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Breast cancer resistance protein (BCRP, ABCP or MXR)/ATP-binding cassette subfamily G member 2 (ABCG2) was
characterized as a multidrug resistance efflux transporter in 1998. ABCG2 physiologically acts as a part of a selfdefence mechanism for the organism; it enhances eliminating of toxic xenobiotic substances and harmful agents in the
intestine, as well as through the blood–brain barrier and placenta. ABCG2 recognizes and transports numerous
anticancer drugs including conventional chemotherapeutic and new targeted small therapeutic molecules in clinical
usage. Development of ABCG2 inhibitors for clinical usage may allow increased penetration of therapeutic agents
into sanctuary sites and increases their intestinal absorption. Here we review the mechanisms that modulate MDR
mediated by the ABC transporter ABCG2 in normal and cancer cells by different levels including, epigenetic
modifications, transcriptional, post-transcriptional, translation and post-translational regulation. Some clinical applications of ABCG2 inhibitors are also explained.
[Hasanabady MH and Kalalinia F 2016 ABCG2 inhibition as a therapeutic approach for overcoming multidrug resistance in cancer. J. Biosci. 41
313–324] DOI 10.1007/s12038-016-9601-5

1.

The human ABC family

ABC transporters represent one of the largest families of
transporter proteins. The human genome carries 49 ABC
genes and they have been arranged into 7 distinct subfamilies from ABCA to ABCG, based on their gene structure
similarities and sequence homology (Zhou et al. 2001). ABC
proteins can utilize the energy derived from ATP hydrolysis
to perform a directed intermembrane movement of their
substrates (primary active transporters), open or close a
certain membrane channel (e.g. ion-channels) or regulate
the permeability of multi-protein channel complexes
(receptors) (Glavinas et al. 2004). Studies with drugselected model have showed that overexpression of some
members of the ATP-binding cassette (ABC) transporter
including breast cancer resistance protein (BCRP or
ABCG2) (Doyle and Ross 2003), P-glycoprotein (P-gp or
ABCB1) (Scotto 2003) and multidrug resistance associated
protein 1 (MRP1 or ABCC1) (Munoz et al. 2007) is one of
Keywords.

the major mechanisms responsible for multidrug resistance
(MDR) phenotype. MDR refers to the ability of organisms
and cells to display resistance to a wide range of drugs which
has become a basic clinical problem in a majority of cancers
(Kalalinia et al. 2011).
1.1

Subfamily G of the ABC family (ABCG)

All human ABC transporters have at least one hydrophilic
nucleotide binding domain (NBD) located in cytoplasm and
one hydrophobic membrane-spanning domain (MSD).
Based on the structure and arrangement of NBD and MSD,
they can be listed into ‘full transporters’, ‘half transporters’
and ‘non-transporter’ type ABC proteins (Chen et al. 1996).
Subfamily G comprises at least five genes (ABCG1, ABCG2,
ABCG3, ABCG5 and ABCG8) that encode reverse half-transporters, meaning that it contains a unique domain arrangement, with NBDs located at the N-termini and MSDs,
located at the C-termini (Wang et al. 2008a). ATP-binding
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cassette (ABC) sub-family G member 1 (encoded by ABCG1
gene in human) is expressed in macrophage and transport
cholesterol and phospholipids and may regulate cellular lipid
homeostasis in other cell types (Chen et al. 1996). ABCG2
can effluxes a wide variety of endogenous and exogenous
compounds, widely expressed in stem cells. ABCG2 is
found to confer as a universal marker of stem cells, which
plays an important role in promoting stem cell proliferation
and the maintenance of the stem cell phenotype. Also,
ABCG2 is found to be expressed in a number of cancer cells
and appears to be a marker of cancer stem cells (An and
Ongkeko 2009). ABCG3 is most closely related to ABCG2
with 54% amino acid identity overall, 64% in the NBD and
50% in the TM region; it may not bind and/or hydrolyse
ATP (Mickley et al. 2001). ABCG5 (Steroline1) and
ABCG8 (Steroline2) are expressed in intestine and liver
and act as sterol transporters (Glavinas et al. 2004).
1.2

Structure and physiological functions of ABCG2

ABCG2 is a 72 kDa protein made of 665 amino acids. It has
one NBD and one MSD, which are arranged as a reversed
NBD-MSD configuration (half transporter). It is dimerized
or possibly oligomerized in order to have function
(homodimer) (Ozvegy et al. 2001). ABCG2 expression and
distribution pattern in normal tissues imply that it must have
some basic physiological functions such as protecting the
organism as a first line of defence against environmental
insults (Bunting 2002). ABCG2 is expressed in the liver
canalicular membranes, which have a protective role against
xenobiotic absorption and towards toxic metabolites excretion (Kruijtzer et al. 2002). ABCG2 also is responsible for
the efflux of sulfate and glucuronide conjugates of xenobiotics and hormones that are products of phase II metabolism, suggesting that ABCG2 has a major role in efflux toxic
metabolites by the biliary pathway (Dietrich et al. 2003).
It is now clear that ABCG2 acts with ABCB1 in the
blood–brain barrier and is responsible for limiting many
xenobiotics into the brain. The positive effect of this function
is that ABCG2 protects the brain from the toxicity of xenobiotics, while the negative effect is that ABCG2 inhibits
therapeutic agents to reach their intracerebral targets for
curing brain tumours (Cooray et al. 2002; Zhang et al.
2003; Aronica et al. 2005). ABCG2 expression is in the high
level on the plasma membranes of the chorionic villi in
placenta. This cellular localization indicates that ABCG2
may play a major role in protecting fetus against toxic
materials ingested from mother (Jonker et al. 2000; Litman
et al. 2002). ABCG2 is expressed during hematopoiesis,
with the highest levels in the first bone marrow stem cell
populations, followed by a speedy reduction in response to
stem cell differentiation, suggesting a possible role of
ABCG2 in maintaining human pluripotent stem cells in an
J. Biosci. 41(2), June 2016

undifferentiated shape and in protect these stem cells from
xenobiotics or other toxins in vivo (Zhou et al. 2001;
Bunting 2002). ABCG2 transporter has high-capacity urate
exporter functioning in both renal and extrarenal urate excretion. It also plays a role in porphyrin homeostasis as it is
able to mediates the export of protoporhyrin IX (PPIX) both
from mitochondria to cytosol and from cytosol to extracellular space, and cellular export of hemin, and heme (An and
Ongkeko 2009).
1.3

ABCG2 expression in MDR cancer cell lines

Researchers found several drug-selected cancer cell lines
which showed resistance to special drugs in comparison to
their non-selected parental cell lines. These cell lines have
been isolated upon long-term treatment of their parental cell
lines by special drugs such as MCF-7/AdrVp, which was
obtained of the MCF-7 human breast cancer cell line in
doxorubicin (Doyle et al. 1998) or S1-M1–80, derived from
the S1 human colon carcinoma cells in mitoxantrone
(Miyake et al. 1999). Investigation on the mechanisms of
drug resistance has grown to characterize the phenotype of
the newly discovered ABC transporter encoded by the
ABCG2 gene which firstly have been named as mitoxantrone resistance gene (MXR) or breast cancer resistance
protein (BCRP) (Allikmets et al. 1998; Doyle et al. 1998;
Miyake et al. 1999; Mao and Unadkat 2005; Staud and
Pavek 2005). Further studies have been done on a variety
of mitoxantrone-resistant cell lines (e.g. human breast cancer
(MCF-7 AdVp3000) (Doyle et al. 1998), colon carcinoma
(S1) (Miyake et al. 1999), gastric carcinoma (EPG85–257),
and fibrosarcoma (EPF86–079) (Ross et al. 1999),
topotecan-resistant cell line (e.g. ovarian cancer cell lineT8
(Maliepaard et al. 1999) and MCF-7/TPT300 (Yang et al.
2000)) and flavopiridol-resistant cell line MCF-7/FLV1000
(Robey et al. 2001). Collectively, their results suggested that
ABCG2 overexpression is likely to be the cause of highlevel resistance to anticancer agents including mitoxantrone,
topotecan, and flavopiridol, and without resistance to paclitaxel, cisplatin, or Vincaalkaloids (Mao and Unadkat 2005).
1.4

Influence of ABCG2 on cancer drug ADME and
pharmacologic resistance

ABCG2 expression in normal tissues can effect on the
ADME (absorption, distribution, metabolism and excretion)
of anticancer drugs. ABCG2 can influence on the absorption
and disposition of consumed substrates by limiting their net
uptake from the gastrointestinal tract and distribution to
target organs such as the central nervous system. It also
effects on metabolism and excretion of agents such as flavonoids which undergo extensive phase II metabolism in the
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intestine (and liver) to form conjugates, such as glucuronides
and sulfates, which are then subjected to phase III efflux by
transporters. In terms of phase III efflux of phytochemicals
in the gastrointestinal tract, current evidence from animal
studies shows that ABCG2 plays an important role in apical
efflux of phytochemicals and their phase II metabolites back
to gut lumen and consequently limits their bioavailability. In
addition, ABCG2 has been attributed as a molecular causing
of multidrug resistance (MDR) in many human cancers
through its active efflux of chemotherapeutic agents out of
neoplastic cells (Natarajan et al. 2012).
1.5

ABCG2 polymorphisms

The expression and function of ABCG2 can be affected by
single nucleotide polymorphism (SNPs) of the gene. Most of
the ABCG2 SNPs are postulated to result in altered mRNA
expression (usually diminished) or in a transporter protein
with low or absent function. Also evidence was presented
that polymorphisms resulting in the variants F208S and
S441N cause decreased ABCG2 protein levels by
ubiquitin-mediated proteasomal degradation (Nakagawa
et al. 2008). Genetic polymorphisms of ABCG2 were found
to alter its expression, cellular localization and/or substrate
recognition. Variation of transporter function by any of these
mechanisms significantly causes to inter-individual variability in drug bioavailability and treatment outcome with certain, but not all, substrates of ABCG2 (Cusatis and
Sparreboom 2008). A decrease in ABCG2 function due to
allelic variation may place an individual at greater risk of
exposure to dietary/environmental carcinogens (Agundez
2008). Recently, the influence of ABCG2 polymorphisms
on treatment outcome has been investigated for acute myeloid leukemia (AML), chronic myelogenous leukemia
(CML) and pancreatic cancer (Cusatis and Sparreboom
2008).
1.6

Recent findings of the role of ABCG2 in
hematological malignancies

Although the cellular models are powerful tools to examine
the MDR phenotype mediated by ABCG2, the clinical relevance of ABCG2 was established using clinical samples.
Many studies have provided evidence demonstrating overexpression of ABCG2 in many different hematopoietic malignancies and its association with patient response (Mo and
Zhang 2012). Therefore, ABCG2 plays an important role in
drug resistance in hematologic malignancies, in which it is
frequently expressed in malignant hematopoietic and lymphoid cells and some of the drugs used to curing these
cancers are ABCG2 substrates (Lemos et al. 2008). An
evolving literature associates ABCG2 polymorphisms with
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the incidence and treatment response of leukemia (Lemos
et al. 2008).
In several studies, ABCG2 expression and function have
been evaluated in cell lines and in pretreatment blasts from
acute myeloid leukemia (AML) patients. The results showed
higher expression and function of ABCG2 in AML cell lines
but not in all AML cases. It might be due the fact that the
main therapeutic agent for AML like cytarabine is not an
ABCG2 substrate (Suvannasankha et al. 2004b). Drugs used
in the treatment of adult acute lymphoblastic leukaemia
(ALL) are substrates for ABCG2. However, Suvannasankha
et al. also found little relation between ABCG2 mRNA
expression and function in adult ALL patients but their
expression was more common than AML patients
(Sauerbrey et al. 2002; Plasschaert et al. 2003). The
researchers proposed that these inconsistent results possibly
caused by usage of different assays in different studies like
using different antibodies which label intracellular or cell
surface epitopes of ABCG2 or different cell function assays.
Totally, the poor correlations between mRNA, protein and
function indicate the complex biology of ABCG2 in AML
and adult ALL (Ross et al. 2000; Sargent et al. 2001;
Suvannasankha et al. 2004a, b).
Investigations on the role of the ABCG2 in drug resistance in multiple myeloma (MM) patients showed that
ABCG2 expression in myeloma cell lines increased after
exposure to topotecan and doxorubicin. Also, myeloma
patients treated with topotecan had an increase in ABCG2
mRNA and protein expression. Expression of ABCG2 is
controlled, at least in part, through promoter methylation in
patient plasma cells in which demethylation of the promoter
increase ABCG2 mRNA and protein expression. So,
ABCG2 expression and function is affected by cell density,
regulated by promoter methylation, up-regulated in response
to chemotherapy, and may provide intrinsic drug resistance.
These findings suggested that ABCG2 does not play an
important role in multiple myeloma drug resistance and
expresses and acts in human myeloma cell lines (Turner
et al. 2006).
Tyrosine kinase inhibitors (TKIs) used in the treatment of
chronic myeloid leukemia (CML) are ABCG2 substrates
(Mahon et al. 2010). Variations in ABCG2 activity can
influence on pharmacokinetics and therapeutic outcome of
TKIs. SNPs of ABCG2 (34G>A, 421C>A, 623T>C,
886G>C 1574T>G and 1582G>A) increase the efficacy of
tyrosine kinase inhibitors (N-demethylimatinib CGP74588,
dasatinib, nilotiniband, bosutinib) in chronic myeloid leukemia cell line (such as K562) (Gardner et al. 2006; Petain
et al. 2008; Kim et al. 2010; Takahashi et al. 2010; Angelini
et al. 2013; Seong et al. 2013).
Successful curing of diffuse large B-cell lymphoma
(DLBCL) is frequently hindered by the development of
J. Biosci. 41(2), June 2016
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resistance to conventional chemotherapy and results in disease return and high death. Hedgehog (Hh) signalling pathway is as a key factor and important behind high ABCG2
expression in DLBCL by direct up-regulation of ABCG2
gene transcription. ABCG2 is a direct transcriptional target
of hedgehog signalling and effects on stroma-induced drug
tolerance in DLBCL. Functional inhibition of ABCG2 drug
efflux activity with fumitremorgin C or inhibition of Hh
signalling with cyclopamine-KAAD (abrogated the stromainduced chemotolerance) suggest that targeting on ABCG2
and Hh signalling may have therapeutic impact on overcoming chemoresistance in DLBCL (Singh et al. 2011).

1.7

Recent findings of the role of ABCG2 in solid tumours

ABCG2 is significantly expressed in both normal and cancer
stem cells. The development MDR to chemotherapy remains
a major challenge in the treatment of cancer. Resistance
exists against every effective anticancer drug and can develop by numerous mechanisms including decreased drug uptake, increased drug efflux, activation of detoxifying
systems, activation of DNA repair mechanisms, evasion of
drug-induced apoptosis, etc. (Gillet and Gottesman 2010).
The first specific correlations between cell membrane transporters or pumps and a drug-resistant phenotype were made
in Chinese hamster ovary cell lines in the mid-1970s (Moitra
2015). Correlations between ABCG2 expression and prognosis of solid tumours have also been studied (Mo and
Zhang 2012). ABCG2 is a potential CSC marker for cancers
and its expression level has a widely relationship with tumorigenicity, proliferation, chemoresistance, and metastasis
ability of cancer cells (Yoh et al. 2004). ABCG2 is known as
a lung cancer stem cells (LCSCs) marker. It has been recently demonstrated that low molecular weight heparin (LMWH)
reduced ABCG2 expression and the combination of LMWH
and cisplatin can overcome drug resistance and induce apoptosis in lung cancer stem cells (Niu et al. 2012). The
expressions of ABCB1, ABCG2, and CD133 are generally
correlated with the malignancy degrees of the gastric cancers
(Jiang et al. 2012). It has been showed that the GAS1
(growth arrest-specific 1) gene has a key role in epirubicin
resistance in the gastric cancer cell line (SGC7901), in which
enforced expression of GAS1 resulted in high regulation of
Bcl-2, P-gp and ABCG2 (Zhao et al. 2009). Recent studies
showed that a stem cell-like sub-population within malignant
glioblastomas, overexpress ABCG2 transporters, that is responsible for multidrug resistance and tumour relapse. Combinations of melatonin and chemotherapeutic drugs
(including temozolomide, current curing for malignant gliomas) had a synergistic toxic effect on malignant glioma cells
and thus improve the efficiency of current therapies. This
J. Biosci. 41(2), June 2016

effect correlates with a downregulation of the expression and
function of the ABC2 transporter (Chua et al. 2008). Melatonin increases the methylation levels of the ABCG2 promoter and the effects on ABCG2 expression and function are
inhibited by pre-incubation with a DNA methyltransferase
inhibitor. Therefore, there would be a correlation between
the downregulation of ABCG2/BCRP function and the synergistic toxic effect of melatonin and chemotherapeutic
drugs (Martin et al. 2013).

2.

Substrates of ABCG2

ABCG2 acts as an efflux pump for a broad spectrum of
anticancer drugs, antibiotics, non-synthetic compounds and
toxins, photosensitizers and fluorescent dyes. The substrates
of ABCG2 recognized directly by cellular or vesicular transport experiments or indirectly by substrate-stimulated
ATPase activity or cytotoxicity assays. The most important
substrates of ABCG2 substrates are anticancer drugs including topoisomerase inhibitors, anthracyclines, camptothecin
(CPT) analogs, TKI, and antimetabolites. ABCG2 also transports many sulfate and glucuronide conjugates of steroids
and xenobiotics that are two common products of mammalian phase II metabolism, suggesting that ABCG2 has important role in drug metabolic cycles. ABCG2 also acts in
the efflux of pheophorbide A (PhA), a chlorophyll catabolite, and many other photosensitizers. Thus ABCG2 is as a
probable cause for photodynamic curing resistance. Interestingly, ABCG2 may be involve in the transport of Aβ peptides (amyloid beta denotes peptides of 36–43 amino acids
that are crucially involved in Alzheimer’s disease as the
main component of the amyloid plaques found in the brains
of Alzheimer patients) at the blood–brain barrier and highregulation of ABCG2 correlates with Aβ peptides deposition
in cerebrovessels, causing to cerebral amyloid angiopathy in
Alzheimer’s patients (Robey et al. 2004, 2005; Polgar et al.
2008; Xiong et al. 2009).

3.

Inhibitors of ABCG2

Although ABCG2 has long been recognized to play a main
role in multidrug resistance of cancer cells, it has not been
possible to circumvent clinical drug resistance in cancer
patients by the use of ABCG2 inhibitors. The current methods that have been used for regulation of the expression and
function of ABCG2 by epigenetic modifications or in transcriptional and posttranscriptional level or inhibition of
ABCG2 protein activity in cancer cells will be reviewed in
the following (Knutsen et al. 2000; Elahian et al. 2009,
2010; Kalalinia et al. 2011, 2012, 2014; Mosaffa et al.
2011, 2012).
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3.1

Regulation of ABCG2 expression

Increased expression of ABCG2 is frequently seen in both
drug resistant cancer cell lines and clinical tumour tissues
(Maliepaard et al. 2001). Therefore, the expression of
ABCG2 in normal and cancer cells appears to be regulated
at different levels including, epigenetic modifications, transcriptional and posttranscriptional regulation. The most
relevant epigenetic alterations, including DNA methylation
and histone modification, contribute to the regulation of
cancer stem cell features in tumour progression, metastasis
and response to chemotherapy (Bernstein et al. 2007).
Combinations of melatonin and chemotherapeutic drugs
(including temozolomide, current treatment for malignant
gliomas) have a synergistic toxic effect on A172 malignant
glioma cells. This effect is correlated with a downregulation of the expression and function of the ABC transporter
ABCG2/BCRP. Melatonin increases the methylation levels
of the ABCG2/BCRP promoter and the effects on
ABCG2/BCRP expression and function is prevented by
pre-incubation with a DNA methyl transferase inhibitor
(Bram et al. 2009).
In addition to the regulation at epigenetic levels, transcriptional regulation of ABCG2 expression is reported. Many
transcription factors are involving in regulating ABCG2
expression (Knutsen et al. 2000), such as estrogen receptor
alpha (ERα), hypoxia-inducible factor 1 (HIF-1), peroxisome proliferator-activated receptor Gamma (PPARγ or the
glitazone receptor, a type II nuclear receptor that is encoded
by the PPARG gene in humans), progesterone receptor
(PGR, NR3C3 or nuclear receptor subfamily 3) and arylhydrocarbon receptor (AHR, a protein receptor that is encoded
by the AHR gene in humans and regulates xenobioticmetabolizing enzymes such as cytochrome P450). Studies
showed that estrogens at physiologic levels interestingly
decrease endogenous ABCG2 expression in the estrogenresponsive and estrogen receptor Alpha positive human
breast cancer MCF-7 cells, but not in estrogen-nonresponsive human cancer cells. Binding of Sp1 and Sp3
transcription factors (specificity protein 1 and 3 that regulate
expression of human ABCG2 gene and chemoresistance
phenotype) to the ABCG2 promoter in in vitro and in vivo
is explained by electrophoretic motility shift assay and chromatin immune precipitation assay. The ABCG2 promoter
activity decreased by mutation in Sp1 but increased by high
expression of Sp1 or Sp3 proteins. Similarly, knockdown of
Sp1 or Sp3 expression by short interfering RNA particularly
decreased the expression of ABCG2 expression at mRNA
and protein level. Inhibiting Sp1- or Sp3-dependent ABCG2
expression causes chemosensitization to the anticancer drug
cisplatin in a lung cancer cell line. These results proposed
that Sp1 and Sp3 transcription factors are the first determinants for activating basal transcription of the ABCG2 gene

and have a very necessary role in maintaining chemoresistance phenotype of cancer cells (Yang et al. 2013).
ABCG2 is also under post-transcriptional regulation by
microRNAs. MicroRNAs are a newly known family of
short, noncoding RNAs that control post-transcriptional expression of target genes (Pan et al. 2009). These microRNAs
show unusual expression patterns in specific tissues and/or
cells, at definitely developmental stages, or in response to
clear stress. They usually act by base pairing to partially
complementary segments within the 3′-UTR (untranslated
region) transcript of target gene, cause to translation inhibition and/or mRNA cleavage and consequently, negative
regulation of the target gene. MiR-328 negatively regulates
ABCG2 protein expression by acting on the 3′-UTR segment and that suppression of ABCG2 expression by miR328-mediated pathway effects on increased drug sensitivity
in cancer cells (Li et al. 2011). The function of the miR-222ABCG2 pathway is elucidated in the correlation between
cisplatin (DDP) resistance and enhanced cell migration/
invasion in tongue squamous cell carcinoma (TSCC). In
TSCC cells, small interfering (siRNA)-mediated ABCG2
knockdown led to enhanced DDP responsiveness and
reduced migratory/invasive potential, whereas ABCG2
overexpression induced DDP resistance and enhanced cell
migration/invasion. ABCG2 is a direct target of miR-222. In
addition to reducing cell migration/invasion, functional analyses in TSCC cells indicated that miR-222 can reduce expression of the ABCG2 gene and enhance DDP
responsiveness and deregulation of the miR-222-ABCG2
regulatory module in TSCC contributes to both DDP
resistance and enhanced migratory/invasive potential (Zhao
et al. 2015). There are also a group of dynamic ABCG2
inhibitors that cause faster ABCG2 degradation in lysosomes. These inhibitors may also hijack newly made
ABCG2 protein from ER (endoplasmic reticulum) and manage them to lysosome for degradation or cause ERassociated degradation (ERAD). Derlin-1, a protein component of a complex that mediates ERAD, increases the degradation of wild type ABCG2 by stop of ER to Golgi
transport (table 1) (Pan et al. 2009).
3.2

Inhibitors of ABCG2 function

Because ABCG2 plays an important role in MDR, pharmacologists are interested to particularly modulate ABCG2
function to sensitize ABCG2-high expressed cancer cells to
chemotherapies. To date, several particular inhibitors of
ABCG2 function have been reported, and some are commonly undergoing clinical trials or are available to patients.
Fumitremorgin C (FTC) is a diketopiperazine, fungal
toxin that acts as a strong and specific ABCG2 inhibitor.
FTC reversed resistance to mitoxantrone, doxorubicin, and
topotecan, but not to paclitaxel. FTC (5 mM) potentiated the
J. Biosci. 41(2), June 2016
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Table 1. Inhibitors of ABCG2
Mechanism of inhibition
Inhibition of ABCG2
expression

Epigenetic
modifications
Transcriptional
regulation
Posttranscriptional
regulation

Inhibition of ABCG2
function

Mechanism

Agent

Methylation of the ABCG2
promoter
Regulation of transcription
factors
Translation inhibition
and/or mRNA cleavage
Degradation of ABCG2
protein

Combinations of melatonin
with temozolomide
Inhibition of Sp1 or Sp3
expression
MicroRNA-328

Bram et al. 2009

Derlin- 1, PZ-39

Increasing the bioavailability
of cytotoxic anti-tumour
drugs

GF120918

Ahmed-Belkacem
et al. 2005;
Pan et al. 2009
Kruijtzer et al. 2002;
Durmus et al. 2012
Rabindran et al. 2000
Allen et al. 2002
Ahmed-Belkacem
et al. 2005
Gandhi and Morris 2009
Hirota et al. 1998
Tiwari et al. 2009
Giannoudis et al. 2008
Sen et al. 2012
Dai et al. 2008
Sodani et al. 2014
Dai et al. 2009;
Shukla et al. 2009
Wang et al. 2008a, b

Fumitremorgin C
Ko143
PZ-39
Ortataxel
Imatinib
Nilotinib
Dasatinib
Ponatinib
Lapatinib
Telatinib
Sunitinib
Motesanib

toxicity of mitoxantrone (29.4-fold), doxorubicin (6.6-fold),
and topotecan (6.5-fold), so it completely reverses resistance
mediated by ABCG2 in in vitro (Rabindran et al. 2000).
Ko143 is a derivative of FTC and is about 10 times more
potent than FTC in inhibition of ABCG2 function. It is
considered to be ‘general’ inhibitors of ABCG2 in that it
inhibites adenosine triphosphatase (ATPase) activity of
ABCG2 (Allen et al. 2002).
GF120918 (Elacridar) is a powerful inhibitor of MDR-1
(P-gp) and ABCG2 function. It can increase the bioavailability of cytotoxic anti-tumour drugs, and also causes increased
levels of anti-HIV drugs in the brain and CNS (Durmus et al.
2012). A pharmacokinetic study shows that coadministration of GF120918 with topotecan (a ABCG2 substrate drug) can increase the oral bioavailability of topotecan,
from 30% to 90% (Kruijtzer et al. 2002).
A novel specific ABCG2 inhibitor, PZ-39, is effective in
reversing ABCG2- mediated drug resistance. PZ-39 contains
benzothiazole linked to a triazine ring backbone. Its mechanism
of action appears to be in two modes; mixed type inhibition in
drug transport function and accelerated lysosome-dependent
degradation of ABCG2 (Ahmed-Belkacem et al. 2005).
Taxanes are diterpenes produced by the plants of the
genus Taxus (yews), and are widely used as chemotherapy
agents. Taxane agents include paclitaxel (Taxol), docetaxel
(Taxotere) and ortataxel. MDR modulators are designed
J. Biosci. 41(2), June 2016
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based on the structure of paclitaxel and test for their ability
to inhibit ABCB1, ABCC1, and ABCG2. While paclitaxel
and docetaxel are ABCB1 substrates, they are not ABCG2
substrates. On the other hand, ortataxel is an ABCB1,
ABCC1, and ABCG2 inhibitor. Taxanes kill cancer cells
by stabilizing their microtubules, which eventually causes
cellular apoptosis (table 1) (Gandhi and Morris 2009).

3.3

Tyrosine kinase inhibitors

TKs, a large and diverse group of enzymes, can catalyse the
transfer of a phosphate group from ATP to target proteins.
They have a vital role in pathways that control cancer cell
proliferation, apoptosis, angiogenesis and metastasis (van
der Geer et al. 1994) and their abnormal activity has been
showed in many types of cancers. A TKI inhibits the ATPbinding pocket of RTK (receptor-type tyrosine kinases) and
prevents the downstream phosphorylation events; thereby
inhibit cell proliferation and survival. Remarkably, many
studies showed that, at clinically high concentrations, some
TKIs can block MDR associated ABC transporters and inhibit their drug efflux function, and so reverse the MDR to
chemotherapeutic drugs in cancer Cells. On the other hand,
some TKIs bind to the substrate-binding pocket of the transporter and efflux by the energy dependent hydrolysis of ATP
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molecules which cause reduction in the intracellular TKI
concentration (Ozvegy-Laczka et al. 2005; Liu et al. 2008;
Tiwari et al. 2011). The use of TKIs to inhibit ABC drug
transporter mediated-MDR in patients is a possible approach
for curing drug resistant cancers (table 1) (Houghton et al.
2004).
Imatinib (INN) is a TKI used in the treatment of multiple
cancers, most notably Philadelphia chromosome-positive
(Ph+) chronic myelogenous leukemia (CML). Imatinib
inhibits the substrate efflux function of ABCG2 and
increases the rate of topotecan (a chemotherapeutic agent
that is a topoisomerase inhibitor) in cells expressing functional ABCG2. The active sites of tyrosine kinases each have
a binding site for ATP. The enzymatic activity catalysed by a
tyrosine kinase is the transfer of the terminal phosphate from
ATP to tyrosine residues on its substrates, a process known
as protein tyrosine phosphorylation. Imatinib works by binding close to the ATP binding site of bcr-abl, locking it in a
closed or self-inhibited conformation and therefore inhibiting the enzyme activity of the protein semi-competitively
(Hirota et al. 1998).
Some of Ph+ CML patient which are in chronic-phase
(CP) or accelerated-phase (AP) of CML displays resistant to
prior curing including imatinib. Nilotinib, regarded as second second-generation tyrosine kinase inhibitor, was developed to overcome imatinib-resistant CML. Nilotinib has
inhibitory effect on the efflux function of ABCB1 and
ABCG2. A combination of low-dose dasatinib (another
second-generation TKI) and nilotinib provide an additive/
synergistic anti-leukemic effect in leukemic stem cells that
expresses ABCB1, ABCG2 and are refractory to TKI therapy (Giannoudis et al. 2008; Tiwari et al. 2009).
Ponatinib, a novel inhibitor of the BCR-ABL oncogene,
has been reported to inhibit the ABCB1, ABCG2 and
ABCC10 transport function. Ponatinib intracts with ABC
transporters such as ABCB1, ABCC1 and ABCG2. Ponatinib shows an increased uptake of substrates of ABCG2 and
ABCB1, but not ABCC1, in cells overexpressing these proteins, with a greater effect on ABCG2 than on ABCB1 (Sen
et al. 2012).
Lapatinib (GW572016), a human tyrosine kinase inhibitor, is an orally active drug for breast cancer and other solid
tumours. It significantly reverses MDR in cancer cells by
blocking the efflux function of ABCB1 and ABCG2. Lapatinib increases the accumulation of anti-cancer agents such
as DX (doxorubicin, substrate of ABCG2) or MX (mitoxantrone, substrate of ABCG2) in ABCB1 or ABCG2 overexpressing cells and enhanced the ATPase activity of both
ABCB1 and ABCG2. It also, increases the chemosensitivity
of PTX (paclitaxel, substrate of ABCG1) in ABCB1 overexpressing tumour xenograft models (Dai et al. 2008).
Telatinib, an orally active small-molecule TKI, has inhibitory effects on the ABCG2 efflux transporter. Telatinib can

increases the intracellular accumulation of [3H]-MX and
reduces MX efflux from ABCG2-482-R2 overexpressing
cells (human non-small lung carcinoma cells). Telatinib
stimulates the ATPase activity of ABCG2 in insect cells
and in combination with DX, decreases the ABCG2 overexpressing tumour size (Sodani et al. 2014).
Sunitinib is an oral multi-targeted receptor tyrosine kinase
(RTK) inhibitor that was introduced by the FDA for the
treatment of renal cell carcinoma (RCC) and imatinibresistant gastrointestinal stromal tumour (GIST). Sunitinib
inhibites TKs through competitive inhibition of ATP binding, a key step in the phosphorylation activity of the kinases.
Conformation-sensitive antibody binding assays with UIC2
and 5D3 Antibodies also suggeste that sunitinib interacts
directly with P-gp and ABCG2, respectively. It also, induces
conformational changes in these transporters (Dai et al.
2009; Shukla et al. 2009).
Motesanib is the orally bioavailable diphosphate salt from
a multiple-receptor tyrosine kinase inhibitor with potential
antineoplastic activity. It inhibits the ABCB1 Efflux function
completely in KB-C2 cell line (cervical adenocarcinoma)
and reverses the ABCG2-mediated MDR partially in them.
Motesanib also increases the sensitivity MX for cells overexpressing ABCG2 transport (Wang et al. 2008b).
The identification of ABCG2 as a potential factor of
chemoresistance in group 3 medulloblastoma (the most common malignant pediatric brain tumour arising in the posterior
fossa) suggests that potent and selective inhibitors of
ABCG2 (Ko143) could be used to improve response to
chemotherapeutic drug as substrates of ABCG2, including
topotecan (Morfouace et al. 2015).
4.

Clinical application

Despite numerous publications reporting the discovery of
ABCG2 inhibitors with diverse chemical structures, only a
few studies have investigated their clinical benefits in human
trials and, to date, none of these inhibitors are in clinical use
(Ricci et al. 2015). Topotecan, one of the camptothecin
derivatives, is a water-soluble topoisomerase I inhibitor that
has activity against several human malignancies
(Sparreboom and Zamboni 2006). Previous studies showed
that drug efflux mediated by the ABCG2 can affect cellular
topotecan accumulation and cytotoxicity (Zhuang et al.
2006; de Vries et al. 2007). Hence, Molina et al. (2008)
co-administrated lapatinib and topotecan to 37 patients with
advanced-stage cancers in a phase I trial. Pharmacokinetic
analyses showed that the lapatinib–topotecan combination
was well tolerated and resulted in decreased topotecan clearance. On the other hand, the results of lapatinib–topotecan
co-administration to patients with platinum-refractory or resistant epithelial ovarian/peritoneal cancer in a phase II clinical trial showed that disruption of ABCG2 efflux with
J. Biosci. 41(2), June 2016

320

MH Hasanabady and F Kalalinia

lapatinib was insufficient for overcoming topotecan resistance in these patients (Weroha et al. 2011). Also, the results
of another phase II clinical trial showed that lapatinib–topotecan co-administration did not have any clinical benefits in
epithelial ovarian cancer, relapsing after a first-line of chemotherapy in comparison with topotecan alone (Lheureux
et al. 2012). These researchers proposed that absence of
correlation between ABCG2 expression and clinical outcomes might be related to other mechanisms of resistance
to topotecan (Weroha et al. 2011; Lheureux et al. 2012).
ABCG2 has been reported to be expressed at high levels in
the digestive tract (Takano et al. 2006), and hence, ABCG2
inhibitors might be able to enhance bioavailability of ABCG2
substrate drugs. As proof of this principle, Kruijtzer et al.
(2002) co-administrated a single oral dose of GF120918 (a
potent inhibitor of ABCG2) with oral or intravenous topotecan
in a cohort study. Their results showed that co-administration
of the ABCG2 inhibitor resulted in a significant increase of
oral bioavailability of topotecan from 40.0% without to 97.1%
with GF120918. However, the results of a phase I study
showed that intravenous topotecan administration combined
with oral erlotinib did not affect the disposition of topotecan to
a clinically significant extent (Stewart et al. 2014).
5.

Conclusion

ABCG2 plays an important role in the pharmacokinetics of
chemotherapy and contributes to multidrug resistance (MDR)
phenotype in cancers. Therefore, to control MDR, it is essential to understand that how ABCG2 expression is regulated so
as to determine the facts for developing compounds that modulate ABCG2 activity. Many mechanisms that are involved in
ABCG2 expression suggest that complex mechanisms control
expression among a number of tissues. ABCG2 promoter
methylation, many transcription factors such as ERα, HIF-1,
PPARγ, PGR and AHR, and binding of Sp1 and Sp3 transcription factors to the ABCG2 promoter, microRNAs, and
Derlin-1 play important roles in ABCG2 expression regulation. Among inhibitors of ABCG2 function, tyrosine kinase
inhibitors have a vital role in pathways that control cancer cell
proliferation, apoptosis, angiogenesis and metastasis.
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