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Abstract

ABCG2, or Breast Cancer Resistance Protein (BCRP), is an ABC transporter that has been the
subject of intense study since its discovery a decade ago. With high normal tissue expression in
the brain endothelium, gastrointestinal tract, and placenta, ABCG2 is believed to be important in
protection from xenobiotics, regulating oral bioavailability, forming part of the blood-brain
barrier, the blood-testis barrier, and the maternal-fetal barrier. Notably, ABCG2 is often expressed
in stem cell populations, where it likely plays a role in xenobiotic protection. However, clues to its
epigenetic regulation in various cell populations are only beginning to emerge. While ABCG2
overexpression has been demonstrated in cancer cells after in vitro drug treatment, endogenous
ABCG2 expression in certain cancers is likely a reflection of the differentiated phenotype of the
cell of origin and likely contributes to intrinsic drug resistance. Notably, research into the
transporter’s role in cancer drug resistance and its development as a therapeutic target in cancer
has lagged. Substrates and inhibitors of the transporter have been described, among them
chemotherapy drugs, tyrosine kinase inhibitors, antivirals, HMG-CoA reductase inhibitors,
carcinogens, and flavonoids. This broad range of substrates complements the efficiency of
ABCG?2 as a transporter in laboratory studies and suggests that, while there are redundant
mechanisms of xenaobiotic protection, the protein is important in normal physiology. Indeed,
emerging studies in pharmacology and toxicology assessing polymorphic variants in man, in
combination with murine knockout models have confirmed its dynamic role. Work in
pharmacology may eventually lead us to a greater understanding of the physiologic role of
ABCG2.
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1. INTRODUCTION

The efficacy of cancer chemotherapy can be limited by cellular mechanisms of resistance
that result in increased drug efflux of chemotherapeutic agents thereby reducing intracellular
drug levels and causing drug resistance. The ability of cells to acquire resistance to multiple
compounds, termed multidrug resistance (MDR), is often mediated by overexpression of
ATP-binding cassette (ABC) transporters that remove substrates out of the cell against a
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concentration gradient [1]. Of the 48 human ABC transporters, three are most often
associated with MDR: the multidrug resistance protein, P-glycoprotein (P-gp), encoded by
the ABCB1 (or MDR-1) gene; the multidrug resistance-associated protein-1 (MRP-1)
encoded by the ABCC1 (or MRP-1) gene; and the breast cancer resistance protein (BCRP or
ABCG2) encoded by the ABCG2 gene [1]. Other ABC transporters have been implicated in
drug resistance, but these other transporters play highly specialized roles in normal
physiology and are less likely to be usurped to play a role in drug resistance in a cancer cell.

Before the first transporter genes were cloned, it had long been known that incubating
cancer cell lines with chemotherapy agents resulted in sublines that were not only resistant
to the selecting drug, but also to other, structurally different agents [2—4]. Juliano and Ling
in 1976 were the first to note that a particular 170 kD glycoprotein was associated with this
resistance [5] and over a decade later the gene encoding P-gp, then termed mdrl (and later
called MDR-1), was cloned [6]. Early interest in P-gp focused on its role in drug resistance
since it was responsible for the transport of a wide variety of chemotherapeutic agents such
as anthracyclines, vinca alkaloids, taxanes and etoposide [1]. Today, the importance of P-gp
is understood to go well beyond drug resistance, since the high levels of expression in
epithelial cells of the gastrointestinal tract and brain capillary endothelium have led to
experiments showing that P-gp mediates oral absorption and forms part of the blood-brain
barrier (BBB) [7, 8]. P-gp expression in the proximal tubules of the kidney suggests it plays
arole in drug excretion [9]. Thus, the significance of P-gp has gone beyond that of a
multidrug resistance transporter.

The adriamycin-selected leukemia subline, HL-60/AR, was reported to have a cross-
resistance profile slightly different from that observed for cells expressing the MDR-1 gene
[10], but was not found to overexpress MDR-1 compared to parental cells [11]. Additionally,
a doxorubicin-selected, small-cell lung cancer cell line, H69/AR, and a doxorubicin-selected
fibrosarcoma cell line, HT1080/DR4, were also found to exhibit a pattern of drug resistance
similar to that of the HL-60/AR cells; a pattern nonetheless distinct from that conferred by
expression of P-glycoprotein [12]. A new drug resistance gene, the multidrug resistance-
associated protein gene, or MRP (later renamed MRP1), was later cloned by Cole and
colleagues from the H69/AR subline [13]. Later studies revealed MRP1 conferred resistance
to drugs that were also transported by P-gp: anthracyclines, vinca alkaloids, mitoxantrone
and etoposide [14]. Much like P-gp, the importance of MRP1 is believed to extend beyond
conferring drug resistance, as it is also an organic ion transporter, transporting compounds
conjugated to glutathione, glucuronide, or sulfate [15].

Still another phenotype, similar but distinct from that found in cells expressing P-gp or
MRP1, was reported in cells selected with mitoxantrone [16, 17]. These cells lacked MDR-1
and MRP1 expression and were highly cross resistant to mitoxantrone as well as topotecan,
camptothecin, 9-aminocamptothecin, and SN-38, but lacked cross-resistance to vinblastine
[18]. A nearly identical phenotype was described in a breast cancer cell line selected by the
Fojo lab with doxorubicin in the presence of verapamil to prevent overexpression of P-gp
[19]. These cells, MCF-7 Adr/V/p, also displayed ATP-dependent transport of doxorubicin
and the fluorescent substrate rhodamine 123 in the absence of P-gp or MRP1 [20].

It was from the MCF-7 Adr/Vp subline that Doyle and colleagues first cloned the gene
responsible for the novel resistance phenotype [21]. They named the gene BCRP for breast
cancer resistance protein since it was cloned from a breast cancer subline. Soon after,
Allikmets et al. reported a nearly identical transporter, termed ABCP for ABC transporter
highly expressed in placenta, after searching an expressed sequence tag database [22]. Our
laboratory also cloned a gene from the mitoxantrone-selected colon carcinoma cell line S1-
M1-80 [23], derived from the S1-M1-3.2 cell line reported by Rabindran et al [24]. We
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called the gene MXR, or mitoxantrone resistance gene, since it appeared to be responsible
for the high levels of resistance to mitoxantrone observed in cell lines expressing the gene.
When the sequences for the genes became available, they proved to be nearly identical. The
BCRP/ABCP/MXR gene was later placed in the “G” subfamily of ABC transporters, which
includes only of half-transporters, and was assigned the name ABCG2.

2. THE ABC TRANSPORTER SUPERFAMILY

The ABC transporters are one of the largest families of active transport molecules [25, 26].
These transporters are abundant in the genomes of all organisms, and are nearly always
import pumps in prokaryotes and involved in efflux in eukaryotic cells [26-28]. The well
characterized eukaryotic transporters all transport substances from the cytoplasm or plasma
membrane out of the cell, or into organelles such as the peroxisome, endoplasmic reticulum,
and lysosomes. In addition, four transporters are localized to the mitochondria. Except for
CFTR, a chloride ion channel, all ABC transporters are believed to efflux molecules by an
energy dependent process involving ATP binding and hydrolysis.

The structure of ABC transporters consists of two sets of hydrophobic segments that span
the membrane and are thought to confer all or most of the specificity of the transporter, and
a pair of ATP-binding domains or nucleotide-binding folds (NBFs). ABC genes either
encode a full transporter encoding all four domains, or a half-transporter with a single TM
domain and a single NBF. Half-transporter proteins must dimerize as either homo- or
heterodimers to form a complete transporter complex.

Because of the diverse substrates that can be transported, ABC proteins are found expressed
in a number of specialized cell types and carry out varied functions. A large number of ABC
genes have been found to be mutated in Mendelian genetic diseases such as cystic fibrosis,
adrenoleukodystrophy, macular degeneration, sterol transport defects, mitochondrial
abnormalities, and respiratory failure [29]. In fact, it is from these diseases that we have
learned most of what we know about the normal function and substrates of the transporters.

There are 48 ABC genes in the human genome and they are dispersed mostly on different
chromosomes, with a few clusters of 2-5 genes [26]. The transporters can be grouped into
subfamilies based on the conservation of the NBF amino acid sequence. Eukaryotes have
eight ABC subfamilies (A—H) with seven of these (A—G) present in the human genome.

The ABCG2 gene is highly conserved and has been found in all sequenced vertebrates to
date, including birds, reptiles, and fish. In most species there is a single gene present [28].
The exceptions to this are the rodents which contain one or more copies of a closely related
gene, Abcg3; and fish which have 3 or more ABCG2 genes [30].

An alignment of 14 vertebrate and one bird (chicken) ABCG2 protein sequences was
generated and used to build a phylogenetic tree (Figure 1A). The primate proteins (macaque,
chimp, and human) all cluster together as do the rodent sequences. Figure 2B shows the
domain structure of ABCG2 and the conservation of each domain. Interestingly the TM
domains are nearly as conserved across all vertebrates as are the NBF sequences. This
suggests that the function of ABCG2 has remained relatively conserved across vertebrate
evolution.

3. GENETICS AND GENE REGULATION

The human ABCG2 gene is located on chromosome 4, band 4q21-4g22, and extends over 66
kb containing 16 exons and 15 introns. Exons range in size from 60 to 532 bp, with the
translational start site in the second exon, the Walker A site in exon 3 and the ABC signature
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motif in exon 6 [31]. The ABCG2 promoter is TATA-less with multiple Sp1, AP1 and AP2
sites as has been described for other ABC transporter genes, with the basal promoter located
approximately 312 bp from the transcriptional start site [31]. While the molecular
mechanisms controlling ABCG2 expression are not well understood, we have found
previously that cell lines with high levels of ABCG2 expression harbor multiple
rearrangements involving chromosome 4, including gene amplification as well as
translocations [32, 33].

To date, the majority of studies examining the regulation of ABCG2 are focused at the
transcriptional level. Two functional cis elements in the ABCG2 promoter, the estrogen [34]
and hypoxia [35] response elements, and a peroxisome proliferator-activated receptor y
(PPARY) response element upstream of the ABCG2 gene [36] have been shown to control
ABCG2 expression. It has also been found that progesterone upregulates ABCG2 expression
via a progesterone response element in the promoter [37]. Ebert and colleagues proposed
that aryl hydrocarbon receptor (AhR) upregulates ABCG2 expression but the response
element has not been identified [38]. While the sex hormones estrogen, progesterone, and
testosterone have been shown to impact ABCG2 expression [34, 39-41], the data are
controversial. In particular, the effect of estradiol on ABCG2 expression appears cell-
dependent [34, 39]. We and others have independently reported that DNA methylation can
repress ABCG2 expression in human renal carcinoma [42] as well as in multiple myleoma
cell lines [43].

Other mechanisms that have been suggested to be responsible for upregulation of ABCG2
include the use of alternative 5’ promoters due to differential expression of splice variants at
the 5’-untranslated region (5'UTR) of ABCG2 as reported by Nakanishi et al. [44]. Recently,
we reported that overexpression of ABCG?2 in resistant cells was correlated with increased
binding of a set of permissive histone modification marks, RNA polymerase 1l and a
chromatin remodeling factor Brg-1, but decreased association of a repressive histone mark,
HDAC-1, and Sp1 with the proximal ABCG2 promoter [45]. While these changes were
similar to those found in some cell lines when treated with the histone deacetylase inhibitor,
romidepsin, a repressive histone mark, trimethylated histone H3 lysine 9 (Me3-K9 H3), was
found in untreated parental cells and cells that did not respond to HDAC inhibition with
ABCG2 upregulation [45]. These results suggest that removal of the repressive histone mark
is necessary for cells to upregulate ABCG2 in response to treatment with a histone
deacetylase inhibitor. We also identified a putative microRNA (miRNA) binding site in a
portion of the 3'UTR that was found to be absent from ABCG2 mRNA isolated from a
number of drug-selected cell lines, suggesting that a putative miRNA binds at this site and
can suppress expression of ABCG2 [46].

Cytokines and growth factors have also been reported to alter the expression of the ABCG2
gene. When ABCG2 positive side population cells were isolated from MCF-7 cells and
treated with transforming growth factor-beta, Yin and colleagues reported a decrease in
ABCG2 gene expression [47]. Treatment of primary term trophoblasts with tumor necrosis
factor-alpha or interleukin 1 beta decreased mRNA and protein expression of ABCG2, while
treatment with insulin-like growth factor Il increased expression [48]. Further studies are
warranted to accurately characterize the mechanisms controlling ABGC2 expression.

4. PROTEIN STRUCTURE

ABCG2 is a 72-kDa protein composed of 665 amino acids. It has an N-terminal ATP-
binding domain (NBF) and a C-terminal transmembrane domain (TMD), a structure half the
size and in reverse configuration to most other ABC proteins comprising two NBFs and two
TMDs. Since ABCG2 is a half-transporter, it is believed to dimerize, or possibly
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oligomerize in order to function, since transfection of Sf9 insect cells with human ABCG2
results in a functional protein [49] and coimmunoprecipitation experiments have supported
this theory as well [50, 51]. This is in contrast to other members of the G subfamily of
transporter, ABCG5 and ABCG8, which heterodimerize to form a functional transporter
[52].

Relatively little is known with certainty about the structure of ABCG2. The transmembrane
domain of ABCG2 (residues 361 to 655) is predicted to have six transmembrane segments
and an extracellular loop between segments five and six. Of the three putative N-linked
glycosylation sites, only asparagine 596 in the extracellular loop was shown to be
glycosylated, but this did not appear to be critical for proper localization or function [53].
Also in the extracellular loop is cysteine 603, which was reported to form a symmetrical
intermolecular disulfide bond in the homodimer, but was not found to be essential for
localization or function. Cysteines 592 and 608 are also in the extracellular loop and
reportedly form intramolecular bonds and appear to impact the ability of the protein to
traffic and transport properly if mutated [54]. A GXXXG motif, shown to be involved in the
dimerization of other membrane proteins such as glycophorin A [55], was found in the
ABCG2 protein (residues 406 to 410) and subsequent mutation of the glycines to leucines
resulted in impaired function but not expression of ABCG2 [56]. We reported that mutation
of glycine 553 in a conserved region in transmembrane segment 5 to a leucine or glutamic
acid caused impaired trafficking of the protein [57]. Xu and colleagues also reported that a
region between the fifth and sixth transmembrane segments, residues 528 to 655, may be
responsible for homooligomerization of the protein [58]. Work by McDevitt and colleagues
suggests ABCG2 forms a tetrameric structure made up of four homodimer complexes [59].
It is hoped that insights into the structure of ABCG2 will translate into a better
understanding of the function of the protein, yielding potent and specific inhibitors.

It is interesting to note that several studies have reported that the protein kinase AKT is
involved in regulating surface expression of the ABCG2 protein. Mogi and colleagues were
the first to report that Akt1-deficient mice displayed a reduced number of cells in the side-
population [60], a distinct population of Abcg2-positive hematopoietic stem cells that
become visible when bone marrow cells are incubated with the DNA dye Hoechst 33342.
When side-population cells from normal mice were incubated with the phosphotidylinositol
3-kinase inhibitor LY 294002, Abcg2 was translocated from the plasma membrane to the
cytoplasm, although total protein expression did not appear to be affected [60]. When bone
marrow cells were transfected with Aktl, an increase in the number of cells in the side
population was observed [60]. Takada et al subsequently reported that, in ABCG2-
transfected LLC-PK1 polarized kidney cells, the phosphotidylinositol 3-kinase inhibitors
LY294002 and wortmanin both caused a shift of ABCG2 expression from the apical
membrane to the intracellular space and that the shift correlated with the phosphorylation
state of Akt [61]. The exact mechanism by which Akt controls surface expression of
ABCG2 has yet to be elucidated.

5. TISSUE LOCALIZATION AND PREDICTED FUNCTION

With the discovery of ABCG2 came lines of inquiry to determine the location, expression
and possible physiologic role of ABCG2. By northern blot analysis, Doyle et al reported
high levels of ABCG2 expression in placenta, as well as lower levels in the brain, prostate,
small intestine, testis, ovary and liver [21]. ABCG2 expression was absent in the heart, lung,
skeletal muscle, kidney, pancreas, spleen, thymus and peripheral blood leukocytes [21]. We
also found high levels of ABCG?2 in the central nervous system, liver, adrenal gland,
placenta, prostate, testes, and uterus as well as lower levels in the small and large intestine,
stomach, lung, kidney, and pancreas as determined by northern blot [62].
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Maliepaard et al examined ABCG2 expression by immunohistochemistry using the BXP-21
and BXP-34 antibodies and reported high levels in the placenta, specifically in the
syncytiotrophoblasts [63]. High expression was identified in the colon, as well as tissue from
the small intestine, biliary caniliculi, breast, venous endothelium and capillaries [64]. Using
a polyclonal rabbit anti-ABCG2 antibody (87405) as well as the monoclonal 5D3 antibody,
we noted high expression in the syncytiotrophoblasts of the placenta, alveolar pneumocytes
of the lung, sebaceous glands, small and large intestine, bile caniliculi and blood vessels as
well as the endothelium of the nervous system [62]. Figure 1 shows immunohistochemical
data localizing ABCG?2 to the zona reticularis of the adrenal gland (Figure 2A), the proximal
tubule of the kidney (Figure 2B), Sertoli/Leydig cells of the testis (Figure 2C),
syncytiotrophoblasts of the placenta (Figure 2D) and alveolar pneumocytes of the lung
(Figure 2E). Many of the cells that stained positively for ABCG2 were found to have a
secretory role, suggesting ABCG2 may have a role beyond xenobiotic protection in these
cells. The location and level of expression of ABCG2 lends clues to determining its likely
role in normal physiology. Further research into the likely role of ABCG?2 in specific tissues
is described below.

Given its high expression in the placenta in the syncitiotrophoblasts of the chorionic villus,
ABCG?2 is believed to protect the developing fetus from the possible transmission of toxins
as well as remove toxins from the fetal space. Jonker and colleagues were the first to
demonstrate the ability of ABCG2 to protect the fetus. When Abcb1/2-deficient, pregnant
mice were administered topotecan along with the ABCG2 inhibitor elacridar (GF120918),
fetal plasma levels of topotecan were twice as high as those measured in maternal plasma,
supporting the theory that ABCG2 protects the developing fetus from possible toxins in the
maternal space [65]. Similarly, Zhang et al reported that, after IV administration of the
ABCG?2 substrate nitrofurantoin, the fetal concentration of nitrofurantoin was 5-fold higher
in Abcg2-deficient pregnant mice compared to wild-type mice pregnant mice [66]. Several
reports have also demonstrated that ABCG2 serves to limit fetal penetration of the
antidiabetic drug, glyburide [67-70].

The data showing transport from the fetal to the maternal space are compelling. In placental
perfusion studies in the rat, Staud and colleagues demonstrated transport of cimetidine from
the fetal to maternal space, against a concentration gradient [71]. Myllynen et al reported
similar results in perfused human placenta, demonstrating that ABCG2 mediated transfer
of 14C-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) from the fetal to maternal
space could be decreased with the addition of the ABCG2 inhibitor Ko143 [72]. Both
studies suggested that ABCG2 serves to remove potential toxins from the fetal space.

5.2 Brain and Blood-Brain Barrier

ABC transporters, such as Pgp, have previously been shown to form part of the blood-brain
barrier [8], leading to studies seeking to determine the contribution of ABCG2 in limiting
brain penetration of substrate compounds. Cooray and colleagues reported ABCG2 to be
localized to the the microvessel endothelium of the brain [73]. Immunohistochemical
analysis revealed that rat ABCG2 is expressed on the luminal side of rat brain capillaries,
suggestive of brain-to-blood transport [74]. Additionally, ABCG2 was found to be more
highly expressed in porcine brain endothelium than ABCB1 or ABCC1 based on mRNA
analysis [75]. This was also found to be true for human brain vessels [76]. Similarly,
Cisternino et al reported an almost 700-fold higher level of Abcg2 mRNA in wild-type
mouse brain capillaries compared to the cortex [77]. They also noted a 3-fold higher level of
Abcg2 mRNA in the capillaries of Abcb1/2-deficient mice compared to wild-type mice [77],
suggesting that Abcg2 might compensate for the loss of Pgp at the blood-brain barrier.
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Mounting evidence suggests ABCG2 restricts brain penetration of substrate compounds.
Breedveld and colleagues demonstrated that inhibition of both Pgp and ABCG2 resulted in
the highest brain penetration of imatinib in mice [78], a finding confirmed in a later study
using mice in which both Pgp and ABCG2 genes were deleted [79]. Bihorel et al showed
that brain uptake of the imatinib metabolite, CGP74588, was 1.5 times higher in Abcg2-
deficient mice compared to wild-type mice [80], and that coadministration of the dual Pgp
and ABCG?2 inhibitor elacridar with imatinib increased brain penetration of imatinib in wild-
type mice [81]. This latter study implies that inhibition of both ABCG2 and P-gp provided
the greatest brain penetration of imatinib. Brain penetration of topotecan was also found to
be 3.7-fold higher in Mdrla/b/Abcg2-deficient mice compared to wild-type mice [82].

The importance of ABCG2 for brain penetration of any given substrate will depend upon the
relevance of other constituents of the blood brain barrier. As noted above, both P-gp and
ABCG2 contribute to the blood brain barrier for imatinib and topotecan. Thus, deletion or
inhibition of ABCG2 alone will have a reduced effect in the presence of P-gp. Similarly,
deletion or inhibition of ABCG2 alone will have a reduced effect for an ABCG2 substrate
for which the tight junctions in the blood brain barrier are very important. Thus, the
determination of which ABCG2 substrates are limited predominantly by ABCG2 will be a
painstaking process and almost require study compound by compound. From the P-gp
literature we have the early example of ivermectin, where P-gp knockout alone provoked a
87-fold increase in ivermectin accumulation, suggesting that there was minimal contribution
from brain barrier elements other than P-gp [83]. Most other substrates tested demonstrated
much less impact of P-gp alone. Pronounced blood brain barrier effects like that observed
for P-gp and ivermectin have not yet been reported for any ABCG2 substrate. Perhaps the
most pronounced effect for ABCG2 to date was noted in the research of Enokizono et al.,
who showed a 9.2-fold increase in brain penetration of genistein in Abcg2—/— mice
compared to wild-type [84].

5.3 Mammary gland

5.4 Testis

In contrast to the proposed protective role in the placenta outlined above, several surprising
studies demonstrated that ABCG2 in the mammary gland served to concentrate toxins into
breast milk. Jonker and colleagues reported that ABCG2 expression was upregulated in the
lactating mammary glands of mice, cows and humans, and reported higher levels of the
ABCG?2 substrates topotecan and 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP)
in the milk of lactating mice compared to Abcg2-deficient mice [85]. Similarly, ABCG2 has
been shown to concentrate dietary carcinogens [86] as well as the antibiotics nitrofurantonin
[87], ciprofloxacin [88], and enrofloxacin [89] in animal milk. Subsequently, van
Herwaarden and colleagues shed some light on the possible normal physiological role of
ABCG?2 in the lactating breast, demonstrating that ABCG2 secretes the B vitamin riboflavin,
required for the metabolism of fats, into milk [90]. Interestingly, ABCG2 has been liked to
alterations in fat and protein content in milk as well as milk production in dairy cattle [91,
92].

ABCG2 may serve to protect germinal stem cells from genotoxic mutagens, as high levels of
ABCG2 have been reported in the interstitial cells of the normal testis as well as in Sertoli/
Leydig cells [62]. Bart and colleagues have also reported high ABCG2 expression levels in
myoid cells and cells of the luminal capillary endothelial wall of the normal testis [93].
Enokizono et al found that tissue/plasma ratios in the testis were higher in Abcg2-deficient
mice compared to wild type for the ABCG2 substrates PhIP, N-hydroxyl PhIP, MelQX,
dantrolene, and prazosin, confirming a protective role for ABCG2 expression in the testis
[94].
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5.5 Gastrointestinal tract

5.6 Kidney

Initial studies of ABCG2 expression revealed high levels of the transporter in the intestine.
Specific examination of ABCG2 expression along the human gastrointestinal tract (GI)
showed that levels of ABCG2 were highest in the duodenum, and then decreased along the
Gl tract from terminal ileum, ascending colon, transverse colon, descending colon, sigmoid
colon to the rectum, where the lowest levels of ABCG2 were found [95]. The expression of
ABCG?2 in the Gl tract suggested that it plays a role in limiting the oral absorption of
substrates.

Jonker and colleagues were the first to confirm this role, noting more than 6-fold higher
plasma levels of topotecan in Abcb1/2-deficient mice when topotecan was administered in
the presence of the ABCG?2 inhibitor elacridar compared to drug administered in the absence
of the inhibitor [65]. Similarly, oral administration of topotecan to Abcb1/2-deficient mice
in the presence of the inhibitor Ko143 resulted in a 4-6 fold increase in plasma topotecan
levels compared to levels in the absence of Ko143 [96]. Marchetti and colleagues also found
that ABC transporters affected oral absorption of elotinib, reporting that oral bioavailability
of the drug increased from 40% in wild-type mice to 60.4% in Mdrla/Mdrlb/Abcg2-
deficient mice [97]. Intestinal uptake of antibiotics [87, 88]; quercetin [98]; the glycoprotein
antagonist ME3229 [99]; the CDK inhibitor JNJ-7706621 [100]; sulfasalazine [101] and
dietary carcinogens such as PhIP and aflatoxin B1 [86, 102] was increased in Abcg2—/—
mice compared to wild-type mice, providing strong evidence for the role of ABCG2 in oral
drug absorption.

The importance of ABCG2 in determining the overall bioavailability of a substrate drug can
be very complex. The contribution of ABCG2 would be expected to be greater when an oral
route of administration is used. However, this is not always the case, as in a recent report
examining the pharmacokinetics of oral and IV administration of imatinib [79]. Unlike an
earlier report [78], this study demonstrated no increase in CNS uptake in Abcg2-deficient
mice following an oral dose of imatinib. One possible explanation for this failure was the
high dose of oral imatinib administered (100 mg/kg) compared to the 1V dose of (12.5 mg/
kg). Since imatinib, like any substrate, can inhibit the transporter at high concentrations, the
high oral dose may have limited the ability of the wild type transporter to reduce CNS
accumulation in this study.

In the kidney, we localized ABCG2 to the cortical tubule [62], and subsequent studies have
reported expression at the proximal tubule brush border membrane [103], suggesting the
potential involvement of ABCG2 in renal drug excretion. In support of this theory, impaired
renal excretion of 6-hydroxy-5,7-dimethyl-2-methylamino-4-(3-pyridylmethyl)
benzothiazole sulfate [104], and edaravone sulfate [105] was noted in Abcg2—/— mice
compared to wild-type mice.

5.7 Liver and biliary tract

Maliepaard and colleagues reported expression of ABCG?2 in the liver canalicular membrane
[63] and we also noted ABCG2 staining in hepatocytes [62]. Similarly, ABCG2 expression
has been reported in the bile ducts, reactive bile ductules and blood vessel endothelium of
human liver [106]. ABCG2 was also found in the luminal membrane of gall bladder
epithelial cells [107]. Merino and colleagues found that biliary excretion of the antibiotic
nitrofurantoin was nearly absent in Abcg2-deficient mice compared to wild-type animals
[87] and Hirano and colleagues reported that biliary excretion of pitavistatin in Abcg2-
deficient mice was once-tenth that of wild-type mice [108]. The role of ABCG2 in the
biliary excretion of the fluorogquinolone antibiotics ciprofloxacin, grepafloxacin, ofloxacin,
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ulifloxacin in a mouse model was demonstrated as well [109]. Abcg2 has also been shown
to play a role in the biliary transport of 4-methylumbelliferyl sulfate in a rat model [110], as
well as acetaminophen sulfate and harmol sulfate in a mouse model [111]. Abcg2 was found
to be responsible for the biliary excretion of troglitazone sulfate, the major metabolite of the
antidiabetic drug troglitazone, in a mouse model [112]. Thus, ABCG2 may also play a role
in the biliary excretion of drug, xenobiotic or endogenous compound conjugates.

5.8 Hematopoietic stem cells

While using the dye Hoechst 33342 to stain mouse bone marrow cells, Goodell and
colleagues noted that a distinct subpopulation of cells, side-population or “SP” cells,
accumulated less dye and were enriched for their ability to reconstitute bone marrow in
irradiated mice [113]. While it was initially suggested that a transporter might be associated
with this low accumulation of Hoechst 33342 [113], it was not until the work of Zhou that it
was made clear that Abcg2 was responsible for the SP in mouse bone marrow [114].
Scharenberg and colleagues subsequently demonstrated ABCG2 to be responsible for the SP
in human bone marrow as well [115]. The ABCG2 protein does not appear to be necessary
for normal hematopoiesis, as Abcg2-deficient mice are viable with normal numbers of stem
cells when detected by other surface markers, despite the complete absence of SP cells
[116]. It has been postulated that ABCG2 may play a protective role for stem cells, as
studies by Zhou and colleagues demonstrated that stem cells derived from Abcg2-deficient
mice were more sensitive to the chemotherapy agent mitoxantrone [117].

6. SUBSTRATES AND INHIBITORS

The list of substrates and inhibitors of ABCG2 has been steadily expanding since its
discovery. The first reported substrates of ABCG2 were predominantly chemotherapy
agents, due to its initial discovery in drug-resistant cells. Mitoxantrone transport is the
hallmark of cells expressing ABCG2, but other chemotherapeutic substrates include
flavopiridol; the camptothecins 9-aminocamptothecin, topotecan, irinotecan and its active
metabolite SN-38; the indolocarbazoles J-107088, NB-506, compound A and UCN-01;
antifolates such as methotrexate; porphyrins such as 2-(1-hexyloxethyl)-2-
devinylpyropheophorbide a (HPPH), pyropheophorbide a methyl ester and chlorin e6; and
the tyrosine kinase inhibitors imatinib, gefitinib, and erlotinib [118]. If the amino acid at
position 482 is mutated, mitoxantrone transport is more efficient and ABCG2 can
additionally transport rhodamine 123 and anthracyclines such as doxorubicin and bisantrene
[119-122]. Several other substrate classes have been described including antivirals, HMG-
CoA reductase inhibitors, carcinogens, and flavonoids [118]. A partial list of non-
chemotherapy substrates is provided in Table 1.

Fumitremorgin C was the first ABCG2 inhibitor described and was reported even before the
ABCG2 gene had been cloned [123]. Some of the first inhibitors reported were also
inhibitors of P-gp or MRP1 such as cyclosporine a [124], elacridar (GF120918) [125],
tariquidar (XR-9576) [126] and biricodar (VX-710) [127]. Additional classes of inhibitors
include pyridines and dihydropyridines such as nimodipene and nicardipene; tyrosine kinase
inhibitors (TKIs) such as imatinib, nilotinib and erlotinib; flavonoids such as quercetin,
gensitein, chrysin and tectochrysin; taxane derivatives and as well as bisindolylmaleimides
and indolcarbazole kinase inhibitors [118]. No doubt the list of substrates and inhibitors will
continue to grow.

The number of different substrates and inhibitors that have been described to date is
remarkable. And yet, no clear structure-function relationship has been identified that can
explain the definitive requirements for a substrate or for an inhibitor. Perhaps the most
interesting and intensively studied groups of interacting compounds are the TKIs. A number
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continue in clinical development and several have been approved for specific indications. In
many cases it has been difficult to determine whether or not the compound is a substrate for
transport by ABCG2 (or by P-glycoprotein). The first TKI to be approved, imatinib for
CML, has been the subject of several papers examining its interaction with ABCG2 or with
P-gp. Several investigators report that imatinib is an inhibitor of one or both transporters in
in vitro studies [128-131]; but reports differ greatly on whether or not imatinib is a substrate
for transport [129, 132-134]. This may be due to the conditions of the transport assay. In the
case of ABCG2, incubating ABCG2 positive cells in high concentrations (1 uM or greater)
of imatinib appeared to mask transport that was observed at lower levels of imatinib [135],
suggesting that imatinib has a high affinity for ABCG2. As shown in Figure 3, when
ABCG2- or ABCB1-transfected HEK293 cells are incubated in 200 nM radiolabeled
imatinib, intracellular imatinib concentrations are significantly lower compared to
transfected cells incubated in the presence of the inhibitors tariquidar or fumitremorgin C,
respectively. Our results support the idea that imatinib is indeed a substrate for both P-gp
and ABCG2.

Although the compounds interact with the ATP binding pocket of the tyrosine kinases, they
do not appear to bind at the ATP site of ABCG2 or Pgp [136]. Instead, imatinib, as with
other TKIs, is able to prevent IAAP binding [136], indicating that the compound interacts
with ABCG?2 at the drug binding site.Such studies have served to prove that most of the
TKIs are able to inhibit ABCG2 and Pgp. Because ABCG2 inhibitory activity of the TKls
manifests at concentrations that cause cell growth inhibition, convincing data showing that a
TKI is a substrate has been more difficult to obtain without radiolabeled drug. In vivo
studies in mice lacking the murine orthologue of ABCG2 or P-gp have provided definitive
evidence that imatinib is a substrate for transport by both proteins [78-80]. In vivo studies
have also confirmed that other TKIs such as erlotinib are substrates based on altered drug
pharmokinetics when either or both orthologues are deleted [97].

7. SINGLE NUCLEOTIDE POLYMORPHISMS

Over 80 naturally occurring sequence variations have been reported in the ABCG2 gene
[137]. Of these, the nonsynonymous Q141K single nucleotide polymorphism (SNP) has
been studied most extensively. The Q141K SNP has been linked to decreased plasma
membrane expression of ABCG2, decreased drug transport or reduced ATPase activity
[138-141]. Some small studies have shown that the Q141K SNP alters the pharmacokinetics
of chemotherapeutic agents such as topotecan, diflomotecan, and 9-aminocamptothecin
[142-144]. This variant is found with low frequency in people of African-American (2-5%),
Europeans (11-14%), Hispanic (10%) or Middle Eastern (13%) descent, but is found in high
levels in people of Chinese (35%) or Japanese (35%) descent [145]. Thus, the Q141K SNP
may lead to higher drug toxicity in some patient populations. Rudin and colleagues recently
reported that diplotypes of two linked polymorphisms in the ABCG2 gene were associated
with higher AUC and Cy« Of erlotinib [146]. This will need to be confirmed in a larger
cohort of patients but their observation does highlight the point that definitive studies of
ABCG2 variants require large patient data sets and analysis of haplotypes as well as
individual polymorphisms.

8. ABCG2 EXPRESSION IN CANCER

Since ABCG2 expression in cancer cells has been shown to confer a drug-resistant
phenotype, considerable study has been devoted to determining the role of ABCG2 in drug
resistance in cancer. One of the earliest studies suggested that ABCG2 may play a role in
drug resistance in leukemia [147]; however, this has proved a point of controversy, as some
studies have shown that ABCG2 expression has an effect on outcome or survival, while
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others have not [148]. Still, some large scale studies have demonstrated that ABCG2 does
play a role in drug resistance in leukemia [149, 150].

In solid tumors, data are lacking. Diestra et al studied ABCG2 expression in paraffin-
embedded tumor samples with the BXP-21 antibody and reported frequent expression in
tumors of the digestive tract, endometrium, lung and melanoma [64]. Breast cancer has been
most extensively studied, with most reports concluding that ABCG2 expression is generally
low in the disease [148]. Clearly, larger studies are needed before the contribution of
ABCG?2 to drug resistance in cancer can accurately be determined.

9. CONCLUSION

ABCG2 was discovered a decade ago and has been studied in laboratories around the globe,
yielding a welth of knowledge akin to that gathered for P-gp. While the preceding 20 years
of work with P-gp set the stage for rapid basic science discoveries about ABCG2, it also
brought a certain “baggage” that has shaped our translational studies in ABCG2. When P-
glycoprotein was discovered, our understanding of the cell was relatively primitive.
Membrane proteins signaled to the nucleus without dozens of interlocking intermediaries. P-
glycoprotein, it was thought, was going to be the definitive mechanism of drug resistance —
far outweighing glutathione conjugation as a mechanism of cellular protection. We worried
whether we should prevent drug resistance rather than reverse drug resistance. At a time
when clinical trials were largely about how best to combine different cytotoxic drugs, the
idea that we could target P-glycoprotein was welcome news. This led to a flurry of drug
resistance reversal trials that we have since labeled the first generation trials. These trials
used drugs that were easily adapted for use in the clinic based on approved medical
indications and were determined to be P-gp inhibitors in the laboratory. These drugs were
not particularly potent P-gp inhibitors and the non-randomized, home-run nature of the trial
design meant that it was never clear whether the observed responses were due to inhibition
of P-gp-mediated resistance or not. As second and third generation P-gp inhibitors were
developed, many of them were found to inhibit cytochrome P450 and impair drug clearance
[151]. This prompted decreases in drug dosing to prevent excess toxicity, thus undermining
any benefit that would be obtained from having a drug efflux inhibitor. Because good
antibodies weren’t -- and still aren’t — available for diagnostics, patients weren’t selected for
studies based on tumor expression of P-gp. Ultimately, all the trials failed to prove the P-gp
hypothesis. In many ways, these studies foreshadowed many trials over the last decade in
which targeted therapies have been used without selection of patients for target expression in
the cancer. These trials also came of age at a time when we still expected major clinical
benefit and before the notion of treating cancer as a chronic disease and incremental benefit
in clinical trials had become well accepted. Altogether, these forces led to the indelible
conclusion that the P-gp hypothesis was no longer of interest and that drug resistance
reversal could not be achieved by this means.

This was the enviroment in which ABCG2 was discovered. While ABCG2 is overexpressed
in drug resistant cell lines and is apparently as effective a transporter as P-gp in terms of its
ability to transport drug against a concentration gradient, clinical trials attempting to exploit
ABCG?2 as a therpauetic target have not come to fruition. Instead of developing ABCG2 as a
clinical target, we and others have added exponentially to the list of compounds known to be
substrates and inhibitors through basic science studies. We have studied protein structure,
function, and gene regulation. This unwillingness to look at cancer drug resistance has
meant that, almost 40 years since the discovery of P-gp and 10 years since the discovery of
ABCG2, we still do not know in which cancers these transporters are important.
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It was interesting for those laboring in this field to observe the intense interest in ABCG2
that spiked after expression was discovered in stem cells in both normal tissue and
malignant settings. The notion that any expression of ABCG2 was indicative of a stem cell
population was eventually dispelled and ABCG2 became just another stem cell marker. It is
likely that, as for P-gp, ABCG?2 is expressed in cancers as part of their differentiated
phenotype, so discriminating the putative stem cell from the more differentiated counterpart
will require other markers.

At this writing, it seems that field of pharmacology will lead the charge in translating
ABCG?2 to the clinic. The evaluation of polymorphic variants is being intensely pursued.
Since ABCG2 plays an important role in normal tissue protection, the existence of variants
that would provide more or less normal tissue protection will be very important in terms of
carcinogenesis, toxicology, and pharmacology. However, we must be cautious and not
repeat mistakes of the past by designing overly simplistic experiments in the hope that one
gene or one polymorphism will really matter. Extensive use of this type of study runs the
risk that random associations and publication bias will result in more confusion than light.
Rather, it is likely that genes combine to create increased risk. This is probably also true for
drug resistance. Genome-wide associate studies, currently under investigation for cancer risk
[152], should also be carried out for identifying modifiers of drug resistance risk.

Some groups have suggested that SNPs in the ABCB1 gene that have been linked to
impaired protein function are predictors of response to chemotherapy [153-155]. The
Q141K SNP offers the possibility to do similar studies with ABCG2. As noted, this SNP has
been associated with gefitinib toxicity [156]. Might it also be associated with increased
gefitinib efficacy? In such an example, it may be hard to differentiate between somewhat
higher drug exposure levels and increased tumor exposure. Then, pharmacogenetics and
drug resistance research has to some extent merged. Imatinib resistance in chronic
myelogenous leukemia offers a pertinent example. Numerous reports have appeared
demonstrating that imatinib resistance is due to mutations in the ATP binding site of BCR-
ABL. While some such as T315l1 undoubtedly confer high levels of drug resistance, there are
other mutations that confer much lower levels [157] and might not even be clinically
relevant. Picard et al noted that imatinib trough levels correlated with the efficacy of
therapy. Of 68 patients examined, 56 who achieved complete cytogenetic response were
found to have higher trough imatinib lavels than those patients who did not and a plasma
threshold of 1002 ng/ml or higher was found to strongly associate with major molecular
response [158]. Consistent with this is another report that increasing the imatinib dose
improves responses in some patients [159]. These data suggest that exposure to imatinib is
important in determining the depth and duration of response. The unknown in this is whether
P-gp or ABCG2 expression could be influencing the exposure to imatinib in the patient, and
locally, in the cancer cell.

These examples highlight the fact that we are still a long way from being able to exploit our
knowledge of ABCG2 in the clinic. It is good that the failed first generation P-gp studies
limited enthusiasm for repeating such study designs for ABCG2. However, it is not good
that the subsequent disappointments have so thoroughly limited translational studies. Until
we can apply our considerable knowledge of ABCG2 in the clinical setting, we will never be
able to determine whether ABCG2 is a major limiting factor in the outcome of cancer
chemotherapy.
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A. B. ABCG2

Figure 1.

Evolutionary analysis of ABCG2. A) Full length sequences of all full-length mammalian
genes, chicken and ABCGL1 were aligned used to build a phylogenetic tree using the
Minimal Evolution method. Numbers represent the percent of bootstraps supporting that
node. B) The domains of the ABCG2 protein are shown to scale along with the percent
identity of each domain. Inter, inter-domain region; 1=TM domain and loop 1.
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Figure 2.
Expression of ABCG2 in normal tissues. Formalin-fixed, paraffin embedded tissue sections

were stained with the polyclonal anti-ABCG2 antibody 87405. Hematoxylin and 3,3'-
diaminobenzidene counterstain. Tissues shown are the adrenal gland (A), kidney (B), testis
(C), placenta (D), and lung (E).
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Figure 3.

ABC transporter expression decreases intracellular imatinib accumulation. ABCG2-and
ABCB1-transfected HEK 293 cells were incubated for 2 with 0.2 uM 4C-imatinib in the
presence (balck bars) or absence (grey bars) of 10 uM FTC or 200 nM tariquidar,
respectively. Inhibition of transporter activity significantly increased intracellular imatinib
concentration as measured by liquid scintillation counting compared to cells incubated in the
absence of inhibitor.
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Selected non-chemotherapy substrates of ABCG2

Antivirals:

Zidovudine (AZT)

Lamivudine

Abacavir

HMG-CoA reductase inhibitors:

Rosuvastatin

Pitavastatin

Cerivastatin

Carcinogens:

Aflatoxin B1
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP)
2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MelQx)
2-amino-3-methylimidazo[4,5-f]quinoline(1Q)
3-amino-1,4-dimethyl-5H-pyrido[4,3-b]indole (Trp-P-1)
Antibiotics:

Ciprofloxacin

Ofloxacin

Norfloxacin

Erythromycin

Nitrofurantoin

Calcium Channel Blockers:

Azidopine

Dipyridamole

Nitrendipene

Other compounds:

Sulfasalazine

Cimetidine

Riboflavin

Vitamin K3

Glyburide

d-Luciferin
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