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Abstract Purpose: Breast cancer resistance protein
(BCRP) confers resistance against topoisomerase I
inhibitors in cancer cells. Very recently, we reported that
gefitinib reverses BCRP-mediated drug resistance by di-
rect inhibition. However, it remains undetermined how
much BCRP contributes to the resistance to topoisom-
erase I inhibitors in non-small cell lung cancer (NSCLC).
The present study was designed to examine whether
BCRP levels in NSCLC cells are correlated with the
resistance to topoisomerase I inhibitors and the reversal
effect by gefitinib. Methods: BCRP levels and its function
were evaluated by Western blotting and flowcytometry,
respectively. Gefitinib-insensitive NSCLC cells expressed
various levels of BCRP, which were closely correlated
not only with the ICsy values of SN-38 (r=0.874,
P <0.05) and those of topotecan (r=0.968, P<0.001),
but also with the reversal effects of 1 uM gefitinib on SN-
38 resistance (r=0.956, P<0.001) and topotecan resis-
tance (r=0.977, P=0.0001). Results: BCRP levels
accounted for between 80 and 90% of the variation in the
resistance to topoisomerase I inhibitors and the reversal
effects by gefitinib. Also, gefitinib increased intracellular
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topotecan accumulation in proportion to the BCRP
levels. Conclusions: These findings suggest that BCRP is
the most important molecule responsible for topoisom-
erase I inhibitor resistance, and that the development of
BCRP inhibitors is an effective approach for overcoming
this resistance. In addition, the examination of BCRP
levels in NSCLC tissues may identify an optimal patient
population for treatment with topoisomerase I inhibitors
alone or in combination with BCRP inhibitors.
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Abbreviations ABC: ATP-binding cassette - NSCLC:
Non-small cell lung cancer - BCRP: Breast cancer
resistance protein - EGFR: Epidermal growth factor
receptor - SN-38: 7-Ethyl-10-hydroxycamptothecin (the
active metabolite of irinotecan) - MRP: Multidrug
resistance protein

Introduction

The overexpression of the ATP-binding cassette (ABC)
transporter proteins protects cells from cytotoxic drugs
due to drug efflux, and is a major mechanism responsible
for multidrug-resistance [3]. Breast cancer resistance
protein (BCRP) of the ABC half-transporter was pre-
viously isolated from adriamycin-resistant MCF-7
breast cancer cells [6], and its overexpression was found
to promote resistance to topoisomerase I inhibitors
including SN-38, an active metabolite of irinotecan, in
vitro [13, 18, 20]. The development of BCRP inhibitors is
an important strategy in overcoming resistance to to-
poisomerase I inhibitors on chemotherapy. Recently, we
as well as other groups showed that gefitinib, a tyrosine
kinase inhibitor of the epidermal growth factor receptor
(EGFR), inhibits BCRP and helps to overcome the



resistance to topoisomerase I inhibitors in vitro [19, 30]
Thus, gefitinib is probably a promising BCRP inhibitor.

Irinotecan, a topoisomerase I inhibitor, is clinically
effective against non-small cell lung cancer (NSCLC) [17],
but this response is not observed in all patients with
NSCLC. Previously, we found that BCRP mRNA is ex-
pressed in 22% of resected chemotherapy-naive NSCLC
tissues [14]. BCRP expression may be an important factor
involved in the resistance to topoisomerase I inhibitors in
NSCLC. However, it remains undetermined how much
BCRP contributes to the resistance to topoisomerase I
inhibitors in NSCLC. The present study was designed to
examine whether BCRP expression levels are correlated
with the resistance to topoisomerase I inhibitors and help
to overcome the resistance induced by gefitinib in
NSCLC cells. Here, we report that BCRP levels account
for between 80 and 90% of the variation of the resistance
to topoisomerase I inhibitors and reversal effects by gef-
itinib in NSCLC cell panels.

Materials and methods
Cell lines and chemicals

Drug-unselected NSCLC cells of the cell lines H23, H358,
H441, H460, H522, and H1299 were obtained from the
American Type Culture Collection (Rockville, MD,
USA), and PC-6 cells without BCRP expression of a
small cell lung cancer (SCLC) cell line were kindly pro-
vided by Dr. Akiko Tohgo of Daiichi Pharmaceutical Co.
(Tokyo, Japan) [12]. BCRP-overexpressing PC-6/SN2—
5H cells were selected by continuous exposure to SN-38
as previously reported [13], and showed cross-resistance
to topotecan and mitoxantrone [14]. All cells were cul-
tured at 37°C in RPMI 1640 medium (Gibco BRL, Gland
Island, NY) supplemented with 10% FCS and r-gluta-
mine in a humidified atmosphere of 5% CO,. Gefitinib
was kindly provided by AstraZeneca Co. (Macclesfield,
UK), and SN-38 was obtained from Yakult Honsha, Co.
(Tokyo). Topotecan and vanadate were purchased from
LKT Laboratories, Inc. (St. Paul, MN, USA) and Sigma
Chemical Co. (Tokyo), respectively.

Drug sensitivity assay

The sensitivities of the cells to anticancer drugs were
determined using a tetrazolium dye assay as previously
described [27]. The anti-proliferative effects of the drugs
were evaluated by determining the 50% cell growth
inhibition values (ICsg), and the reversal effects of drug
resistance caused by gefitinib were calculated as (ICs, in
the absence of gefitinib)/(ICsq in the presence of gefitinib).

Reverse transcription-PCR of EGFR mRNA

Total RNA from cultured cells was extracted using the
guanidium—isothiocyanate method (ISOGEN, Nippon-
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gene, Tokyo) and was reverse-transcribed using a ran-
dom hexamer according to the manufacturer’s protocol
(THERMOSCRIPT™ RT-PCR System, Invitrogen
Corp., Carlsbad, CA, USA). The PCR primer sets were
as follows: EGFR, forward 5-CTCACGCAGTTGGG-
CACTTT-3" and reverse 5-TCATGGGCAGCTCCT-
TCAGT-3’ for a 261-bp product; and GAPDH, forward
5-GTAAGGTCGGAGTCAACGGATTT-3 and re-
verse  5-CATGTGGGCCATGAGGTCCACCAC-¥
for a 983-bp product. The reaction conditions were 30
cycles at 94C for 60 s, 60C for 30 s, and 72C for 30 s for
EGFR. The PCR products were separated by 1% aga-
rose gel electrophoresis and then visualized by ethidium
bromide staining as previously reported [27].

Western blot analysis of BCRP

Whole cell proteins were separated on 7.5% SDS-poly-
acrylamide gel, and then electro-transferred to PVDF
membranes. Using BXP-21 (Kamiya Co., Seattle, WA,
USA) of anti-human BCRP antibody (1:500) and the
enhanced Chemiluminescence detection system (Amer-
sham Co., Bucks, United Kingdom), immunoblotting
was performed as previously described [13]. The density
of each band was measured using a densitometer, and
the relative BCRP expression levels were calculated as
(density of the band for a sample)/(density of the band
for PC-6/SN2-5H as a positive control).

Measurement of BCRP-ATPase activity

Membrane BCRP-ATPase activity was measured by
colorimetric assay as previously described with several
modifications [24, 25]. Human BCRP-expressing mem-
brane was refined from PC-6/SN2-5H cells. The ATPase
activity was estimated by measuring the difference in
inorganic phosphate liberation between the absence and
presence of 500 uM vanadate. Membrane protein sus-
pensions of 2 ug were incubated at 37°C in medium
containing 50 mM Tris—Mes (pH 6.8), 50 mM KCI,
2 mM dithiothreitol, 2 mM EGTA and 5 mM Na-azide.
The ATPase reaction was started by the addition of Mg-
ATP, and stopped by the addition of 5% trichloroacetic
acid. The liberated inorganic phosphate was measured at
a wavelength of 620 nm in a Biotrak (Amersham Bio-
science).

Flowcytometric detection of topotecan-efflux function

Flowcytometric analysis was performed as previously
described [14, 19, 27]. Cultured cells at 2x10°/ml were
exposed to 30 uM topotecan for 15 min at 37°C with or
without 10 uM gefitinib, and were then washed twice in
ice-cold PBS. The fluorescence of topotecan was then
analyzed with a FACscan flowcytometer (Becton Dick-
inson, Mountain View, CA, USA). Topotecan-derived
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fluorescence of 10,000 events was measured through a
488 nm bandpass filter at an excitation wavelength of
585 nm, and the accumulation after incubation for
15 min was expressed in fluorescence units. In all fluo-
rescence assays, parallel samples were stored on ice to
control for non-specific binding of the drugs to plasma
membranes, and cells without topotecan were included
as a control for autofluorescence.

Statistical analysis

The data were presented as means + standard devia-
tion. Dose-response relationship was evaluated by
Spearman correlation analysis. Correlations between
BCRP levels and drug sensitivity were analyzed by linear
regression, and a coefficient of determination (+°) was
used to assess the contribution of BCRP levels to the
variability in drug sensitivity. A two-tailed P <0.05 was
considered to indicate significance. The data were ana-
lyzed using StatView software Version 5.0 (SAS Institute
Inc., Cary, NC, USA).

Results
Expression of BCRP in NSCLC cells

Various protein levels of BCRP were expressed in H460,
H441, H358, H23 cells, but not in H1299 and H522 cells
(Fig. 1). Another transporter of MDRI mRNA was not
detected in NSCLC cells used in this study (data not
shown), as previously reported [14]. In contrast, NSCLC
cells expressed EGFR mRNA (data not shown); how-
ever, ICsq values of gefitinib were more than 18 uM, and
the NSCLC cells used here were gefitinib-insensitive.

Correlations between BCRP levels and resistance to
topoisomerase I inhibitors

Non-small cell lung cancer cells showed various ICs,
values for SN-38, topotecan and gefitinib (Table 1). The
BCRP expression levels in NSCLC cells were closely
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Fig. 1 Western blot analysis of BCRP in SCLC cell lines (PC-6 and
PC-6/SN2-5H) and NSCLC cell lines (H460, H441, H358, H23,
H1299, and H522). BCRP migrated to approximately 70 kDa
position (arrow). The relative BCRP expression levels of PC-6/
SN2-5H, PC-6, H460, H441, H358, H23, H1299, and H522 cells
were 1, 0, 0.50, 0.28, 0.14, 0.05, 0, and 0, respectively

Table 1 Sensitivity to topoisomerase I inhibitors and gefitinib in
NSCLC cells

TPT (nM) SN-38 (nM) Gefitinib (uM)
H460 598 +25.2 908 +14.2 25.3+3.41
H441 189+5.14 56.8 +4.62 18.8+0.48
H358 106 +1.73 4.84+0.32 33.3+0.72
H23 21.940.59 3.89+0.17 31.0£1.10
H1299 9.58 +0.60 2.69+0.46 23.5+0.88
H522 8.87+0.43 3.66+0.49 20.5+0.32

The data represent the means + standard deviation of ICsq values

correlated with the ICsy values of SN-38 (r=0.874,
?=0.764, P<0.05) and those of topotecan (r=0.968,
r*=0.937, P<0.001) as shown in Fig. 2. Accordingly,
these levels accounted for 76.4 and 93.7% of the variation
in the resistance to SN-38 and topotecan, respectively.

Correlations between BCRP levels and the reversal
effects of gefitinib

Gefitinib is an inhibitor of BCRP, and non-toxic doses,
including the clinically achievable plasma concentration
of 1 uM, overcame the drug resistance to SN-38 and to-
potecan in a dose-dependent manner (Fig. 3). BCRP
levels were closely correlated with the reversal effects of
gefitinib on SN-38 resistance (1 pM: r=0.956, *=0.914,
P<0.001; 10 pM: r=0.959, r*=0.92, P<0.001; Fig. 4)
and topotecan resistance (1 pM: r=0.977, r*=0.955,
P=0.0001; 10 uM: r=0.977, r*=0.955, P=0.0001;
Fig. 5). As well as predicting the resistance to topoisom-
erase I inhibitors, the BCRP levels accounted for 91.4 and
95.5% of the variation of the reversal effects of 1 uM
gefitinib on the resistance to these drugs, respectively.

The effects of gefitinib on the BCRP function

First, we confirmed whether gefitinib directly interacts
with BCRP using a highly BCRP-expressing membrane
refined from PC-6/SN2-5H cells. Gefitinib increased the
ATPase activity in the membrane system in a dose-
dependent manner (P <0.05) as shown in Fig. 6. Next, we
examined whether gefitinib inhibits the function of BCRP
as an efflux transporter, using a topotecan flowcytometric
assay. Gefitinib increased topotecan accumulation in
BCRP-expressing NSCLC cells, whereas accumulation
was not observed in H522 cells not BCRP-expressing
(Fig. 7a). BCRP levels were also correlated with the
reversal of the topotecan fluorescence shift by gefitinib
(r=0.976, *=0.953, P=0.0001; Fig. 7b), as well as the
reversal effects of resistance to topoisomerase [ inhibitors.

Discussion

The present study found that the resistance to topo-
isomerase I inhibitors in NSCLC cells was mainly



Fig. 2 Correlations between
BCRP expression and ICs,
values of SN-38 and topotecan
in NSCLC cell lines determined
by linear regression analysis
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Fig. 3 Reverse resistance to
SN-38 and topotecan by
gefitinib. 1Cso values of SN-38
and topotecan in the absence
(white) or presence of 1 pM
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10 uM (black) gefitinib in
NSCLC cells. The ICs, values
are relative to those in the
absence of gefitinib

1.25

o
3

a -
1 1

Relative IC,, value
o
[¢)]
1

0.25 A

SN-38 + Gefitinib

T 1 T T T T
100 0 20 40 60 80

T T

40 60 80 100

BCRP expression level

Topotecan + Gefitinib
1.25

T

o

3

a -
1 1

Relative IC,, value
o
o
1

0.25 4

H460

Fig. 4 Correlations between
BCRP expression levels and the
reversal effects of 1 pM gefitinib

on drug resistance to SN-38 and 6
topotecan in NSCLC cell lines

determined by linear regression

analysis. The reversal effects of 4

gefitinib were calculated as
(ICsq in the absence of
gefitinib)/(ICsy in the presence
of gefitinib)

Reversal of drug resistance
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implicated in BCRP, and that gefitinib reversed BCRP-
mediated drug resistance in proportion to the BCRP
expression levels in NSCLC cells. The examination of
BCRP levels in cancer tissues could lead to the
improvement of chemotherapies for patients with
NSCLC.

Drug transporters confer drug resistance in lung
cancer. Among the ABC transporters, BCRP is involved
in drug resistance against mitoxantrone, SN-38, and
topotecan in cell lines selected with topoisomerase I
inhibitors or transfectant cells [1]. Previously we

BCRP expression level

40 60 80 100
BCRP expression level

20 40 60 80 100 0

reported that the levels of BCRP mRNA expression in
NSCLC cell lines were significantly correlated with
BCRP function, and that 22% of untreated NSCLC
tissues expressed functional levels of BCRP mRNA
levels, but not examined at the protein levels [14]. Then,
the present study found that the protein levels of BCRP
accounted for between 80 and 90% of the resistance to
topoisomerase I inhibitors in NSCLC cells. Topoisom-
erase | inhibitors are key drugs in the treatment of
NSCLC [7, 17, 22]. Also, it is reported that BCRP
appears to be a predictor of survival in patients with
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Fig. 5 Correlations between
BCRP expression levels and the
reversal effects of 10 uM

gefitinib on drug resistance to 61
SN-38 and topotecan in

NSCLC cell lines determined by

linear regression analysis. The 4

reversal effects of gefitinib were
calculated as described in Fig. 4
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Fig. 6 ATPase activity of the BCRP-expressing membrane refined
from PC-6/SN2-5H induced by gefitinib (untreated control, white;
1 uM, shadow; 5 UM, black)

advanced NSCLC [31]. Therefore, BCRP might be the
most important target for overcoming drug resistance to
topoisomerase I inhibitors in NSCLC.

Gefitinib, an EGFR tyrosine kinase inhibitor, has
clinical antitumor activity which is expressed through
signal transduction pathways downstream of mutant
EGFR in patients with NSCLC [8, 21]. The combination
of gefitinib with topoisomerase I inhibitors has syner-
gistic antitumor effects both in vitro and in vivo [16, 28].
The present study is the first report demonstrating that
gefitinib exhibited reversal effects on the topoisomerase |
inhibitors in drug-unselected NSCLC cells, as well as
SCLC as we reported previously [19]. In addition, the
protein levels of BCRP accounted for between 80 and
90% of the reversal effects of gefitinib in NSCLC cells.
To date, several potent BCRP inhibitors have been
reported such as novobiocin, GF120918, and fumitre-
morgin C [5, 26, 27]. Among these, gefitinib is clinically
available and reverses the resistance to topoisomerase |
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inhibitors at clinically achievable concentrations. Thus,
gefitinib may be a promising BCRP inhibitor.

Our previous study using the membrane vesicle assay
revealed that gefitinib inhibits the transport of the
topoisomerase I inhibitor into the vesicles, and that
gefitinib is not transported into the vesicles [19]. The
kinetic parameters in the vesicle study showed that gef-
itinib reverses BCRP-mediated drug resistance by direct
inhibition other than competitive inhibition as a BCRP
substrate [19]. Other tyrosine kinase inhibitors such as
imatinib are also reported to inhibit the function of
BCRP [9]. In addition, we have recently demonstrated
that gefitinib inhibits the function of p-glycoprotein/
MDRI1, another ABC transporter [15]. Gefitinib in-
creases ATPase activity of pure MDRI1-expressing
membrane [15], indicating that the inhibition of trans-
porter function is not due to the suppression of ATP
hydrolysis. Tyrosine kinase inhibitors may have novel
effects on the function of ABC transporters, and further
biochemical studies including tridimensional structure of
the transporters are required.

In the present study, however, the protein levels of
BCRP could not completely explain the resistance to
topoisomerase I inhibitors. Other mechanisms respon-
sible for the resistance to topoisomerase I inhibitors may
exist, such as 5’-diphosphoglucuronosyltransferase
(UGT), single nucleotide polymorphisms (SNPs) in the
BCRP gene or other ABC transporters. UGT is related
to the metabolism and resistance of SN-38 [4, 23, 29],
and that UGTI1AI genotypes might be clinically useful
for predicting severe toxicity in cancer patients receiving
irinotecan [2]. Also, SNPs in the BCRP gene are asso-
ciated with the drug resistance of topoisomerase I
inhibitors [10]. Although some investigators reported
that p-glycoprotein/MDRI1 confers resistance to topo-
isomerase I inhibitors [11], MDRI mRNA was not
detected in NSCLC cells examined in the present study.
However, the existence of transporters other than
p-glycoprotein/MDR1 and BCRP cannot be excluded.

Our findings suggest that BCRP is the most important
molecule responsible for topoisomerase 1 inhibitors
resistance and that the development of BCRP inhibitors is
the most effective approach in overcoming these drugs
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Fig. 7 a Intracellular topotecan accumulation in NSCLC cells in
the presence (thick line) or absence (shadow) of 10 uM gefitinib.
The blank (thin line) represents fluorescence without exposure to
topotecan. b Correlations between BCRP expression levels and the
reversal effects of 10 pM gefitinib on intracellular topotecan

resistance. In addition, the examination of BCRP levels in
NSCLC tissues may clarify an optimal patient population
for the treatment with topoisomerase I inhibitors alone or
in combination with BCRP inhibitors, such as gefitinib.

References

1. Allen JD, Schinkel AH (2002) Multidrug resistance and phar-
macological protection mediated by the breast cancer resistance
protein (BCRP/ABCG?2). Mol Cancer Ther 1:427-34

2. Ando Y, Saka H, Ando M, Sawa T, Muro K, Ueoka H, Yo-
koyama A, Saitoh S, Shimokata K, Hasegawa Y (2000) Poly-
morphisms of UDP-glucuronosyltransferase gene and irinotecan
toxicity: a pharmacogenetic analysis. Cancer Res 60:6921-6926

3. Borst P, Elferink RO (2002) Mammalian ABC transporters in
health and disease. Annu Rev Biochem 71:537-592

4. Cummings J, Zelcer N, Allen JD, Yao D, Boyd G, Maliepaard
M, Friedberg TH, Smyth JF, Jodrell DI (2004) Glucuronida-
tion as a mechanism of intrinsic drug resistance in colon cancer
cells: contribution of drug transport proteins. Biochem Phar-
macol 67:31-39

5. De Bruin M, Miyake K, Litman T, Robey R, Bates SE (1999)
Reversal of resistance by GF120918 in cell lines expressing the
ABC half-transporter, MXR. Cancer Lett 146:117-126

6. Doyle LA, Yang W, Abruzzo LV, Krogmann T, Gao Y, Rishi
AK, Ross DD (1998) A multidrug resistance transporter from
human MCF-7 breast cancer cells. Proc Natl Acad Sci USA
95:15665-15670

7. Fukuda M, Oka M, Soda H, Terashi K, Kawabata S, Nak-
atomi K, Takatani H, Tsurutani J, Tsukamoto K, Noguchi Y,
Fukuda M, Kinoshita A et al (1999) Phase I study of irinotecan
combined with carboplatin in previously untreated solid can-
cers. Clin Cancer Res 5:3963-3969

accumulation in NSCLC cell lines determined by linear regression
analysis. The topotecan fluorescence shift in each cell line was
calculated as (the mean fluorescence with gefitinib) — (the mean
fluorescence without gefitinib)

8. Herbst RS (2002) ZD1839: targeting the epidermal growth
factor receptor in cancer therapy. Expert Opin Investig Drugs
11:837-849

9. Houghton PJ, Germain GS, Harwood FC, Schuetz JD, Stewart
CF, Buchdunger E, Traxler P (2004) Imatinib mesylate is a
potent inhibitor of the ABCG2 (BCRP) transporter and re-
verses resistance to topotecan and SN-38 in vitro. Cancer Res
64:2333-2337

10. Imai Y, Nakane M, Kage K, Tsukahara S, Ishikawa E, Tsuruo
T, Miki Y, Sugimoto Y (2002) C421A polymorphism in the
human breast cancer resistance protein gene is associated with
low expression of Q141K protein and low-level drug resistance.
Mol Cancer Ther 1:611-616

11. Iyer L, Ramirez J, Shepard DR, Bingham CM, Hossfeld DK,
Ratain MJ, Mayer U (2002) Biliary transport of irinotecan and
metabolites in normal and P-glycoprotein-deficient mice.
Cancer Chemother Pharmacol 49:336-341

12. Joto N, Ishii M, Kuga H, Mitsui I, Tohgo A (1997) DX-8951f,
a water-soluble camptothecin analog, exhibits potent antitumor
activity against a human lung cancer cell line and its SN-38-
resistant variant. Int J Cancer 72:680-686

13. Kawabata S, Oka M, Shiozawa K, Tsukamoto K, Nakatomi
K, Soda H, Fukuda M, Ikegami Y, Sugahara K, Yamada Y,
Kamihira S, Doyle LA et al (2001) Breast cancer resistance
protein directly confers SN-38 resistance of lung cancer cells.
Biochem Biophys Res Commun 280:1216-1223

14. Kawabata S, Oka M, Soda H, Shiozawa K, Nakatomi K,
Tsurutani J, Nakamura Y, Doi S, Kitazaki T, Sugahara K,
Yamada Y, Kamihira S et al (2003) Expression and functional
analyses of breast cancer resistance protein in lung cancer. Clin
Cancer Res 9:3052-3057

15. Kitazaki T, Oka M, Nakamura Y, Tsurutani J, Doi S, Yasu-
naga M, Takemura M, Yabuuchi H, Soda H, Kohno S (2005)
Gefitinib, an EGFR tyrosine kinase inhibitor, directly inhibits
the function of P-glycoprotein in multidrug resistant cancer
cells. Lung Cancer 49:337-343



600

16.

17.

18.

19.

20.

21.

22.

23.

Koizumi F, Kanazawa F, Ueda Y, Koh Y, Tsukiyama S,
Taguchi F, Tamura T, Saijo N, Nishio K (2004) Synergistic
interaction between the EGFR tyrosine kinase inhibitior gefi-
tinib (“Iressa’”) and the DNA topoisomerase I inhibitor CPT-
11 (irinotecan) in human colorectal cancer cells. Int J Cancer
108:464—472

Kubota K, Nishiwaki Y, Ohashi Y, Saijo N, Ohe Y, Tamura T,
Negoro S, Ariyoshi Y, Nakagawa K, Fukuoka M (2004) The
Four-Arm Cooperative Study (FACS) for advanced non-small-
cell lung cancer (NSCLC). ASCO Annual Meeting Proceedings
(Post-Meeting Edition). J Clin Oncol 22:14S

Maliepaard M, van Gastelen MA, de Jong LA, Pluim D, van
Waardenburg RC, Ruevekamp-Helmers MC, Floot BG,
Schellens JH (1999) Overexpression of the BCRP/MXR/ABCP
gene in a topotecan-selected ovarian tumor cell line. Cancer
Res 59:4559-4563

Nakamura Y, Oka M, Soda H, Shiozawa K, Yoshikawa M,
Itoh A, Ikegami Y, Tsurutani J, Nakatomi K, Kitazaki T, Doi
S, Yoshida H et al (2005) Gefitinib (“Iressa”, ZD1839), an
epidermal growth factor receptor tyrosine kinase inhibitor,
reverses breast cancer resistance protein/ABCG2-mediated
drug resistance. Cancer Res 65:1541-1546

Nakatomi K, Yoshikawa M, Oka M, Ikegami Y, Hayasaka S,
Sano k, Shiozawa K, Kawabata S, Soda H, Tanabe S, Kohno S
(2001) Transport of 7-ethyl-10hydroxycamptothecin (SN-38)
by breast cancer resistance protein ABCG2 in human lung
cancer cells. Biochem Biophys Res Commun 288:827-832
Naruse I, Ohmori T, Ao Y, Fukumoto H, Kuroki T, Mori M,
Saijo N, Nishio K (2002) Antitumor activity of the selective
epidermal growth factor receptor-tyrosine kinase inhibitor
(EGFR-TKI) Iressa (ZD1839) in an EGFR-expressing multidrug-
resistant cell line in vitro and in vivo. Int J Cancer 98:310-315
Noda K, Nishiwaki Y, Kawahara M, Negoro S, Sugiura T,
Yokoyama A, Fukuoka M, Mori K, Watanabe K, Tamura T,
Yamamoto S, Saijo N (2002) Irinotecan plus cisplatin com-
pared with etoposide plus cisplatin for extensive small-cell lung
cancer. N Engl J Med 346:85-91

Oguri T, Takahashi T, Miyazaki M, Isobe T, Kohno N,
Mackenzie PI, Fujiwara Y (2004) UGT1A10 is responsible for

24.

25.

26.

27.

28.

29.

30.

31

SN-38 glucuronidation and its expression in human lung can-
cers. Anticancer Res 24:2893-2896

Ozvegy C, Litman T, Szakacs G, Nagy Z, Bates S, Varadi A,
Sarkadi B (2001) Functional characterization of the human
multidrug transporter, ABCG2, expressed in insect cells. Bio-
chem Biophys Res Commun 285:111-117

Ozvegy C, Varadi A, Sarkadi B (2002) Characterization of
drug transport, ATP hydrosis, and nucleotide trapping by the
human ABCG2 multidrug transporter: modulation of sub-
strate specificity by a point mutation. J Biol Chem 277:47890—
47990

Rabindran SK, Ross DD, Doyle LA, Yang W, Greenberger
LM (2000) Fumitremorgin C reverses multidrug resistance in
cells transfected with the breast cancer resistance protein.
Cancer Res 60:47-50

Shiozawa K, Oka M, Soda H, Yoshikawa M, Ikegami Y,
Tsurutani J, Nakatomi K, Nakamura Y, Doi S, Kitazaki T,
Mizuta Y, Murase K et al (2004) Reversal of breast cancer
resistance protein (BCRP/ABCG?2)-mediated drug resistance
by novobiocin, a coumermycin antibiotic. Int J Cancer
108:146-151

Stewart CF, Leggas M, Schuetz JD, Panetta JC, Peterson J,
Daw N, Jenkins JJ 3rd, Gilbertson R, Germain GS, Harwood
FC, Houghton PJ (2004) Gefitinib enhances the antitumor
activity and oral bioavailability of irinotecan in mice. Cancer
Res 20:7491-7499

Takahashi T, Fujiwara Y, Yamakido M, Katoh O, Watanabe
H, Mackenzie PI (1997) The role of glucuronidation in 7-ethyl-
10-hydroxycamptothecin resistance in vitro. Cancer Sci
88:1211-1217

Yanase K, Tsukahara S, Asada S, Ishikawa E, Imai Y, Su-
gimoto Y (2004) Gefitinib reverses breast cancer resistance
protein-mediated drug resistance. Mol Cancer Ther 9:1119—
1125

Yoh K, Ishi G, Yokose T, Minegami Y, Tsuta K, Goto K,
Nishiwaki Y, Kodama T, Suga M, Ochiai A (2004) Breast
cancer resistance protein impacts clinical outcome in platinum-
based chemotherapy for advanced non-small cell lung cancer.
Clin Cancer Res 10:1691-1697



	BCRP/ABCG2 levels account for the resistance to topoisomerase I inhibitors and reversal effects by gefitinib in non-small cell lung cancer
	Abstract
	Introduction
	Materials and methods
	Cell lines and chemicals
	Drug sensitivity assay
	Reverse transcription-PCR of EGFR mRNA
	Western blot analysis of BCRP
	Measurement of BCRP-ATPase activity
	Flowcytometric detection of topotecan-efflux function
	Statistical analysis
	Results
	Expression of BCRP in NSCLC cells
	Correlations between BCRP levels and resistance to topoisomerase I inhibitors
	Correlations between BCRP levels and the reversal �effects of gefitinib
	The effects of gefitinib on the BCRP function
	Discussion
	Fig1
	Tab1
	Fig2
	Fig3
	Fig4
	Fig5
	Fig6
	References
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	Fig7
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


