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Abstract

ABCG?2 is an important member of ATP-binding cassette (ABC) transporter shown to confer drug
resistance in cancer cells. Recent studies show that an epidermal growth factor receptor (EGFR)
tyrosine kinase inhibitor (TKI), gefitinib, is able to modulate the function of ABCG2 and reverse
ABCG2-mediated multidrug resistance (MDR) in cancer cells. Additionally, ABCG2 expression has
been shown to impact treatment treatment efficacy and development of side-effects in patients
receiving gefitinib. However, it is unclear whether other EGFR TKIs interact with ABCG2 in a
similar manner. In the present study, we have investigated the interaction of two other EGFR TKIs,
AG1478 and erlotinib, with ABCG2. Our data show that both AG1478 and erlotinib potently
sensitized drug-resistant cells overexpressing either wild type or mutated ABCG2 to the ABCG2
substrate anticancer drugs flavopiridol and mitoxantrone. Neither AG1478 nor erlotinib sensitized
ABCG2-overexpressing cells to drugs that are not substrates of ABCG2 nor did they impact drug
sensitivity of parental cells. Furthermore, AG1478 and erlotinib were able to significantly enhance
the intracellular accumulation of mitoxantrone in cells expressing either wild type or mutated
ABCG2. Additionally, they did not alter the protein expression of ABCG2 in the ABCG2-
overexpressing cells. Taken together, we conclude that AG1478 and erlotinib potently reverse
ABCG2-mediated MDR through directly inhibiting the drug efflux function of ABCG2 in the
ABCG2-overexpressing cells. These results will be useful in the development of novel and more
effective EGFR TKiIs as well as the development of combinational chemotherapeutic strategies.
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INTRODUCTION

ABCG2 (BCRP/MXR/ABCP) is arecently identified ATP-binding cassette (ABC) transporter
cloned from atypical multidrug-resistant MCF-7 human breast cancer cells selected with
doxorubicin and verapamil (MCF-7/AdrVp) that displayed an ATP-dependent reduction in the
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intracellular accumulation of anthracyclines despite the absence of overexpression of ABCB1
(P-glycoprotein/P-gp/MDR1) or ABCC1 (MRP1) (1). Unlike ABCB1 and ABCC1, ABCG2
is as a half-transporter which forms a homodimer or multimer for transport activity (2). The
spectrum of ABCG2 substrates is quite wide and includes anticancer drugs (anthracyclines,
mitoxantrone, camptothecins, methotrexate and flavopiridol, etc), nucleoside drugs
(lamivudine and zidovudine) as well as natural compounds flavonoids, porphyrins and sulfated
estrogens (3). The tissue distribution of ABCG2 is very extensive and there is considerable
overlap with that of ABCB1 with ABCG expression mainly located in the placenta, blood-
brain barrier, liver and intestinal tract (4). Additionally, ABCG2 was found to be the molecular
determinant of the SP or: side-population” phenotype in SP cells derived from bone marrow,
muscle, pancreas, brain and embryonic stem cells, and may play a role in maintaining
progenitor cells in an undifferentiated state by protecting them from exogenous and
endogenous toxins (5). In the clinic, the distribution of ABCG2 to MDR disease in patients is
still under study. Some groups have reported expression of ABCG2 in leukemia and some solid
tumors and ABCG2 has been linked to treatment efficacy in acute myelogenous leukemia
(AML). However, larger studies are still needed to elucidate the contribution of ABCG2 to
clinical drug resistance (6).

Theoretically, in disease where ABCG2 is overexpressed, inhibition of ABCG2 may be aviable
therapeutic strategy to cancer patients, as ABCG2 inhibition can result in increased intracellular
levels of anticancer drugs thereby increased cytotoxicity. In addition, the increased
bioavailability of ABCG2 substrate drugs in the abcg2 knockout mice suggests that inhibition
of ABCG2 function in vivo would increase systemic levels of anticancer drugs (7). Currently,
the development of ABCG?2 inhibitors is growing rapidly. The first reported inhibitor of
ABCG2 was Fumitremorgin C (FTC) (8), a diketopiperazine isolated from the fermentation
broth of Aspergillus fumigatus. Its clinical use has been limited by the neurotoxicity of FTC,
however, another specific ABCG2 inhibitor, the FTC analogue Ko143, appears nontoxic in
vitro at useful concentrations and displayed no signs of neurotoxicity in mice at high oral or
i.p. doses (9). Several ABCBL1 inhibitors have also been reported to inhibit ABCG2, such as
cyclosporin A (10), elacridar (GF120918) (11), tariquidar (XR9576) (12) and biricodar
(VX-710) (13). Interestingly, two novel target-directed small molecule anticancer clinical
drugs, the Ber-abl kinase inhibitor imatinib (ST1571/Gleevec) and the epidermal growth factor
(EGFR) tyrosine kinase inhibitor (TKI) gefitinib (Iressa/ZD1839), have been shown to inhibit
the function of ABCG2 (14-19). Despite the fact that many ABCG2 inhibitors have been
identified, none of them have been applied as a reversal agent in clinic.

In the present study, we investigated the effects of two EGFR TKIs, 4-(3-chloroanilino)-6,7-
dimethoxyquinazoline (AG1478) and erlotinib (Tarceva/OSI-744) on ABCG2-mediated MDR
in cancer cells. Our results show that both AG1478 and erlotinib are able to potently reverse
ABCG2-mediated MDR in ABCG2-overexpressing cells, and increase the intracellular

accumulation of mitoxantrone in these cells, but not affect the protein expression of ABCG2.

MATERIALS AND METHODS

Materials

[3H]-mitoxantrone (4 Ci/mmol) was purchased from Moravek Biochemicals Inc (Brea, CA,
USA). Anti-ABCG2 monoclonal antibody (BXP-34) was acquired from Signet Laboratories
Inc. (Dedham, MA, USA). Anti-actin monoclonal antibody (sc-8432) was obtained from Santa
Cruz Biotechnology Inc (Santa Cruz, CA, USA). AG1478 was purchased from A.G. Scientific,
Inc. (San Diego, CA, USA). Erlotinib was kindly provided by ISO Pharmaceuticals (Melville,
NY, USA). Fumitremorgin C (FTC) was synthesized by Thomas McCloud Developmental
Therapeutics Program, Natural Products Extraction Laboratory, NCI, NIH (Bethesda, MD,
USA). Other chemicals were purchased from Sigma Chemical Co (St. Louis, MO, USA).
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Cell Lines and Cell Culture

The wild-type ABCG?2 [arginine (R) at 482 position]-overexpressing drug-resistant breast
cancer cell line MCF-7/FLV1000 was maintained with 1000 nM of flavopiridol (20). The
mutated ABCG2 [arginine (R)—threonine (T) at amino acid 482 position]-overexpressing
drug-resistant breast cancer cell line MCF-7/AdVp3000 was maintained in the medium with
5 pg/ml of verapamil and 3000 ng/ml of doxorubicin (20). Another mutant ABCG2 [arginine
(R)—glycine (G) at amino acid 482 position]-overexpressing drug-resistant colon carcinoma
cell line, S1-M1-80, is cultivated in the medium with 80 uM of MX (20). The flavopiridol-
resistant cell line S1/FLV5000, which does not express ABCG2, was also generated from S1
colon cancer cells by increasing exposing concentrations of flavopiridol and is maintained in
the medium with 5000 nM of flavopiridol (Robert W. Robey and Susan E. Bates, unpublished
data). All the cell lines were grown as adherent monolayer in flasks with DMEM culture
medium (Hyclone Co., UT, USA) containing 10% bovine serum at 37°C in a humidified
atmosphere of 5 % CO».

Western Blot Analysis

The methods of cell lysates preparation and Western blotting for ABCG2 was described in our
previous study (21). The protein expression was quantified by Scion Image software (Scion
Co, USA) (22).

MTT Cytotoxicity Assay

Cells were harvested with trypsin and resuspended in medium to a final concentration of
7.5x104 cells/ml medium. Aliquot (160 pl) for each cell suspension were distributed evenly
into 96-well multiplates. For reversal experiments, different concentrations of
chemotherapeutic drugs (20 ul/well) were added into designated wells after AG1478, erlotinib
or FTC (20 ul/well) was added. After 68 hours, 20 ul of 3-(4,5-dimethylthiazol-2yl)-2,5-
diphenyl tetrazolium bromide (MTT) solution (4 mg/ml) was added to each well, and the plate
was further incubated for 4 hours, allowing viable cells to change the yellow MTT into dark-
blue formazan crystals. Subsequently the medium was discarded, and 100 pl of
dimethylsulfoxide (DMSO) were added into each well to dissolve the formazan crystals. The
absorbance in individual well was determined at 570 nm by an OPSYS microplate Reader from
DYNEX Technologies, Inc (Chantilly, VA, USA). The concentrations required to inhibit
growth by 50% (ICsq) were calculated from survival curves using the Bliss method (23).

Mitoxantrone Accumulation

To determine the effect of AG1478 and erlotinib on the intracellular accumulations of [3H]-
mitoxantrone confluent cells in 24-well plates were preincubated with or without the reversing
agents for 1 hour at 37°C. Cells were then incubated with 0.2 uM [3H]-mitoxantrone for 2
hours in the presence or absence of the reversing agents at 37°C. After washing three times
with ice-cold PBS, the cells were typsinized and lysed in 10 mM lysis buffer (pH 7.4, containing
1% Triton X-100 and 0.2% SDS). Each sample was placed in scintillation fluid and
radioactivity was measured in a Packard TRI-CARB® 1900CA liquid scintillation analyzer
from Packard Instrument Company, Inc (Downers Grove, IL, USA).

Statistical Analysis

All experiments were repeated at least 2-3 times and the significantly differences were
determined by using the Student’s t-test at p < 0.05.
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RESULTS

AG1478 and erlotinib sensitize ABCG2-overexpressing cells to chemotherapeutic drugs

AG1478 and erlotinib share the same structural quinazoline backbone with gefitinib (Fig 1),
and it has been shown that gefitinib is able to inhibit the function of ABCG2 and reverse
ABCG2-mediated MDR in vitro and in vivo (5,15,19,24,25). Whether AG1478 and erlotinib
have a similar effect as gefitinib on ABCG2 function is still unknown. To answer this question,
we examined the effect of AG1478 and erlotinib on the sensitivity of ABCG2-overexpressing
cancer cells to drugs that are substrates of ABCG2. Because mutations at amino-acid 482 of
ABCG2 could alter the substrate and antagonist specificity of ABCG2 (26,27), we examined
the potential impact of mutation at this site on the effects of AG1478 and erlotinib by
performing studies on cells overexpressing wild-type(R482) ABCG2-overexpressing MCF-7/
FLV1000, mutant ABCG2-overexpressing MCF-7/AdVp3000 (R482T) and S1-M1-80
(R482G). As shown in Fig 2A and 2B, ABCG2 was only overexpressed in MCF-7/FLV1000,
MCF-7/AdVp3000 and S1-M1-80, but not in the parental cells MCF-7 and S1 nor in the
flavopiridol-resistant subline S1/FLV5000. Surprisingly, when we examined the sensitivity of
all these cells to AG1478 and erlotinib, the results of MTT assay showed that AG1478 and
erlotinib did not affect the growth of these cells even at concentrations up to 50uM.. Next, we
examined whether AG1478 and erlotinib could sensitize the drug resistant cells to
chemotherapeutic drugs. As shown in Table 1, compared to parental MCF-7 cells, .MCF-7/
FLV1000 and MCF-7/AdVp3000 cells exhibited high levels of resistance to flavopiridol and
mitoxantrone, but not to cisplatin, which is not a substrate of ABCG2. Similarly, the ICsq values
for flavopiridol and mitoxantrone in S1-M1-80 were significantly higher than those in parental
S1 cells. Interestingly, S1/FLV5000 cells displayed high levels of resistance to flavopiridol
but relatively low levels of resistance to mitoxantrone and cisplatin. When cytotoxicity assays
were repeated in the presence of the TKls, AG1478 and erlotinib even at 2.5 uM was able to
decrease the ICgq values for flavopiridol and mitoxantrone in cells expressing wild-type or
mutant ABCG2. At a concentration of 10 uM, AG1478 and erlotinib further decreased ICgg
values for ABCG2 substrate drugs in the ABCG2-expressing cell lines down to levels that were
observed when cytotoxicity assays were performed in the presence of the known specific
ABCG2 inhibitor FTC at 2.5 uM. However, the ICsq values of these ABCG2 substarte drugs
showed no significant difference in the parental cells or the S1/FLV5000 cells in the presence
or absence of AG1478 or erlotinib. Furthermore, when the non-ABCG2 substrate drug cisplatin
was used, its ICsq values were not affected by either AG1478, erlotinib or FTC in any of the
cell lines. The data as a whole seem to suggest that the reversing effects of AG1478 and erlotinib
were almost equal on ABCG2-mediated MDR. The representative cell survival curves were
shown in Fig 3, and demonstrate that the survival curves in the presence of AG1478 or erlotinib
were remarkably shifted to left in the ABCG2-overexpressing cells. Based on the above results,
it appears that AG1478 and erlotinib specifically sensitize ABCG2 overexpressing cells to
chemotherapeutics drugs that are the substrates of ABCG2, however, they appear to be less
potent than FTC.

AG1478 and erlotinib increase the intracellular accumulation of [3H]-mitoxantrone in ABCG2
overexpressing cells

To investigate the mechanism by which AG1478 and erlotinib potentiate the sensitivity of
ABCG?2 overexpressing cells to chemotherapeutic drugs that are ABCG2 substrates, we
examined the effect of AG1478 and erlotinib on the accumulation of [3H]-mitoxantrone in the
cells. Intracellular accumulation of [3H]-mitoxantrone was measured in cells in the presence
or absence of AG1478 or erlotinib, and the results are shown in Fig 4. Intracellular
accumulation of [3H]-mitoxantrone in MCF-7/FL\V/1000 and MCF-7/AdVp3000 cells were
significantly less than that of parental MCF7 cells, and less mitoxantrone accumulation was
also observed in S1-M1-80 subline than in the parental S1 cells. Although exhibiting slight
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resistance to mitoxantrone, S1/FLV5000 cells had the similar intracellular [3H]-mitoxantrone
levels compared to S1 cells. In the presence of AG1478 or erlotinib, either at 2.5 uM or 10
uM, all ABCG2 overexpressing cell lines showed an increase in intracellular [3H]-
mitoxantrone levels, and this increase became more pronounced with increasing concentrations
of AG1478 or erlotinib. AG1478 and erlotinib both caused similar increase in intracellular
mitoxantrone levels at 10 uM, and the increase were slightly less than that observed with FTC
at 2.5 uM. In MCF7, S1 and S1/FLV5000 cells, neither AG1478 nor erlotinib affected
intracellular [3H]-mitoxantrone levels. Taken together, these data suggest that both AG1478
and erlotinib are able to directly inhibit the efflux function of ABCG2 resulting in the increase
of the intracellular accumulation of [3H]-mitoxantrone in the ABCG2 overexpressing cells.

AG1478 and erlotinib do not affect expression levels of ABCG2

Aside from directly inhibiting the pump activity of ABCG2, decreasing the expression level
of ABCG2 also can lead to the reversal of ABCG2-mediated MDR. To study the effect of
AG1478 and erlotinib on the ABCG2 protein expression, MCF-7/FLV1000 cells were treated
with AG1478 or erlotinib at 10 uM for 36 or 72 hours, then lysed with RIPA buffer and analysed
by Western blot. As shown in Fig 2B, the protein levels of ABCG2 in MCF-7/FIv1000 cells
were unchanged after treatment with 10 uM AG1478 or erlotinib for 36 and 72 hours. This
result suggests that AG1478 and erlotinib do not affect the levels of protein expression of
ABCG2 in the ABCG2-overexpressing cells.

DISCUSSION

Molecular targeting therapy for cancer treatment is a fast-growing research field in oncology
with considerable progress being made in understanding specific cellular, molecular and
genetic mechanisms that contribute to cancer growth and progression. One specific molecular
target of high promise in oncology is the EGFR pathway. EGFR is a key physiological regulator
of growth and differentiation of normal epithelial cells, but it is also involved in the
development and progression of cancers derived from these tissues (28,29). EGFR is often
overexpressed, dysregulated or mutated in many epithelial malignancies, and these abnormal
alterations of EGFR activate a series of intracellular signaling pathways and play a central role
in many of the processes involved in tumor growth and progression, such as proliferation,
angiogenesis, invasiveness, metastasis, decreased apoptosis, and loss of differentiation (28,
29). Consequently, EGFR has been proposed as a rational molecular target for anticaner
strategies. Currently, two predominant classes of anti-EGFR targeting agents have been
developed for use in the clinic including monoclonal antibodies such as cetuximab (Erbitux/
C225) that blocks the ligand binding to the extracellular domain of EGFR and prevents receptor
activation, and small molecule TKIs such as gefitinib and erlotinib that compete with ATP to
bind to the intracellular receptor catalytic domain of EGFR, (30,31). During the clinical
development of these compounds it becomes important to examine potential mechanisms of
resistance, leading to the hypothesis that these compounds may interact with ABC transporters.
In fact, several groups have reported on the interaction between ABCG2 and EGFR TKIs such
as C11033 (PD 183805) and gefitinib (4,5,18,19,24,25,32).

In this study, we characterized the interaction of two other EGFR TKIls, AG1478 and erlotinib
that have the same structural quinazoline backbone as gefitinib, with ABCG2. Our data show
that AG1478 and erlotinib potently sensitized drug-selected cells expressing wild-type or
mutant ABCG2 to the ABCG2 substrate anticancer drugs flavopiridol and mitoxantrone.
However, AG1478 and erlotinib did not sensitize cells to the non-ABCG2 substrates drug
cisplatin and have no effect on the sensitivity of the parental cells or the drug-resistant cells
that did not overexpress ABCG2. These data suggest that AG1478 and erlotinib could
effectively reverse ABCG2-mediated MDR, despite the fact that their potency was less than
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that of FTC. Furthermore, the results of drug accumulation study with [3H]mitoxantrone
showed that AG1478 and erlotinib significantly enhanced the intracellular accumulation of
mitoxantrone in cells expressing either wild-type or mutant ABCG2. Additionally, we
examined the effect of AG1478 and erlotinib on the ABCG2 expression levels in drug-resistant
cells and found that cells treated with 10 uM AG1478 or erlotinib for up to 72 hours displayed
no alteration in expression of ABCG2, despite a previous report showing that AG1478 could
abolish EGF-mediated increases of ABCG2 expression at both mRNA and protein levels
(33). Consequently, we infer that the mechanism by which AG1478 and erlotinib reverse
ABCG2-mediated MDR is by directly inhibiting its drug transport function. However, it should
be noted that we only examined the drug-selected resistant cells for this study where multiple
drug-resistance mechanisms can exist.. Thus, further experiments are needed to confirm the
effect of AG1478 and erlotinib on ABCG2-mediated MDR, possibly in a model system using
ABCG2 cDNA-transfected cells. Taking into account previous reports with other quinazoline
backbone EGFR TKIs, we can deduce that the interaction of these compounds with ABCG2
may be a class of effect. Hence, this interaction should be taken into consideration when
developing other novel quinazoline EGFR TKIs in the future.

On the basis of the insights obtained thus far, ABCG2 function may be relevant in two aspects
of cancer chemotherapy: (a) ABCG2 may be endogenously expressed in cancer cells and
therefore render these cancer cells resistant to chemotherapy; and (b) ABCG2 may be an
important factor in the pharmacology of substrate anticancer drugs, affecting their oral
bioavailability and plasma clearance (34). Although several reports have examined the
expression of ABCG2 in various tumor tissues in an attempt to determine the role of ABCG2
in clinical drug resistance, the definitive answer will not be reached until larger, more extensive
studies are carried out (6). The important role of ABCG2 in pharmacology suggests that the
interaction of EGFR TKIs with ABCG2 should be considered as EGFR TKIs are used in the
clinic. THis is especially true in normal tissues where ABCG2 is highly expressed such as the
Gl tract and brain microvasculature where inhibition of ABCG2 may alter the
pharmacokinetics of substrate compounds. Actually, it has reported that pretreatment of abcbl
(a/b)~/~ mice with gefitinib increased oral absorption and decreased systemic clearance of
topotecan (5). Coadministration of oral gefitinib with oral irinotecan in mice was shown to
increase the oral bioavailability of irinotecan (24). Gefitinib was also found to increase the
penetration of topotecan in mouse brain extracellular fluid suggesting that gefitinib inhibits
efflux transporters such as ABCG?2 at the blood-brain barrier (35).

Additionally, the disposition of EGFR TKIs may be affected by ABCG2 expression. Indeed,
one common single-nucleotide polymorphism of ABCG2 that has been shown to affect the
function of ABCG2, Q141K (421C—A), was reported to be associated with gefitinib-induced
diarrhea, resulting in a high risk of diarrhea in patients treated with oral gefitinib (36), and was
also found to be associated with greater accumulation at steady-state and toxicity of gefitinib
(37). Similar results may be observed for erlotinib since it has been found to be an ABCG2
substrate although additional studies are needed to verify this possibility.

In conclusion, the present study shows that AG1478 and erlotinib potently reverse ABCG2-
mediated MDR by directly inhibiting their drug efflux function, resulting in the increase of the
intracellular concentration of anticancer drugs in ABCG2 overexpressing cancer cells. Our
results may be useful to develop new and more effective EGFR TKIs as well as new
combinational chemotherapeutic strategies.
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MDR multidrug resistance
ABC ATP-binding cassette
ABCG2 also called BCRP (breast cancer resistance protein)/MXR (mitoxantrone
resistance protein)
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TKI tyrosine kinase inhibitor
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Figure 1.

The chemical structures of AG1478, erlotinib and gefitinib.
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Figure 2.

A: The expression of ABCG2 in drug-selected cells. Cell lysates were prepared as described
in “Materials and Methods”. Equal amounts (50 pg protein) of cell lysates were used for each
sample, subjected to SDS-PAGE and transferred to PVDF membranes. Membranes were
subsequently probed with the BXP-21 antibody as outlined in “Materials and Methods” B:
Effect of AG1478 and erlotinib on the expression of ABCG2 in MCF-7/FLV1000. MCF-7/
FLV1000 cells were treated with 10 uM AG1478 and erlotinib for 36 or 72 hours and cell
lysates were then prepared as in A. Equal amounts (50 pg protein) of total cell lysates were
used for each sample. All samples were separated by SDS-PAGE, and then transferred onto
PVDF membrane. The membranes were immunoblotted with primary antibodies against
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ABCG2 or actin at a 1:200 dilution at 4°C overnight, then incubated with HRP-conjugated
secondary antibody at a 1:1000 dilution at 4°C overnight. The protein-antibody complex was
detected by chemoluminescence. Results from a representative experiment are shown. Similar
results were obtained in two other independent experiments.
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Figure 3. AG1478 and erlotinib reverse ABCG2-mediated drug resistance in ABCG2-
overexpressing drug selected cells

Panels A, B, C: the survival curves of MCF-7 (closed squares), MCF-7/FLV1000 (closed
rhombi) and MCF-7/AdVp3000 (closed triangles) cells at the different concentrations of
flavopiridol, mitoxantrone, and cisplatin, and in the presence of AG1478 (gray symbols) or
erlotinib (open symbols) at 10 pM. Panels D, E, F: the survival curves of S1 (closed
squares), S1/FLV5000 (closed rhombi) and S1-M1-80 (closed triangles) cells at the different
concentrations of flavopiridol, mitoxantrone, and cisplatin, respectively, and in the presence
of AG1478 (gray symbols) or erlotinib (open symbols) at 10 pM. Cell survival was determined
by MTT assay as described in “Materials and Methods”. Data points are the means + SD of
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triplicate determinations. At least 3 independent xperiments were performed and a
representative experiment is shown.
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uM [3H]-mitoxantrone for another 2 hours at 37°C. Data points represent the means + SD of
triplicate determinations. * and ** represent p < 0.05 and p < 0.01 respectively, for values
versus those in the control group. At least 3 independent experiments were performed and a

The accumulation of [2H]-mitoxantrone (A, B) was measured after cells were pre-incubated
representative experiment is shown.

with or without AG1478, erlotinib or FTC for 1 hour at 37°C and then incubated with 0.02

Figure 4. Effect of AG1478 and erlotinib on the accumulation of [3H]-mitoxantrone
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