activity of
ABCBI revealed the direct contact between the drug and the transporter. In congruence with these
findings, the docking studies suggested preferable binding of motesanib inside the transmembrane zone
of homology modeled human ABCBI. In addition, motesanib could also moderately reverse
ABCG2-mediated MDR [65]. These findings may be useful for cancer combination therapy with TKIs
in the clinic.

3.2.6. Nilotinib (AMN-107)

Chronic myeloid leukemia (CML) is often associated with abnormal BCR-Ab! gene and TK
dysfunction [80]. Nilotinib, a BCR-AbI tyrosine kinase inhibitor (TKI), was developed to surmount
resistance or intolerance to imatinib in patients with Philadelphia positive chronic myelogenous
leukemia [81]. Previous studies reported that nilotinib significantly reversed ABCBI- and
ABCG2-mediated MDR in vitro [58]. Afterwards, it has also been reported that nilotinib could reverse
ABCC10-mediated paclitaxel resistance in transfected HEK cell lines [57]. Furthermore, recent in vivo
study from our laboratory demonstrated that nilotinib could strengthen the anticancer activity in
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ABCBI1-, ABCG2, and ABCC10-xenograft MDR models in athymic mice [59]. Combination
treatments of nilotinib with paclitaxel or doxorubicin significantly decrease MDR tumor sizes without
apparent toxicity or weight loss. Separate PK study also suggested that nilotinib may increase plasma
AUC of paclitaxel [59]. Importantly, MDR-mediated insensitivity in the clinic might be new target of
nilotinib due to its positive actions.

3.2.7. Telatinib

Telatinib is an effective small-molecule TKI of the vascular endothelial growth factor receptor
(VEGFR-2/VEGFR-3), platelet-derived growth factor receptor beta (PDGFR-f) and c-Kit [82]. Recent
study demonstrated that telatinib could reverse ABCG2-mediated MDR in vitro, and this reversal
activity also persisted in vivo [61]. Telatinib (15 mg/kg) with doxorubicin (1.8 mg/kg) significantly
decreased the growth rate and size of ABCG2 overexpressing tumors in a xenograft nude mouse
model [61]. Combination of telatinib with specific ABCG2 substrate drugs may be useful in treating
human carcinomas especially those overexpress ABCG2 in clinic.

3.2.8. WHI-P154

WHI-P154 is a synthesized dimethoxyquinazoline compound that has potent inhibitory activity
against JAK3, EGFR, VEGFR and so on [83,84]. Besides its tyrosine kinase inhibition, recent report
discovered that WHI-P154 could significantly enhance the chemotherapeutic effect of anticancer
agents in ABCG2 overexpressing cells. WHI-P154 could also partially reverse ABCC1-mediated
MDR. WHI-P154 has been shown to enhance the sensitivity of ABCG2 overexpressing cells to two
established ABCG2 substrates, MX and SN-38, in a dose-dependent pattern [64]. Moreover,
intracellular accumulation of [°H]-MX in the ABCG2 overexpressing cell lines was significantly
increased by WHI-P154. Zhang et al. further suggested WHI-P154 might competitively inhibit
ABCG?2 by serving as a substrate, proven by enhanced ATPase activity [64]. They suggested an
outlook for WHI-P154 to improve chemotherapy in MDR patients.

3.3. Effect of ABC Transporters Inhibition by TKIs on the Pharmacokinetics and Toxicity of
Concomitantly Administered Anticancer Drugs

It was found that the combination therapy of nilotinib and paclitaxel showed potent inhibitory effect
on KB-C2 tumor growth (size and weight) compared to vehicle, nilotinib or paclitaxel treated groups.
No apparent weight loss or phenotypic changes were observed among the treatment groups compared
with animals treated with vehicle. Furthermore, the combination treatment did not cause increased
toxicity, instead it uniformly improved the efficacy of paclitaxel and doxorubicin in the ABCB1, ABCG2
and ABCC10 MDR-xenograft models compared to paclitaxel or doxorubicin treatment alone [59]. In the
pharmacokinetic study, the total tumor exposure to paclitaxel as indicated by AUC (area under the drug
concentration-time curve) revealed a 33% elevation, 1141.6 h ng/mL in the nilotinib-paclitaxel
combination group versus 764.5 h ng/mL in the paclitaxel alone group. The paclitaxel plasma AUC
showed a 27% increase, 5838.2 h ng/mL in the combination group versus 4217.4 h ng/mL in the
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paclitaxel alone group. It has been suggested that nilotinib can influence the PK behavior of paclitaxel
most likely due to its inhibition of ABCBI1 transporter [59].

It has been reported that the masitinib-paclitaxel combination group significantly reduced the sizes,
weights and tumor volumes of the tumors expressing the ABCC10 transporter as compared to the
vehicle, masitinib or paclitaxel alone group [60]. Further pharmacokinetic data showed that
coadministration of masitinib and paclitaxel produced a transient increase in the plasma levels of
paclitaxel. The tumor exposure to paclitaxel was significantly enhanced, 69.93 + 14.15 ng/mL in the
masitnib-paclitaxel combination group versus 16.31 + 6.45 ng/mL in the paclitaxel alone group.
However, the mastinib-paclitaxel combination therapy did not significantly increase the concentration of
paclitaxel in the lungs as compared to the paclitaxel alone treatment [60].

The inhibition of these drug efflux transporters could increase oral bioavailability or decrease biliary
excretion resulting in higher systemic drug exposures producing more potent cell toxicity. Lapatinib and
gefitinib have been reported to have the capability to strengthen the bioavailability of certain anticancer
drugs [56,85]. It has been shown that gefitinib can reverse resistance to SN-38 (the active metabolites of
irinotecan) in cells that overexpressing ABCG?2 in vitro [86]. The pharmacokinetic study demonstrated
that oral gefitinib co-administration did not lead to any significant alterations in clearance of i.v.
administered irinotecan. Interestingly, gefitinib can highly enhance the oral bioavailability of irinotecan.
It is suggested that gefitinib might reverse tumor resistance to SN-38 mediated by ABCG2 by blocking
the drug efflux function and might be beneficial in humans to regulate the oral bioavailability of poorly
absorbed drugs such as irinotecan [85].

4. Clinical Relevance of ABC Transporters
4.1. ABCBI

The clinical significance of ABCB1 antagonism has been studied as a potential therapeutic strategy
since last few years. Nevertheless, it has proven to be quite sophisticated to establish the role of
ABCBI as a “target” to enhance chemotherapeutic effect of the anticancer drugs [87]. The major
factors leading to unsuccessful clinical inhibition of ABCBI include altered pharmacokinetics of
chemotherapeutic drugs such as doxorubicin, vincristine, paclitaxel, daunorubicin and etoposide, both
as a result of ABCBI inhibition and as a result of inhibition of other drug transporters and
CYP3A4 [88-93]. Higher mortality was observed in the AML patients treated with cyclosporine
analogue valspodar (PSC-833) [93]. The most promising data for MDR modulation until now is the
SWOG 9126 trial with using high dose cyclosporine infusion in relapsed and high-risk acute myeloid
leukemia (AML) patients [94]. However, other Phase III studies in AML patients in the administration
of cyclosporine or valspodar have been negative [93,95]. Diverse patient populations and the majority
of secondary AML patients participating in SWOG 9021 showing high expression levels of ABCB1
could lead to contradictory results between these studies. Patient selection on the basis of screening for
functional ABCBI1 expression will be crucial for future studies. Recently, a phase III trial of the potent
and specific ABCBI inhibitor zosuquidar reported that this drug did not improve the outcome of older
patients with newly diagnosed acute myeloid leukemia [96]. Incomplete inhibition of ABCB1 leads to
drug-drug interactions and producing toxicities; suboptimal design of clinical trials eventually results in
the failure of therapeutic approach to inhibit ABCB1. Thus, the most primary reason for this may be
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the existences of multiple and redundant mechanisms of drug resistance in human cancers. In this
regard, relatively non-specific drugs such as cyclosporine may be of an advantage by inhibiting
multiple drug transporters [97].

On the other hand, treatment of human cancers with histone deacetylase (HDAC) inhibitors may
result in expression of ABCB1 or ABCG2 or both. Interestingly, FK228, a class | HDAC inhibitor,
induced ABCBI1 overexpression in normal peripheral blood mononuclear cells, in circulating tumor
cells, acute promyelocytic leukemia cells and osteosarcoma [97,98]. Moreover, in acute promyelocytic
leukemia cells the co-administration of all-trans retinoic acid with FK228 increased acetyl-H3-Lys9
and acetyl-H4 at the ABCBI1 promoter region [99]. Hence, resulting in MDR from upregulation of
ABCBI by HDAC inhibitors such as FK228.

4.2. ABCG2

The presence of ABCG?2 is linked with poor prognosis and clinical drug resistance in AML. Since
ABCG?2 is likely to be expressed in a small subset of acute myeloid leukemia cells with primitive
characteristics, such as expression of CD34 but not CD38, the evaluation of ABCG2 and its inhibition
should be focused on those cells [100,101]. Until recently, clinical significance of ABCG2 expression
has not been established in acute lymphoblastic leukemia. It has been reported that ABCG2 expression
is detected at a higher level in B lineage acute lymphoblastic leukemia than in T lineage acute
lymphoblastic leukemia [102,103]. High expression of ABCG2 in premature chronic myeloid
leukemia cell populations has been reported. Jordanides et al. detected 6.8-fold higher BCRP mRNA
expression in CD34+ cells derived from chronic myeloid leukemia patients than normal CD34+
cells [104]. Sixty-seven cases of ABCG2 expression in diffuse large B-cell lymphoma (DLBCL) using
immunohistochemistry are reported and it was found that ABCG2 expression levels were positively
correlated with sonic hedgehog ligand expression and that patients with high ABCG2 expression
showed significantly shorter overall survival (p = 0.031) and failure-free survival (p = 0.029)
compared with patients with low or no expression of ABCG2 [105]. Szczuraszek et al. examined
expression of cyclooxygenase-2 (COX-2) and ABC transporters in 56 previously non-treated patients
by immunohistochemistry [106]. They found that elevated expression of ABCG2 was signature for the
patients that didn’t respond to chemotherapy and for cases with shorter progression-free survival time
in a 2.5 years follow-up and concluded that ABCG2 may be a crucial factor in primary resistance of
non-Hodgkin’s lymphomas. In small cell lung cancer, Kim et al. investigated ABCG2 expression in
tumor biopsy specimens obtained before chemotherapy from 130 patients who later received
platinum-based combination chemotherapy, and found significant associations between ABCG2
expression and both response and progression-free survival [107]. On the other hand, Rijavec et al.
investigated ABCG2 mRNA expression by RT-PCR in 14 small cell lung cancer and seven non-small
cell lung cancer samples [108]. They observed significantly decreased ABCG2 expression in metastatic
small cell lung cancer cells compared to non-small cell lung cancer.

4.3. ABCCs

Apart from ABCBI1 and ABCG2, clinical studies have indicated that ABCCs plays an important
role in developing resistance to several chemotherapeutic regimens. Recently, it has been reported that
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ABCCI is a predictive marker of the highly aggressive subtypes of breast carcinoma [109]. A
significant overexpression of ABCCI and ABCC2 mRNA has been found in locally advanced and
metastatic colorectal carcinoma [110]. High levels of ABCCI mRNA has been linked with resistance
to vincristine, etoposide and cisplatin in human lung carcinoma cell lines [111,112]. In another study it
has been demonstrated that ABCCI1 overexpression confers resistance to doxorubicin in prostate
cancer cell lines [113]. Clinically detectable ABCCI mRNA expression has been associated with poor
response to chemotherapy in acute lymphoblastic leukemia but not in acute myeloid leukemia [114].
The ABCC?2 transporter actively effluxes taxanes, vincristine, etoposide, doxorubicin, methotrexate,
and also cisplatin [115-117]. The ABCC3 transporter is expressed in lung cancer cells [112] and is
known to cause in vitro resistance to doxorubicin, epipodophyllotoxins, and methotrexate [118,119].
The ABCC4 and ABCCS5 transporters efflux purine analogues such as 6-mercaptopurine and
6-thioguanine [26,120]. In addition, ABCC4 confers resistance to camptothecins analogues [121]
whereas ABCCS5 produces resistance to 5-fluorouracil and gemcitabine [122]. The ABCC6 gene
conferred a low level of resistance to epipodophyllotoxins, certain anthracyclines, actinomycins and of
very low levels to cisplatin [123].

Clinically, a significantly high level of ABCC10 expression has been found in non-small cell lung
cancer and acute myeloid leukemia after chemotherapy, causing acquired resistance [124,125]. The
transfection of HEK293 cells with the ABCCI10 gene confers resistance to various anticancer drugs
including paclitaxel, docetaxel, vincristine, vinblastine, vinorelbine, cytarabine, gemcitabine,
2'3'-dideoxycytidine, 9-(2-phosphonylmethoxyethyl)adenine (PMEA) and epothilone B [60]. In
addition, the toxic response to paclitaxel is increased in Abccl(0 knockout mice, suggesting that the
ABCCI10 transporter plays a critical role in protection against xenobiotic toxicity [32].

5. Pharmacogenomics of ABC Transporters

Pharmacogenomics is the interdiscipline of pharmacology and genomics involving the study of the
influence of genetic factors on the pharmacodynamic and pharmacokinetic profile of a drug. A number
of previous studies suggested that genetic differences in individuals play an important role in the
efficacy and adverse effects produced by drugs. The pharmacogenomic correlation of paclitaxel and
ABCBI1 has been contrasting. The systemic elimination of paclitaxel occurs by hepatic metabolism
involving the CYP450 enzymes CYP3A4 and CYP2CS8 [126] and biliary elimination of paclitaxel
occurs by ABCBI1 [127]. Several single nucleotide polymorphisms (SNP) in the ABCB1 gene, including
G1199T/A and the linked G2677T/A (Ala893Ser/Thr), are associated with progression-free survival
after paclitaxel treatment [128,129] and C3435T (Ile1145Ile, wobble) as well as with paclitaxel-mediated
peripheral neuropathy and neutropenia [130]. However, in other studies, no significant correlation was
found between the pharmacokinetics of paclitaxel and the ABCBI genotype [130—-133]. In conclusion,
there is no strong evidence indicating that genetic variations in ABCBI gene are associated with
resistance to paclitaxel and altered pharmacokinetics. It has been hypothesized that ABCBI genetic
variants may alter the therapeutic response to paclitaxel. However, to date, this hypothesis has not been
verified [134].

The role of ABCCI1 polymorphisms is of note in terms of in vivo and clinical drug resistance
profiles or toxicity. In one interesting report there has been association of the Gly671Val
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polymorphism in ABCC1 with anthracycline-induced cardiotoxicity among non-Hodgkin’s lymphoma
patients treated with doxorubicin [135]. The authors therefore concluded that these patients might
show increased doxorubicin accumulation in the heart. Whether this association is indeed caused by a
reduction in doxorubicin transport due to this amino acid variation remains to be confirmed. Another
in vivo study investigated if ABCC1 SNPs or haplotypes had any effect on nelfinavir exposure in the
white blood cells of patients receiving nelfinavir. In that case, the authors did not find any association
between the identified SNPs in ABCCI1 with nelfinavir effects in white blood cells [136].
Dubin-Johnson Syndrome (DJS) is a condition characterized by conjugated hyperbilirubinemia
resulting from ABCC2 deficiency in humans [137]. These findings also strengthened further research
examining the genetic determinants of expression, localization and function of ABCC2 in other
organs, as well as the impact of such SNPs on drug levels or efficacy. It is, however, not known
whether this loss of hepatic ABCC2-mediated transport has a major impact on the pharmacokinetics of
drug substrates in humans [138]. This is likely due to the fact that DJS is a relatively rare disorder, and
drug toxicity has not been a noted feature of this syndrome. Interestingly, it was identified that a very
rare but naturally occurring ABCC2 variation caused impaired methotrexate elimination and was
associated with enhanced methotrexate toxicity. They also showed that this A>G mutation at position
1271 (Arg412Gly) influenced methotrexate transport in vitro [139]. Therefore these findings indicate
that several regions of the ABCC2 protein are involved in the binding and transport of methotrexate.
Currently, there are no published data about the pharmacogenetic correlation between paclitaxel and
ABCCI10 transporter. However, it has been reported that two ABCCI10 SNPs (1rs9349256 and
rs2125739) and their haplotypes are significantly correlated with kidney tubular dysfunction, resulting
in accelerated efflux of tenofovir by ABCC10 [140]. In addition, it has been suggested that the ABCC10
SNP rs2125739 is correlated with nevirapine-induced hepatotoxicity [141], although this has been
disputed [142].

Collectively, a large number of polymorphisms have been detected in ABCC1, ABCC2 and
ABCCI10, but only minority of them is located in coding regions. Even though the transporter
expression, localization and function of ABCC1 and ABCC2 have been extensively studied, there are
only very limited data that more convincingly suggest any clinical relevance of naturally occurring
SNPs in ABCC1 ABCC2 and ABCC10.

Several reports suggesting that ABCG2 SNP analysis might be a useful strategy to predict
systemic exposure to ABCG2 substrate drugs is becoming increasingly prevalent [143]. Of particular
importance are recent studies that have demonstrated that subjects with a decreased ABCG2
activity owing to the Q141K variant are at an increased risk of gefitinib-induced diarrhea [144], and
altered pharmacokinetics of 9-aminocamptothecin [145], diflomotecan [146], irinotecan [147],
rosuvastatin [ 148], sulfasalazine [149,150] and topotecan [151]. However, contrasting results have been
reported for other known ABCG2 substrates, such as doxorubicin [152], imatinib [153], nelfinavir [136]
and pitavastatin [154]. Noticeably, several studies published by now contain small sample sizes in relation
to the allelic and genotypic frequencies of the studied variants, as well as from a host of potentially
confounding factors that influence their outcome. Most important among them are environmental and
physiological factors that may affect expression of the transporter, and links to other genes or variants of
putative relevance for drug absorption and disposition pathways. The inclusion of data on other variants
in ABCG2 [143,155], and/or the use of haplotype profiles as opposed to testing unphased SNPs to
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predict certain phenotypes, may have clinical implications for agents such as erlotinib [156] and
imatinib [157], but this remains to be clarified for most drugs. Furthermore, more detailed research into
the influence of ethnicity on ABCG2 transporter function and expression in relation to substrate-specific
phenotypes 1s urgently needed. The rs35605 SNP in ABCC1 have a significant impact on the
pharmacokinetics and pharmacodynamics of irinotecan in advanced cancer patients [158]. Severe
neurotoxicity has been significantly associated with ABCC1 SNP rs2074087 in colorectal cancer
patients treated with adjuvant FOLFOX4 (5-fluorouracil, leucovorin and oxaliplatin) regimen [159].

6. Conclusions

Physiologically, the ABC transporters serve as a defense system, in which they pump out endogenous
toxicants and xenobiotics such as antineoplastic drugs from cells. Therefore, it is essential to develop
modulators of ABC transporters that could antagonize MDR by inhibiting the efflux activity of ABC
transporters. In this way, the efficacy of anticancer drugs and the possibility of successful chemotherapy
would be greatly increased. A number of strategies to combat ABC transporter-mediated MDR, such as
application of TKIs, medical nanotechnology or pharmacogenomics, have been developed and could be
very valuable in overcoming anticancer drug resistance.
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