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Purpose. The purpose of this study was to investigate the contribution of drug transporters in acquired

imatinib-resistance. Specifically, we focused on the efflux transporters, P-glycoprotein (P-gp) and breast

cancer resistance protein (BCRP), and an influx transporter, organic cation transporter 1 (OCT1).

Materials and methods. We established imatinib-resistant K562 cells (K562/IM). Real-time PCR or

Western blot analyses were performed to examine the mRNA or protein levels. Alamar blue method

was used in the cytotoxicity assay. The transport activities and intracellular imatinib levels were

measured by flow cytometry and HPLC, respectively.

Results. K562/IM displayed a 47-fold increase in resistance to imatinib over the parent K562 cells. Both

P-gp and BCRP were overexpressed in K562/IM relative to K562. Furthermore, the intracellular

imatinib level was markedly reduced in K562/IM. Interestingly, cyclosporin A, a P-gp inhibitor, but not

fumitremorgin C, a BCRP inhibitor, restored both imatinib-sensitivity and the intracellular imatinib

level. By contrast, no significant difference in the expression and function of OCT1 was observed

between K562/IM and K562.

Conclusions. P-gp, rather than BCRP or OCT1, is partially responsible for the development of imatinib-

resistance due to constitutive and functional overexpression, leading to reduced intracellular

accumulation of imatinib in K562/IM.

KEY WORDS: breast cancer resistance protein; drug resistance; imatinib; organic cation transporter 1;
P-glycoprotein.

INTRODUCTION

Approximately 95% of chronic myelogenous leukemia
(CML) and about 25% of acute lymphoblastic leukemia
(ALL) patients are positive for the Philadelphia chromosome
(Ph), which results from a reciprocal translocation between
chromosomes 9 and 22 (1). This translocation results in the
formation of a fusion transcript (BCR-ABL protein) possess-
ing a constitutively activated tyrosine kinase domain, the
activity of which is crucial to the pathogenesis of Ph+ CML
and ALL (1). Imatinib selectively inhibits the tyrosine kinase
activity, and is successfully used for the treatment of BCR-

ABL-dependent CML and ALL as well as c-KIT-dependent
gastrointestinal stromal tumors (2). However, in advanced-
phase CML and Ph+ ALL, the response to imatinib may be
of a short duration. Therefore, the efficacy of the drug
declines with use in more advanced stages of the disease and
most patients treated with imatinib in accelerated or blast
phase have been reported to develop resistance (3–5).

Several different mechanisms for imatinib-resistance
have been proposed including amplification of the BCR-

ABL gene (6) and clonal evolution (7,8). However, the most
significant mechanism of imatinib-resistance involves BCR-
ABL gene mutations, which interfere with binding of
imatinib to the drug target (9,10). Consequently, alternative
BCR-ABL kinase inhibitors, such as PD166326 (11), nilotinib
(AMN107; 12) or dasatinib (BMS-354825; 13), have been
developed. However, not all leukemic samples from imatinib-
resistant patients displayed amplification and/or mutation of
BCR/ABL (14–16). Other mechanisms of resistance to
imatinib are thought to be related to pharmacokinetic factors
of drug disposition.

Recent papers have shown that imatinib is a substrate of
P-glycoprotein (P-gp; MDR1, ABCB1), a drug efflux trans-
porter commonly involved in multidrug resistance (14,17–22).
Thus, P-gp-mediated active transport of imatinib out of the
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target cells has been proposed as a process that prevents
imatinib from reaching its intracellular target, BCR-ABL.
Giles et al. (23) showed that P-gp expression in CML cells
was observed more frequently in patients with advanced
stage CML. Therefore these data suggest that P-gp could be a
potential candidate contributing to imatinib-resistance. Ad-
ditionally, recent studies indicate an interaction of imatinib
with breast cancer resistance protein (BCRP; ABCG2).
Imatinib acts as both substrate and inhibitor of BCRP (24).
Furthermore, BCRP appears to be involved in the bioavail-
ability, pharmacokinetics and disposition of imatinib, sug-
gesting that BCRP functions as an efflux transporter of
imatinib in vivo (25). However, it was recently shown that
imatinib directly inhibits BCRP-mediated transport without
being a competitive substrate (26,27). Thus, it is unclear
whether BCRP is responsible for imatinib efflux, and thereby
contributes to imatinib-resistance.

Cellular uptake of imatinib appears to be mediated by
human organic cation transporter 1 (OCT1; 28–30). A recent
clinical study conducted by Crossman et al. (29) reported that
the expression level of OCT1 mRNA prior to treatment with
imatinib in non-responders was only one eighth that seen in
responders. Elevated intracellular levels of imatinib should
therefore result in a better elimination of BCR-ABL positive
cells. This finding is supported by the clinical results of a
recent trial involving resistant CML patients. Kantarjian et al.
(31) reported that dose escalation of imatinib could overcome
resistance to standard-dose therapy in patients with CML.
Thus, intracellular levels of imatinib may be crucial even for
the treatment of resistant CML patients.

Thus, several independent lines of evidence suggest the
involvement of P-gp, BCRP and OCT1 in imatinib-resistance.
However, it is not known which of these transporters is the
most crucial for acquired resistance of CML cells to imatinib.
This question has been difficult to resolve, in part, because the
majority of previous studies used cell lines engineered to
overexpress a single transporter. To specifically address this
issue, we have established imatinib-resistant K562 (K562/IM)
cells, derived from human CML, by culturing parent K562
cells with gradually increasing concentrations of imatinib. We
then analyzed whether imatinib-resistance in K562/IM cells
can be attributed to the functional variation between P-gp,
BCRP and OCT1.

MATERIALS AND METHODS

Cells, Media and Reagents

BCRP cDNA-transfected K562 cells (K562/BCRP) and
vincristine-resistant K562 cells (K562/VCR) were kindly pro-
vided by Dr. Y. Sugimoto (Japan Foundation for Cancer
Research, Tokyo, Japan) and Dr. T. Tsuruo (University of
Tokyo, Tokyo, Japan), respectively. Imatinib-resistant K562
cells (K562/IM) were generated by culturing K562 cells in
media with gradually increasing concentrations of imatinib. The
start concentration of imatinib was 0.3 mM, which caused almost
50% inhibition of cell growth. The concentration of imatinib
was then increased in increments of 0.3 mM up to a maximum of
10 mM. K562, K562/VCR and K562/BCRP cell lines were
cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum under an atmosphere of 5% CO2–95% air at

37-C. K562/IM cells were cultured under the same conditions
in the presence of 5 mM imatinib. The drug was depleted from
the medium 3 days prior to all experimental procedures to
allow complete efflux of intracellular imatinib in K562/IM
cells. Imatinib and cyclosporin A (CsA) were a kind gift from
Novartis Pharma AG (Basel, Switzerland). Fumitremorgin C
(FTC) and pheophorbide A (PhA) were provided from Dr.
Robert W. Robey and Dr. Susan E. Bate (National Cancer
Institute, Betheda, MD). Amantadine and alamar blue were
purchased from Sigma-Aldrich (St. Louis, MO) and Alamar
Bioscience, Inc. (Sacramento, CA), respectively. All other
chemicals were of the highest purity available.

Cytotoxicity Assay

To quantify the cytotoxic effect of imatinib on cell growth,
alamar blue was used in a semiautomatic fluorescence method
(32). Alamar blue is nonfluorescent and is cleaved to a
fluorescent product by living cells. Because this activity is
dependent on cell viability, the amount of fluorescence is
directly correlated to the number of living cells. Cells were
harvested and plated at 5.0�104 cells/well in a volume of 50 ml
in 96-well plates. Fifty microliters of culture medium containing
the drug at the desired concentration was added, and the cells
were then cultured for 48 h under the conditions described
above. Ten microliters of alamar blue was added to each well,
which were then incubated under the same culture conditions
for an additional 4 h. Fluorescence was measured using a
fluorescence plate reader (Fluoroscan Ascent; Labsystem,
Helsinki, Finland) with excitation at 485 nm and emission at
528 nm. Relative cell viability (%) was expressed as a
percentage of the fluorescence observed using cells untreated
with imatinib. IC50 (inhibitory concentration at 50%), derived
from the dose response curve, was plotted against the
corresponding drug concentration and calculated from the
four-parameter logistic model using the following equation:

IC50 ¼ 10 f �ð Þ

f �ð Þ ¼ log A=Bð Þ � 50� Cð Þ= D� Cð Þ þ log Bð Þ

Two plot points which contain an inhibitory concentra-
tion at 50% were used. A is the concentration of drug that
exceeded the amount required to give 50% cell viability. B is
the concentration of drug lower than the amount required to
give 50% cell viability. C is cell viability (%) at B. D is cell
viability (%) at A.

Fluorescence in Situ Hybridization (FISH)

FISH analysis of fusion genes in K562 and K562/IM cells
was commissioned by SRL, Inc. (Tokyo, Japan). Briefly,
FISH analysis for rearranged BCR/ABL fusion gene was
performed using LSI BCR/ABL dual color DNA probe
(Vysis, Downers Grove, IL) to detect t(9;22)(q34;q11.2) in
interphase cells according to the manufacturer_s instructions.
The ABL probe consisted of two overlapping biotin labeled
cosmids that hybridize to 9q34. The MBCR probe consisted
of three overlapping digoxigenin-labeled cosmids that hy-
bridize to the MBCR at 22q11.2. The hybridization, washing
and analysis procedures have been described in a previous
report (33).
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Sequence of ABL Kinase Domain

The kinase domain of ABL was amplified by PCR. The
nested version was chosen using the forward primer, 5¶-
GGGAGGGTGACCATTACAGG-3¶, and the reverse prim-
er, 5¶ -TACTAGAGAAGGACTACCGCA-3¶, for the first
reaction, as well as the forward primer, 5¶ -GGGAGGGTG
TACCATTACAGG-3¶, and the reverse primer, 5¶ -ACAGG
GGACACCTACACAGC-3¶, for the second one. The muta-
tion was confirmed by DNA sequencing of the entire kinase
domain of the ABL coding region using an Applied Bio-
systems 3130 Genetic Analyzer (Foster City, CA).

mRNA Isolation and cDNA Synthesis

For mRNA extraction, MagNA Pure LC mRNA Isola-
tion Kit II (Roche Diagnostics, Tokyo, Japan) was used
according to the instruction manual. In this automated
process, the cell samples were dissolved in a buffer contain-
ing a chaotropic salt and an RNase inactivator. The samples
were homogenized with Lysing Matrix D (Qbiogene Inc.,
Carlsbad, CA) and FastPrep (Qbiogene Inc.) at an oscillation
speed 4.5 for 30 s. The 3¶-poly (A+) from the released mRNA
hybridizes to the added biotin-labeled oligo (dT). This
complex is immobilized onto the surface of streptavidin-
coated magnetic beads. After a DNase digestion step,
unbound substances were removed by several washing
steps, and purified mRNA was eluted (elution volume, 50 ml)
with a low-salt buffer. cDNA was synthesized by using High-
Capacity cDNA Archive Kit (Applied Biosystems Inc.).
Briefly, 50 ml of mRNA substrate, 10 ml of RT buffer, 4 ml of
dNTP mixture, 10 ml of RT random primers, 5 ml of MultiScribe
reverse transcriptase and 21 ml of nuclease-free water were used
for cDNA synthesis. After each reverse transcription, cDNA
was stored at j30-C.

Real-Time PCR

We performed a TaqMan quantitative real-time RT-PCR
using ABI PRISM 7900 sequence detection system (Applied
Biosystems Inc.) to determine the expression level of hMdr1a,
hABCG2, hOCT1 and hb-actin, by means of the standard
protocol described by the manufacturer. TaqMan hb-actin

control reagents, the primer sets and products of TaqMan Gene
Expression Assays were purchased from Applied Biosystems
Inc. as follows: hMdr1a, Hs00184491_m1; hABCG2,
Hs00184979_m1; hOCT1, Hs00231250_m1; and hb-actin,
4310881E.

Western Blots

K562, K562/VCR, K562/BCRP and K562/IM cells were
sonicated in a buffer comprising of 230 mM sucrose, 5 mM Tris-
HCl, pH 7.5, 2 mM EDTA, 0.1 mM phenylmethanesulfonyl
fluoride, 1 mg/ml leupeptin, and 1 mg/ml pepstatin A. The
homogenate is referred to as the whole fraction. To separate the
crude membrane fraction, the homogenate was centrifuged twice
at 3,000�g�15 min and the supernatant was further centrifuged
at 100,000�g�30 min. The resultant pellet is referred to as the
crude membrane fraction. After measurement of the protein
content using a BCA protein assay reagent (Pierce, Rockford,

IL), each sample was mixed in a loading buffer (2% SDS,
125 mM Tris-HCl, 20% glycerol, 5% 2-mercaptoethanol) and
heated at 100-C for 2 min. The samples were separated by 7.5%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto polyvinylidene difluoride
(PVDF) membranes (Immobilon-P; Millipore, Bedford, MA)
by semi-dry electroblotting. The blots were blocked overnight at
4-C with 2% ECL advance Blocking agents (Amersham
Biosciences Corp., Piscataway, NJ) in Tris-buffered saline
(TBS) containing 0.3% Tween 20 (TBS-T), and incubated for
1 h at room temperature with primary antibody specific for P-gp
(C219 monoclonal antibody, Signet Laboratories, Dedham,
MA), BCRP (BXP-21 monoclonal antibody, Alexis biochem-
icals, San Diego, CA), OCT1 (a gift for Prof. K. Inui, Kyoto
University, Kyoto, Japan), Na+/K+-ATPase a-1 subunit
(Upstate Biotechnology Inc., Lake Placid, NY), c-Abl and
BCR-Abl (Santa Cruz Biotechnology, Inc., CA), and b-actin
(Sigma Aldrich, Japan). The blots were washed with TBS-T and
incubated with the secondary antibody (horseradish peroxidase
linked antirabbit immunoglobulin F (ab)2 or horseradish
peroxidase linked antimouse immunoglobulin F(ab)2,
Amersham Biosciences Corp.) for 1 h at room temperature.
Immunoblots were visualized with an ECL system (ECL
Advance Western Blotting Detection Kit, Amersham
Biosciences Corp.). Na+/K+-ATPase a-1 subunit was used to
confirm equal loading of crude membrane preparation.

Flow Cytometry

The flow cytometry studies presented here are based on
those described previously (34). Briefly, suspended cells were
incubated in complete medium (RPMI with 10% FCS) with
1 mM rhodamine 123 (R123) with or without 10 mM CsA, a P-gp
inhibitor, for 30 min at 37-C in 5% CO2. Cells were then
washed with cold complete medium and incubated for 1 h at
37-C in R123-free complete medium containing 10 mM CsA to
generate the CsA /Efflux histogram, or without CsA to generate
the efflux histogram. The cells were washed twice with cold PBS
and analyzed by flow cytometry. P-gp mediated transport was
assessed using 1 mM R123 with imatinib (5, 10 and 50 mM).
When assessing BCRP transport, 10 mM PhA was used as a
substrate, and FTC (10 mM) was used as the inhibitor. BCRP
mediated transport was assessed using PhA (10 mM) with
imatinib (1, 5 and 10 mM). Results are representative of at least
three separate experiments. Samples were analyzed on a FACS
Calibur (Becton Dickinson, San Jose, CA). R123 was detected
with a 488 nm argon laser, whereas PhA was detected using a
635 nm red diode laser. At least 10,000 events were collected for
all of flow cytometry studies. Mean intensities of fluorescence
(MIF) were obtained from control experiments using R123 or
PhA alone incubated in each cell and normalized to 100%.

Intracellular Imatinib Accumulation

For single measurements, 1�107 cells were incubated in
5 ml RPMI containing 5 mM of imatinib with or without 5 mM
of CsA or 1 mM of amantadine. After an incubation time of
5 h at 37-C and 5% CO2, cells were centrifuged at 700�g, 4-C,
for 5 min. The resultant cell pellet was washed once in
phosphate-buffered saline (PBS) containing 1% bovine serum
albumin (BSA), centrifuged and the pellet washed twice with
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BSA-free ice-cold PBS. The cells were then lysed by
incubating in 300 ml of 50% methanol (HPLC mobile phase/
methanol=1/1) for 30 min. The resultant solution was
centrifuged at 10,000�g, 4-C for 10 min. The supernatant
was used for quantification of imatinib using the high
performance liquid chromatography (HPLC) method
described below (18). The pellet was added with 1N NaOH
to solubilize the cells. The protein content of the solubilized
cells was determined by the method of Bradford, using a Bio-
Rad Protein Assay kit (Bio-Rad, Hercules, CA) with bovine
g-globulin as a standard.

HPLC Analysis

The concentration of imatinib was determined using HPLC
(model LC-6A; Shimadzu, Kyoto, Japan). The HPLC analysis
was performed as described previously (18). The separation was
performed using a reversed-phase column (Lichrospher 100 RP-
18, 5-mm particle size, 250�4 mm i.d.) at 40-C. The mobile
phase was a 4:6:0.1 mixture of acetonitrile, water and 0.145 mM
phosphoric acid, which contained 2.3 g/l of 1-octanesulfonic acid
sodium salt. The flow rate was 1.0 ml/min. Imatinib was
detected by UV absorption at 267 nm.

Statistical Analysis

Data were analyzed statistically by analysis of two-way
factorial ANOVA with post hoc comparison by Fisher_s
PLSD and Student_s t test to evaluate the significance of
differences between groups. A p value of 0.05 or less was
considered significant.

RESULTS

Establishment of Imatinib-Resistant K562 Cells

Imatinib-resistant K562 (K562/IM) cells were established by
exposure of K562 cells to gradually increasing concentrations of
imatinib (up to 10 mM). In addition, we used P-gp-overexpressed
vincristin-resistant (K562/VCR) cells and BCRP-overexpressed
BCRP cDNA-transfected K562 (K562/BCRP) cells. To compare
the sensitivity of K562, K562/VCR, K562/BCRP and K562/IM
cells to imatinib, cell viability was assessed by the alamar blue
method. K562/IM cells were 46.7-fold as more resistant to
imatinib as the parent K562 cells (Table I). K562/VCR cells
showed a 4.4-fold increase in resistance to imatinib over K562
cells, whereas K562/BCRP cells showed comparable sensitivity
to K562 cells.

To exclude potential interference from BCR-ABL gene-
related abnormalities that cause imatinib-resistance in K562/IM
cells, we examined the BCR-ABL gene amplification by FISH,
BCR-ABL protein expression by Western blotting and ABL
kinase domain mutations of the BCR-ABL gene by sequencing.
FISH analysis from both K562 and K562/IM cells showed Ph+

with a similar amplified BCR-ABL rearrangement segment
(data not shown). Western blot analysis showed that both cell
lines expressed comparable amounts of the 210 kDa band
corresponding to BCR-ABL (Fig. 1a). The 120 kDa band
corresponding to c-ABL protein also showed no difference in
the cells (Fig. 1a). Furthermore, no mutations were found in a
669 bp fragment, containing the p-loop and ABL kinase
domain, derived from either the K562 and K562/IM cells (data
not shown).

Up-Regulation of Drug Efflux Transporters in K562/IM Cells

mRNA and protein expression levels of P-gp (MDR1,
ABCB1), BCRP (ABCG2) and OCT1 in K562, K562/VCR,
K562/BCRP and K562/IM cells were examined by real-time
PCR and Western blot analysis. MDR1 and ABCG2 mRNA
levels in K562/IM cells were 335- and eightfold higher than in
parent K562 cells, respectively (Fig. 1b–c). Furthermore, the
protein levels of both P-gp and BCRP were increased in K562/IM
cells (Fig. 1e–f). The mRNA and protein levels of OCT1/OCT1
in K562/IM cells were similar to those in K562 cells (Fig. 1d
and g). These findings indicated that both P-gp and BCRP,
but not OCT1, are up-regulated during the development of
imatinib-resistance.

Increased mRNA and protein expression of MDR1/P-gp
or ABCG2/BCRP were detected in K562/VCR or K562/
BCRP cells compared to those in the K562 cells, respectively
(Fig. 1b–c and e–f). The level of MDR1 mRNA in K562/
BCRP cells was eightfold higher than in K562 cells, whereas
the protein level of P-gp was unchanged (Fig. 1b and e). In
addition, OCT1 mRNA and OCT1 protein expression levels
in K562/VCR or K562/BCRP cells were similar to those in
K562 cells (Fig. 1d and g).

Higher Activity of P-gp and Negligible Activity of BCRP
in K562/IM Cells

To determine the efflux transport activity of P-gp and
BCRP in K562/IM cells, cellular accumulation of R123 (a
substrate of P-gp) and PhA (a substrate of BCRP) were
measured in the presence or absence of P-gp inhibitor (10 mM

Table I. IC50 Values (mM) of Imatinib Determined by Alamar Blue Assay in K562, K562/VCR, K562/BCRP and K562/IM Cells

K562 K562/VCR K562/BCRP K562/IM

Imatinib 0.18T0.04 0.79T0.12a 0.22T0.02 8.41T0.76b

+Cyclosporin A 0.06T0.01 0.12T0.01c 0.13T0.03 4.82T0.59b, d

+Fumitremorgin C 0.19T0.05 0.66T0.09 0.23T0.07 8.81T0.95b

+Amantadine 0.42T0.03 1.18T0.10a 0.47T0.02 18.42T0.02b, d

Each value represents the mean valueTSD (n=3). Data were analyzed statistically by analysis of two-way factorial ANOVA with post hoc

comparison by Fisher_s PLSD.
a Significant difference at 0.05 level in comparison with K562 wild type
b Significant difference at 0.01 level in comparison with K562 wild type
c Significant difference at 0.05 level in comparison with no inhibitor
d Significant difference at 0.01 level in comparison with no inhibitor
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CsA) or BCRP inhibitor (10 mM FTC) by flow cytometry. CsA
had no effect on the accumulation of R123 in parent K562
cells, indicating negligible P-gp activity in K562 cells (Fig. 2a).
However, CsA increased the accumulation of R123 by about
200-fold in P-gp-overexpressed K562/VCR cells (Fig. 2b),

suggesting that these cells possess considerably higher P-gp
activity. In K562/IM cells, CsA increased the accumulation of
R123 by about threefold (Fig. 2c), suggesting that K562/IM
cells display higher P-gp activity compared to the parent
K562 cells. Furthermore, in K562 and K562/IM cells,

Fig. 1. Effect of imatinib exposure on P-gp, BCRP and OCT1 expression. The effect of imatinib

selection on protein expression levels of a BCR-ABL and c-ABL, b MDR1, c ABCG2, d OCT1

mRNA levels, or on e P-gp, f BCRP, g OCT1 protein levels were examined by real-time PCR or

Western blots analysis, respectively. Double asterisks indicate P<0.01, compared to K562

(Student_s t test)
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treatment with FTC had no effect on PhA accumulation,
indicating that these cells have negligible BCRP activity
(Fig. 2d and f). In K562/BCRP cells, FTC increased PhA
accumulation by about 1.5-fold (Fig. 2e), suggesting that
K562/BCRP cells have higher BCRP activity compared to
K562 and K562/IM cells.

Next, we examined the effect of imatinib on the intracellular
accumulation of R123 or PhA. In K562/VCR and K562/IM cells,
imatinib increased the accumulation of R123 in a dose-dependent
manner, but treatment with imatinib showed no effect on R123
accumulation in parent K562 cells (Fig. 2a–c). By contrast,
imatinib had no effect on PhA accumulation in K562 and K562/
IM cells, but did increase PhA accumulation with an inhibition
equivalent to 10 mM FTC seen at 1 mM imatinib in K562/BCRP
cells (Fig. 2d–f). These findings suggest that imatinib inhibits
both R123 and PhA transport via P-gp and BCRP.

Impaired Intracellular Imatinib Accumulation in K562/IM
Cells

Intracellular imatinib levels were measured by HPLC
analysis. The imatinib levels were reduced to 72 and 42% in
K562/VCR and K562/IM cells compared to that in K562
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Fig. 3. Intracellular imatinib accumulation measured by HPLC

analysis. The intracellular imatinib levels without (white column) or

with 5 mM CsA (light gray column) or 1 mM amantadine (black

column) were examined. Cells were exposed to imatinib with or

without inhibitors at 37-C for 5 h, and the intracellular imatinib

levels were measured by HPLC. Asterisk indicates P<0.05; double

asterisks indicate P<0.01, differences from K562 wild type. Dagger
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inhibitor (Fisher_s PLSD)

Fig. 2. Transport activity of P-gp and BCRP by flow cytometry. Cell lines were tested for their capacity to efflux R123 and PhA. a–c Cells

were incubated with R123 (light gray fill), R123+10 mM CsA (black fill), R123+5 mM imatinib (dashed lines), +10 mM imatinib (dotted

lines) and +50 mM imatinib (solid lines). d–f Cells were incubated with PhA (light gray fill), PhA+10 mM FTC (black fill), PhA+1 mM

imatinib (dashed lines), +5 mM imatinib (dotted lines) and +10 mM imatinib (solid lines). Mean intensities of fluorescence (MIF) were

obtained from control experiments in which R123 or PhA alone was incubated with each cell type. Values were normalized to 100%.

Double asterisks indicate P<0.01, difference from no inhibitor (Student_s t test)
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cells, respectively (Fig. 3). By contrast, K562/BCRP cells had
a similar intracellular imatinib level to K562 cells.

P-gp Inhibitor Restored Imatinib Sensitivity and Intracellular
Accumulation in K562/IM Cells

To determine the contribution of P-gp, BCRP and OCT1
in the acquired resistance to imatinib, the effect of transporter-
specific inhibitors on imatinib sensitivity was studied in the four
cell lines (Table I). CsA (5 mM) significantly sensitized K562/
VCR and K562/IM cells to imatinib (i.e. by 6.6- and 1.7-fold,
respectively). As a result, K562/VCR cells showed a similar
sensitivity towards imatinib as K562 cells. However, K562/IM
cells were still 26.8-fold as insensitive as K562 cells prior to
CsA treatment. FTC (5 mM) had no effect on restoring
sensitivity to imatinib in the four cell lines studied. Amanta-
dine (100 mM), an OCT1 inhibitor, decreased the sensitivity to
imatinib by twofold in all four cell lines.

To determine whether the intracellular imatinib levels
were affected by P-gp, BCRP and OCT1, the four cell lines
were treated with imatinib combined with CsA, FTC or
amantadine (Fig. 3). CsA (5 mM) restored the imatinib levels
in K562/VCR and K562/IM. In K562/VCR cells, the intra-
cellular imatinib level with CsA was 3.4-times as high as that
without CsA. In K562/IM cells, imatinib levels with CsA
were twofold greater than that without CsA (i.e. similar to
K562 cells). Amantadine (1 mM) decreased imatinib uptake
in all four cell lines. The effect of FTC could not be evaluated
for the HPLC analysis, because the UV absorption of FTC
overlapped with that of imatinib.

DISCUSSION

In the present study, we explored the contribution of P-gp,
BCRP and/or OCT1 in the acquired resistance to imatinib using
K562/IM cells. Our findings indicate that one of these transporters
is critically important in terms of sensitivity towards imatinib.

Our previous study demonstrated that imatinib is a
substrate for P-gp (18), which was confirmed in the present
investigation. Furthermore, P-gp was induced by imatinib
exposure in K562 cells, suggesting that P-gp contributes to
imatinib-resistance. In a previous report, Illmer et al. (20)
demonstrated that modulation of P-gp by CsA prevented the
P-gp-dependent decline of intracellular imatinib levels and
restored imatinib sensitivity in P-gp-expressed K562/VCR
cells. In addition, they demonstrated the biological effect of
P-gp modulation during imatinib treatment of a patient with
BCR-ABL-positive ALL. Radujkovic et al. (21) showed that
imatinib monotherapy with 17-allylamino-17-demmethoxygel-
danamycin lowered P-gp activity, which may increase intra-
cellular imatinib levels and contribute to the sensitization of
imatinib-resistant K562 and LAMA84 cells, from human
CML. In our cytotoxicity assay, sensitivity to imatinib was
almost restored with CsA in K562/VCR cells, and was partially
restored with CsA in K562/IM cells compared to that without
CsA (Table I). In addition, intracellular imatinib levels in
K562/VCR and K562/IM cells decreased to about 70 and 40%
of that in parent K562 cells, respectively, which were almost
restored by treatment with CsA (Fig. 3). These data suggest
that P-gp contributes to imatinib-resistance in K562/IM cells.

The interaction of imatinib with BCRP was demonstrated
by several groups (24–27,35–38). Recently, imatinib was
reported to be a substrate for BCRP in vitro and in vivo.
Additionally, it was shown that chronic imatinib exposure in
vitro causes reduced intracellular imatinib accumulation by
induction of BCRP (36). Nakanishi et al. (37) showed that
BCR-ABL regulates BCRP protein expression via the PI3K/
Akt pathway, and suggested that BCRP is a mediator of
imatinib resistance. However, it was recently shown that imatinib
directly inhibits BCRP-mediated transport without being a
competitive substrate in Saos2 cells (26). Jordanides et al. (27)
demonstrated that imatinib inhibits BCRP, but does not act as a
substrate for BCRP in primary CD34+ CML cells. Furthermore,
Gardner et al. (38) suggested that the pharmacokinetic
parameters of imatinib in vivo were not statistically different
in 16 patients who were heterozygous for ABCG2 421C>A
compared with 66 patients carrying the wild-type sequence.
Therefore, it is still unclear whether BCRP is a mediator of
imatinib-resistance, or indeed whether BCRP recognizes
imatinib as a substrate and/or inhibitor. In this study, we
found that imatinib exposure induced ABCG2 mRNA in
K562/IM cells by eightfold compared to K562 cells, and that
the protein level of BCRP was slightly increased in K562/IM
cells (Fig. 1). However, K562/BCRP cells showed similar
sensitivity to imatinib compared to K562 cells, and FTC did
not affect the cell viability in four cell lines compared to without
FTC (Table I). In addition, the intracellular imatinib level in
K562/BCRP cells was similar to that in K562 cells (Fig. 3). In
flow cytometry, imatinib increased PhA accumulation in K562/
BCRP cells, but not in K562 and K562/IM cells. Thus, a slightly
increased level of BCRP protein was not found to be
functionally significant in K562/IM cells. Furthermore, these
findings demonstrate that imatinib is an inhibitor, rather than a
substrate, for BCRP. Therefore, we propose that BCRP does
not contribute to imatinib-resistance in K562/IM cells.

Thomas et al. (28) reported that the influx of imatinib into
the cell is an active process initially mediated by OCT1. Our
results also indicate that imatinib is a substrate for OCT1.
Amantadine, an OCT1 inhibitor, increased the IC50 values of
imatinib (Table I), and decreased intracellular imatinib levels
in all four cell lines (Fig. 3). Furthermore, the all four cell lines
had similar expression levels of OCT1 mRNA and protein
(Fig. 1c and f). Additionally, it was observed that mRNA and
protein expression of OCT1 was not affected by imatinib
exposure in K562 cells. In previous reports, it was shown that
some inter-individual variation in the expression of OCT1 in
CML cells can result in varying clinical outcomes (29,30). Our
present data, however, suggests that imatinib treatment would
not affect the expression of OCT1 in CML cells of patients.

We showed that P-gp, but not BCRP and OCT1, contributes
to the acquired resistance to imatinib in K562/IM cells. However,
5 mM CsA, a concentration to fully inhibit P-gp activity, could not
sensitize K562/IM cells to imatinib compared with K562 cells
(Table I). It is conceivable that other factors are involved in the
development of imatinib-resistance. To our knowledge, there is
little information or reports indicating that MRP (multidrug
resistance-related proteins) family, OCT2 and/or OCT3, other
organic cation transporters, contribute to imatinib-resistance.
Our preliminary data suggest that the expression of OCT2 or
OCT3 is not detected in K562 cells. However, it might be
possible that member(s) of MRP family could be involved in the
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resistance. In addition, up-regulation of other transporter(s)
might be involved in the acquisition of resistance. To determine
the relative contribution of these efflux transporters to the
acquisition of imatinib resistance, we further need to use a more
specific inhibitor against P-glycoprotein rather than cyclosporine
A. Alternatively, we examined the expression levels of the
BCR-ABL gene and protein, in addition to mutations in the
ABL kinase domain of K562/IM cells. Using FISH analysis, we
found that the level of BCR-ABL gene expression in K562/IM
cells was almost identical to that in K562 cells. In addition,
BCR-ABL protein levels were unchanged between K562 and
K562/IM cells (Fig. 1a). No ABL kinase domain mutations were
found in the K562 and K562/IM cell lines. Dai et al. (16)
demonstrated that BCR-ABL-independent, LYN-dependent
forms of imatinib-resistance are associated with up-regulation
of BCL-2 in imatinib-resistant K562 cells. Dasatinib, a dual
SRC/ABL kinase inhibitor, has been used in clinical trials (13)
and another SRC kinase inhibitor, CGP76030, has recently been
developed (39). In this study, we did not examine whether SRC
kinase, LYN and associated downstream factors are related to
imatinib-resistance in our established K562/IM cells. Although
the level of BCR-ABL protein in K562/IM cells was similar to
that in K562 cells, it is possible that Lyn kinase and downstream
factors might contribute to the observed increased resistance to
imatinib. In the future study, we will explore how the K562/IM
cells and K562 cells differ globally by a proteomics approach.

CONCLUSION

This study suggests that P-gp, but not BCRP and OCT1,
is involved in imatinib-resistance in K562/IM cells. There-
fore, P-gp could be a potential target molecule to overcome
the development of imatinib-resistance in advanced CML
and Ph-positive ALL. A preliminary clinical study in our
hospital has shown that MDR1 mRNA from bone marrow
mononuclear cells of two CML patients with acquired
resistance to imatinib, who did not display amplification and
mutation of BCR/ABL, was significantly increased compared
to that before imatinib treatment (data not shown). Further
clinical investigations are needed to clarify the involvement
of P-gp or other transporters in imatinib-resistance.
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