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Background and purpose: ABC multidrug transporters (MDR-ABC proteins) cause multiple drug resistance in cancer and may
be involved in the decreased anti-cancer efficiency and modified pharmacological properties of novel specifically targeted
agents. It has been documented that ABCB1 and ABCG2 interact with several first-generation, small-molecule, tyrosine kinase
inhibitors (TKIs), including the Bcr-Abl fusion kinase inhibitor imatinib, used for the treatment of chronic myeloid leukaemia.
Here, we have investigated the specific interaction of these transporters with nilotinib, dasatinib and bosutinib, three clinically
used, second-generation inhibitors of the Bcr-Abl tyrosine kinase activity.
Experimental approach: MDR-ABC transporter function was screened in both membrane- and cell-based (K562 cells)
systems. Cytotoxicity measurements in Bcr-Abl-positive model cells were coupled with direct determination of intracellular TKI
concentrations by high-pressure liquid chromatography-mass spectrometry and analysis of the pattern of Bcr-Abl phospho-
rylation. Transporter function in membranes was assessed by ATPase activity.
Key results: Nilotinib and dasatinib were high-affinity substrates of ABCG2, and this protein mediated an effective resistance
in cancer cells against these compounds. Nilotinib and dasatinib also interacted with ABCB1, but this transporter provided
resistance only against dasatinib. Neither ABCB1 nor ABCG2 induced resistance to bosutinib. At relatively higher concentra-
tions, however, each TKI inhibited both transporters.
Conclusions and implications: A combination of in vitro assays may provide valuable preclinical information for the applica-
bility of novel targeted anti-cancer TKIs, even in multidrug-resistant cancer. The pattern of MDR-ABC transporter–TKI interac-
tions may also help to understand the general pharmacokinetics and toxicities of new TKIs.
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Introduction

Chronic myeloid leukaemia (CML) is a haematopoietic stem
cell disorder, whose initiation, maintenance and progression

is driven by the Bcr-Abl oncoprotein, exhibiting unregulated
tyrosine kinase activity (Ren, 2005). Identification of imatinib
as a potent inhibitor of the Abl kinase and the subsequent
findings that this compound displays growth inhibitory and
pro-apoptotic effects in Bcr-Abl+ cells has revolutionized
trends in cancer treatment (Ren, 2005). Despite the remark-
able success of imatinib therapy, it was soon realized that
imatinib resistance was a major obstacle in CML treatment
(Ren, 2005; Quintas-Cardama et al., 2007; Weisberg et al.,
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2007b). Analysis of the resistance mechanisms has led to the
design of a wide array of second-generation Bcr-Abl inhibitors
with improved inhibitory potential, broader target spectrum
or diverse mechanisms of action (Quintas-Cardama et al.,
2007; Weisberg et al., 2007b). Second-generation inhibitors
include nilotinib, a close structural analogue of imatinib and
the dual Abl-Src kinase inhibitors dasatinib and bosutinib
(Quintas-Cardama et al., 2007; Weisberg et al., 2007b). While
nilotinib and dasatinib have already been granted FDA
approval for treatment of CML in patients resistant to or
intolerant of imatinib (Quintas-Cardama et al., 2007; Weis-
berg et al., 2007b; Hazarika et al., 2008), the efficacy of bosu-
tinib is being evaluated in clinical trials, with promising
results (Quintas-Cardama et al., 2007; Weisberg et al., 2007b).

Multidrug resistance ATP-binding cassette (MDR-ABC) trans-
porters are membrane glycoproteins that play a key role in the
energy-dependent cellular efflux of toxic agents. MDR-ABC
transporters are capable of recognizing and extruding a broad
range of compounds, unrelated to chemical structure or cellu-
lar target, including tyrosine kinase inhibitors (TKIs). By means
of this promiscuous character and overlapping substrate speci-
ficities, human MDR-ABC transporters are believed to form a
chemo-immunity defence network, providing broad protec-
tion against xenobiotics in various tissues (Sarkadi et al., 2006;
Szakacs et al., 2008). These proteins might also have a sig-
nificant impact on the pharmacokinetics and toxicities of
clinically used drugs (Szakacs et al., 2008), and MDR-ABC
transporters are known to account for the multidrug-resistant
phenotype of various cancer cells (Gottesman et al., 2002).

ABCB1 (also known as MDR1/Pgp) and ABCG2 [also known
as breast cancer resistance protein (BCRP)/mitoxantrone resis-
tance protein (MXR)/placenta specific ABC transporter
(ABCP)] are two important examples of human MDR-ABC
proteins. ABCB1, and especially ABCG2, are abundantly
expressed in the so-called side-population of haematopoietic
progenitor cells (Smeets et al., 1997; Scharenberg et al., 2002),
representing pluripotent stem cells (Zhou et al., 2001 Kim
et al., 2002). These transporters were also reported to be over-
expressed in various normal and cancer stem cells (Dean et al.,
2005) and thus they may represent key components in the
development of resistance to anti-cancer agents.

ABCB1 displays high-affinity interactions with imatinib
(Hegedus et al., 2002; Hamada et al., 2003) and can confer
resistance to imatinib in vitro (Kotaki et al., 2003; Mahon
et al., 2003) by extruding imatinib from the cells (Thomas
et al., 2004). Following the initial controversial findings about
the interaction of ABCG2 with imatinib (Burger et al., 2004;
Houghton et al., 2004; Ozvegy-Laczka et al., 2004), we now
know that ABCG2 can mediate in vitro imatinib resistance as
well (Nakanishi et al., 2006; Brendel et al., 2007). Importantly,
both transporters show elevated expression in CML stem cells
(Jordanides et al., 2006; Jiang et al., 2007). However, there are
few detailed in vitro studies of the interaction between these
transporters and second-generation Bcr-Abl inhibitors (see
Discussion).

In the present study, we sought to characterize the interac-
tions of nilotinib, dasatinib and bosutinib with ABCB1 and
ABCG2. We applied various membrane- and cell-based model
systems to gain a better insight into the nature of the inter-
action. For direct and quantitative evaluation of drug trans-

port by ABCB1/ABCG2, we also developed a novel high-
pressure liquid chromatography-mass spectrometry (HPLC-
MS) assay. We demonstrated that these second-generation
Bcr-Abl inhibitors exhibited distinctly different interactions
with ABCB1 and ABCG2, coupled with a specific protection of
the tumour cells against these agents. These findings, explor-
ing drug–transporter interactions over a wide concentration
range of the TKIs, provide important information regarding
both the anti-cancer effect and the pharmacokinetics and
toxicities of these novel agents.

Methods

Cell lines, cell growth and propagation
The K562/ABCB1 cell line was generated by selection of paren-
tal K562 cells with doxorubicin as described previously (Hollo
et al., 1996). The K562/ABCG2 cell line stably expressing wild
type ABCG2 (ABCG2 R482) was generated by using a retroviral
transduction system as reported earlier (Elkind et al., 2005). In
each cell line, copy number of the bcr-abl chimeric gene was
determined by fluorescent in situ hybridization (FISH). Expres-
sion of ABCB1 and ABCG2 was checked by immunostaining
and subsequent flow cytometry analysis using MRK-16 and
5D3 antibodies respectively (Figure S1A,B). In order to test
ABCB1 and ABCG2 function, calcein-AM and Hoechst 33342
uptake experiments were performed in both parental and
transporter-expressing K562 cell lines, as described earlier
(Hollo et al., 1994; Ozvegy et al., 2002) (Figure S1C). Parental
K562 cells showed no endogenous ABCB1 and ABCG2 expres-
sion and function. Cells were maintained in RPMI medium
without nucleosides supplemented with 10% fetal bovine
serum, 50 units·mL-1 penicillin, 50 units·mL-1 streptomycin
and 5 mM glutamine, at 37°C in 5% CO2.

Cellular toxicity assays
For the cellular toxicity assay 1 ¥ 105 per millilitre parental
K562, K562/ABCB1 and K562/ABCG2 cells were seeded in
24-well plates. Following 15 min incubation with 1 mM PSC-
833 (selective inhibitor of ABCB1) or 5 mM fumitremorgin C
(FTC) (selective inhibitor of ABCG2), cells were treated with
increasing doses of TKIs. After 48 h, the number of living cells
in 500 mL samples was determined by TOPRO-3 staining
(50 nM) and subsequent flow cytometry analysis. The assay
was carried out in duplicate.

TKI-mediated Bcr-Abl dephosphorylation
A total of 2 ¥ 106 parental K562, K562/ABCB1 and K562/
ABCG2 cells in a final volume of 5 mL were treated with
25 nM nilotinib, 2.5 nM dasatinib or 25 nM bosutinib in the
presence or in the absence of 1 mM PSC-833 or 5 mM FTC.
After 24 h, total soluble protein lysates were prepared from
the samples as described previously (Brozik et al., 2006). Forty
micrograms proteins were resolved by SDS-PAGE and trans-
ferred to PVDF membrane using the Mini-Protean II System
(Bio-Rad, Budapest, Hungary). In order to study phospho-Bcr-
Abl patterns, Western blots were probed with the polyclonal
phospho-Bcr (Tyr177) antibody (Cell Signaling Technology,
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Danvers, MA, USA) and the monoclonal c-Abl (24-11) anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Rabbit and mouse IgG HRP conjugates were used as secondary
antibodies (Jackson Immunoresearch, West Grove, PA, USA).
To visualize immunostaining we used the ECL detection
system (Amersham Biosciences/GE Healthcare, Little Chal-
font, Buckinghamshire, UK).

Quantitative determination of intracellular amount of TKIs
by HPLC-MS
A total of 2 ¥ 106 parental K562, K562/ABCB1 and K562/
ABCG2 cells in a final volume of 5 mL were seeded in Petri
dishes. Following 15 min pre-incubation with 1 mM PSC-833
(selective inhibitor of ABCB1) or 5 mM FTC (selective inhibitor
of ABCG2), cells were incubated with 25 nM nilotinib, 5 nM
dasatinib or 10 nM bosutinib (all final concentrations in 5 mL
volume) at 37°C for 60 min. After 60 min, transport reaction
was stopped by addition of 5 mL ice-cold phosphate-buffered
saline. Harvested cells were kept on ice throughout the
sample preparation procedure. Following three washing steps
using 5 mL phosphate-buffered saline, cells were precipitated
with 500 mL acetonitrile, containing imatinib at 30 nM as an
internal standard. After centrifugation at 8000¥ g for 5 min,
clear supernatant was transferred into Eppendorf tubes and
acetontirile was evaporated in a heated vacuum concentrator
centrifuge (UNIVAPO 100 H, UniEquip). Nilotinib, dasatinib,
bosutinib and imatinib (internal standard) were separated
using a RP-18 column on a XLC binary HPLC pump system
(Jasco International, Tokyo, Japan). Twenty microlitres of
reconstituted sample was injected; flow rate of HPLC eluent
was set to 200 mL·min-1. Mobile phases used were: (A) 0.1%
acetic acid in 100 mM ammonium acetate buffer and (B) 0.1%
acetic acid in acetonitrile. The total HPLC run time was 9 min,
using the following gradient: 0–1 min: 80% A, 1–6 min: 5% A,
6–7 min: 5% A, 7–9 min: 80% A. TKIs were detected using a
TSQ Quantum Discovery (Thermo Finnigan, San Jose, CA,
USA) triple quadrupole mass spectrometer operated in posi-
tive ion electrospray mode. Protonated molecular ions of ana-
lytes were detected in multiple reaction monitoring mode
using m/z 488→232 and m/z 488→401 fragmentation
channel for dasatinib, m/z 530→289 and m/z 530→261 for
nilotinib, m/z 530→141 and m/z 530→113 for bosutinib and
m/z 494→217 and m/z 494→394 for imatinib. TKI content of
the samples were calculated from the respective TKI calibra-
tion curves and were normalized to the amount of imatinib.
Experiments were carried out in duplicate.

Membrane ATPase measurements
Spodoptera frugiperda (Sf9) ovarian cell membranes enriched in
ABCB1 were prepared as described earlier (Hegedus et al.,
2002). Cholesterol content of the membrane significantly
modulates ABCG2 function (Telbisz et al., 2007), therefore in
ABCG2 ATPase measurements we used cholesterol-loaded Sf9
membranes expressing human wild-type ABCG2 prepared
according to Telbisz et al. (2007). Vanadate-sensitive ATPase
activity was measured by determining the liberation of inor-
ganic phosphate from ATP with a colorimetric reaction
(Hegedus et al., 2002; Ozvegy-Laczka et al., 2004).

Fluorescent dye extrusion studies
The effect of TKIs on the fluorescent dye transport capacities
of ABCB1 and ABCG2 was followed as published previously
(Ozvegy-Laczka et al., 2004). Briefly, cellular fluorescence in
K562/ABCB1 and K562/ABCG2 cells was determined in the
absence of inhibitors (F0), in the presence of the TKI (Fx) and
in the presence of the ABCB1 inhibitor verapamil (50 mM) or
ABCG2 inhibitor FTC (2 mM) (F100). Data representing the
inhibitory effect of the respective TKI were calculated as
(Fx - F0)/(F100 - F0) ¥ 100.

Data analysis
Results are shown as means with SD. Significance of differ-
ences between means was calculated by Student’s t-test, at
95% confidence interval.

Materials
The Bcr-Abl inhibitors imatinib, nilotinib, dasatinib and
bosutinib were synthesized by VICHEM (Budapest, Hungary).
Verapamil was purchased from Sigma (Budapest, Hungary).
Calcein-AM, Hoechst 33342 and TOPRO-3 were obtained
from Molecular Probes (Eugene, OR, USA). FTC was kindly
provided by Lee M Greenberger (Wyeth-Ayerst Research). 5D3
was purified and labelled with Alexa647 as described previ-
ously (Ozvegy-Laczka et al., 2008). MRK-16 was obtained from
Alexis Biochemicals (San Diego, CA, USA). PSC-833 was pro-
vided by Novartis Pharmaceuticals (East Hanover, NJ, USA).
Acetonitrile and water were HPLC grade and were purchased
from Sigma (Budapest, Hungary); acetic acid was obtained
from Reanal (Budapest, Hungary). Purospher STAR RP-18 end-
capped columns (3 mm, 2 ¥ 55 mm) was obtained from Merck
(Budapest, Hungary).

Results

Investigation of the anti-cancer effect of TKIs in a
multidrug-resistant background
Multidrug resistance-ABC transporter function might modify
the anti-cancer effect of TKIs. In order to analyse the in vitro
anti-cancer potential of these three Bcr-Abl inhibitors in a
multidrug-resistant background, we used the CML-derived
human Bcr-Abl+ K562 cell line engineered to overexpress
ABCB1 or ABCG2. Selectivity and stability of the expression
and function of the relevant MDR-ABC transporter was con-
firmed as described in Methods (also see Figure S1). Parental
K562 cells showed no endogenous ABCB1 and ABCG2 expres-
sion and function.

Cellular TKI toxicity assays in K562, K562/ABCB1 and K562/
ABCG2 cells. In order to examine the direct effect of ABCB1
and ABCG2 function on the cytotoxic effects of nilotinib,
dasatinib and bosutinib, parental K562, K562/ABCB1 and
K562/ABCG2 cells were treated with increasing concentra-
tions of the drugs. After 48 h, cells were harvested and the
relative number of living cells in the samples was determined
by TOPRO-3 staining and subsequent flow cytometry
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analysis. As shown in Figure 1, in parental K562 cells all three
TKIs were cytotoxic at very low concentrations (also see
Table 1).

Figure 1A shows the cytotoxic effect of nilotinib in parental
K562, K562/ABCB1 and K562/ABCG2 cells. The presence of
functional ABCG2 effectively protected K562/ABCG2 cells
from the cytotoxic effects of nilotinib, resulting in 8.8-fold
resistance (Table 1). This protection was ABCG2-specific, as
simultaneous addition of FTC (a selective inhibitor of ABCG2)
completely abolished the cytoprotective effect (FTC alone had
no effect on the proliferation of parental K562 or K562/
ABCG2 cells – data not shown). Expression of ABCB1 had
only minor effects on nilotinib cytotoxicity in K562/ABCB1
cells (1.3-fold resistance), and when co-treated with nilotinib
and PSC-833 (selective inhibitor of ABCB1), K562/ABCB1 cells
showed survival similar to that of parental K562 cells or K562/
ABCB1 cells treated with nilotinib alone (PSC-833 alone had
no effect on the proliferation of parental K562 or K562/
ABCB1 cells – data not shown).

As demonstrated in Figure 1B, K562/ABCB1 and K562/
ABCG2 cells also exhibited 3.7-fold and 7.8-fold dasatinib
resistance respectively (Table 1). The protective effect of the
two different MDR-ABC transporters was specific, as it could
be fully reversed by the addition of PSC-833 and FTC
respectively.

Figure 1C documents the effect of bosutinib in the different
K562 cell lines. We found that, over this concentration range
of bosutinib, ABCB1 had no significant effect on the cellular
toxicity of this TKI and even ABCG2 exerted only a minor
protective effect, resulting only in a small (albeit significant)
1.6-fold resistance (Table 1).

Taken together, these results indicate that ABCB1 and
ABCG2 function have different effects on the cytotoxic poten-
tial of the three investigated compounds. Whereas K562 cells
were efficiently protected from nilotinib cytotoxicity, mainly
by ABCG2, both ABCB1 and ABCG2 conferred dasatinib resis-
tance. Importantly, ABCB1 and ABCG2 only slightly modified
the cytotoxic effect of bosutinib.

Determination of the phospho-Bcr-Abl status in K562, K562/
ABCB1 and K562/ABCG2 cells treated with TKIs. CML cell
proliferation depends on the uncontrolled tyrosine kinase
activity of Bcr-Abl (Ren, 2005), and K562 cells have constitu-
tively phosphorylated Bcr-Abl (Brozik et al., 2006). In order to
assess the molecular consequences of treatment with Bcr-Abl
inhibitors, we determined the phosphorylation status of Bcr-
Abl in the K562 cell lines exposed to cytotoxic concentrations
of TKIs, namely 25 nM nilotinib, 2.5 nM dasatinib or 25 nM
bosutinib for 24 h in the presence or in the absence of 1 mM
PSC-833 or 5 mM FTC. For these experiments, TKI concentra-
tions were chosen based on their IC50 values measured in the
different K562 cell lines (see Table 1). Bcr-Abl phosphoryla-
tion was detected by using the polyclonal phospho-Bcr
(Tyr177) antibody, while the total amount of Bcr-Abl was
estimated by the monoclonal c-Abl (24-11) antibody. Data
obtained by densitometry analysis of the phospho-Bcr-Abl
lanes were normalized to those of the corresponding Bcr-Abl
lanes (Figure S2.).

In agreement with published data, K562, K562/ABCB1 and
K562/ABCG2 cells revealed a constitutively phosphorylated

Bcr-Abl (Figure 2). Figure 2A shows that, in parental K562
cells, all three TKIs caused a significant decrease in phospho-
Bcr-Abl levels, and this decrease was more pronounced in the
case of nilotinib and dasatinib. Simultaneous TKI and PSC-
833 or FTC treatment resulted in similar phospho-Bcr-Abl
patterns as in TKI-treated parental K562 cells.

The phospho-Bcr-Abl levels in the K562/ABCB1 cells
(Figure 2B) were still decreased by nilotinib and dasatinib,
compared with the untreated controls. However, for both
these TKIs cases, the simultaneous addition of the specific
ABCB1 inhibitor PSC-833 could further lower phospho-Bcr-
Abl protein levels, indicating a specific interaction of ABCB1
with these TKIs. Exposure of K562/ABCB1 cells to bosutinib
resulted in a phospho-Bcr-Abl pattern, similar to that after
simultaneous treatment with bosutinib and PSC-833.

As shown in Figure 2C, K562/ABCG2 cells incubated with
either nilotinib or dasatinib displayed very strong phospho-
Bcr-Abl signals that were comparable to that measured in
untreated K562/ABCG2 cells. In both cases, this high level of
phospho-Bcr Abl could be diminished by the addition of the
specific ABCG2 inhibitor FTC. These data suggest that ABCG2
strongly protects these cells from the inhibitory effect of nilo-
tinib and dasatinib on Bcr-Abl phosphorylation. In contrast,
in the K562/ABCG2 cells, addition of bosutinib still decreased
the phospho-Bcr-Abl levels, and the co-administration of FTC
caused only a slight additional drop in phospho-Bcr-Abl
signal.

Collectively, these data indicate that specific extrusion of
the TKIs by ABCB1 and ABCG2 can be clearly observed by the
modulation of downstream molecular effects at the target
kinase sites. Both ABCB1 and ABCG2 transporter function can
effectively prevent the respective TKIs from reaching and
reducing the phosphorylation of their intracellular target in
cases when cytoprotective effect of the respective transporter
was also observed.

Direct and quantitative measurement of TKI accumulation in
K562, K562/ABCB1 and K562/ABCG2 cells. The cellular tox-
icity assays revealed that ABCG2 efficiently protected K562
cells from the cytotoxic effect of nilotinib, whereas both
ABCB1 and ABCG2 rescued K562 cells from dasatinib-induced
cell death. In order to further confirm that these protective
phenomena are mediated by specific transporter-dependent
elimination of these TKIs from the cells, we applied a novel
HPLC-MS assay for direct and quantitative evaluation of drug
transport by ABCB1/ABCG2.

This was a challenging task, as the relevant cellular drug
concentrations had to be measured in the nanomolar range
corresponding to the IC50 values obtained in the cytotocicity
experiments (Table 1). Figure 3 shows the intracellular
amounts of nilotinib, dasatinib and bosutinib, measured in
K562/ABCB1 and K562/ABCG2 cells, relative to the respective
TKI levels detected in the parental K562 cells. Although at
these very low TKI concentrations the standard error of the
multiple measurements was relatively large, the results were in
good accordance with the cellular toxicity data. ABCG2 func-
tion resulted in a significant decrease in intracellular nilotinib
levels, while ABCB1 did not significantly modify the intracel-
lular accumulation of this compound. Dasatinib was effec-
tively extruded by both ABCB1 and ABCG2, as we detected
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Figure 1 Cytotoxic effect of nilotinib, dasatinib and bosutinib in parental K562, K562/ABCB1 and K562/ABCG2 cells. Parental K562,
K562/ABCB1 and K562/ABCG2 cells were incubated with increasing concentration of nilotinib (A), dasatinib (B) or bosutinib (C) in the
presence or in the absence of the specific multidrug resistance ATP-binding cassette inhibitors 1 mM PSC-833 or 5 mM fumitremorgin C (FTC)
for 48 h. Cells were then harvested, stained with TOPRO-3 and counted by flow cytometry. The number of living cells relative to those
measured in vehicle-treated control samples was plotted against the log of tyrosine kinase inhibitor (TKI) concentrations, and exponential fit
was applied. Data represent the mean of at least three independent experiments each in duplicate; bars represent SD.
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significantly lower dasatinib levels in K562/ABCB1 and K562/
ABCG2 cells, compared with parental K562 cells. There was no
significant effect of either ABCB1 or ABCG2 expression on
cellular bosutinib concentrations. Nilotinib extrusion by
ABCG2 and dasatinib extrusion by ABCB1 and ABCG2 were all
reversed by the addition of the ABCB1 inhibitor PSC-833 and
the ABCG2 inhibitor FTC, while these inhibitors had no effect
on cellular bosutinib accumulation (data not shown).

Exploration of the MDR-ABC–TKI interactions in a wide
concentration range
Membrane ATPase measurements. Because transport by MDR-
ABC proteins is driven by ATP, the ATPase activity of cell
membranes enriched in functional MDR-ABC transporters
provides a model for the characterization of transporter–drug
interactions over a very wide drug concentration range. We
therefore tested the modulatory effect of nilotinib, dasatinib
and bosutinib on the vanadate-sensitive ATPase activity in Sf9
insect cell membranes overexpressing ABCB1 or ABCG2. As
the cholesterol content of the membrane significantly modu-
lates ABCG2-ATPase activity (Telbisz et al., 2007), ABCG2
ATPase measurements were performed in cholesterol-loaded
Sf9 membranes (see Methods).

As illustrated in Figure 4A, nilotinib, dasatinib and bosu-
tinib had markedly different effects on the ATPase activity of
ABCB1. Nilotinib increased the ATPase activity of ABCB1 in
submicromolar concentrations, reaching a maximum stimu-
latory effect at about 500 nM. At nilotinib concentrations
above 1 mM, this stimulatory effect was lost and ABCB1–
ATPase activity returned to its basal level. Dasatinib or bosu-
tinib did not show measurable activation of ABCB1-ATPase up
to 1 mM concentrations, while higher concentrations of both
drugs produced a modest increase in ABCB1–ATPase activity
(Figure 4A).

Figure 4B shows the effects of nilotinib, dasatinib and bosu-
tinib on the ATPase activity of membranes containing
ABCG2. Nilotinib, already at low nanomolar concentrations,
greatly increased the ABCG2 ATPase activity, reaching a
maximum stimulatory effect at about 25 nM. Above 1 mM,
nilotinib was found to inhibit the ATPase activity of ABCG2.
As shown in Figure 4B, in submicromolar concentrations
neither dasatinib nor bosutinib could significantly activate
the ABCG2-ATPase, whereas at high micromolar concentra-
tions, both dasatinib and bosutinib inhibited the ABCG2-
ATPase.

Inhibition of calcein-AM and Hoechst 33342 dye efflux from
K562/ABCB1 and K562/ABCG2 cells by TKIs. As MDR-ABC
transporters have a wide range of substrates, they can con-
tribute to drug–drug interactions, when several drugs are
given together. In order to model this condition we assessed
the effects of the TKIs on the transport of two established
MDR-ABC substrates, the dyes calcein-AM and Hoechst
33342, in K562/ABCB1 and K562/ABCG2 cells respectively.

Figure 5A summarizes the concentration-dependent inhibi-
tion of calcein-AM efflux by nilotinib, dasatinib and bosutinib
in K562/ABCB1 cells. Nilotinib inhibited ABCB1-mediated
calcein-AM efflux in submicromolar concentrations (half
maximum inhibition was achieved by about 100 nM nilo-
tinib), whereas dasatinib and bosutinib exhibited an inhibi-
tory effect on the active transport of the dye only when
applied above 1–2 mM. Figure 5B shows the effects of nilo-
tinib, dasatinib and bosutinib on the efflux of Hoechst 33342
dye in K562/ABCG2 cells. It should be mentioned that
Hoechst 33342 is also a substrate for ABCB1 (Sarkadi et al.,
2006) but, in our K562/ABCG2 cells, the ABCB1 transporter is
not expressed at measurable levels (data not shown). Also,
ABCG2 can be selectively examined using the selective
ABCG2 inhibitor FTC (see Methods). In K562/ABCG2 cells,
nilotinib effectively inhibited the outward transport of the
Hoechst 33342 dye in low nanomolar concentrations
(Figure 5B). Half-maximum inhibition of ABCG2-mediated
dye transport could be obtained at about 50 nM nilotinib. In
contrast, dasatinib and bosutinib were ineffective up to 1 mM
concentration, and inhibition of Hoechst 33342 efflux could
be detected only when the compounds were applied at
2–20 mM concentrations (Figure 5B). None of these TKIs, up
to a concentration of 20 mM, displayed any effect on the
accumulation of the reporter dyes in parental K562 cells,
suggesting that the increase of cellular fluorescence in the
MDR-ABC-expressing cell lines is a result of drug–transporter
interaction.

Discussion and conclusions

Chronic myeloid leukaemia is a haematopoietic stem cell
disorder characterized by the expression and abnormal
tyrosine kinase activity of the Bcr-Abl protein. Imatinib, the
prototype of Bcr-Abl inhibitors is successfully applied for the
treatment of the majority of CML patients; however, resis-
tance is a major impediment to successful treatment of CML.
The MDR-ABC transporters ABCB1 and ABCG2 show elevated
expression in CML stem cells (Jordanides et al., 2006; Jiang
et al., 2007), and transporter-mediated TKI efflux has been
implicated as a possible mechanism for resistance to imatinib
(Thomas et al., 2004; Jiang et al., 2007). There are only a few
studies investigating the interaction of second-generation
Bcr-Abl inhibitors with MDR-ABC transporters. Nilotinib has
been implied to interact with ABCB1; however, this interac-
tion has not been without conjectures and controversies
(White et al., 2006; 2007; Jorgensen et al., 2007; Weisberg
et al., 2007a; Deguchi et al., 2008). Very recently, Mahon et al.
have demonstrated that ABCB1 can confer nilotinib resis-
tance (Mahon et al., 2008). Only one report has been pub-
lished as yet describing the interaction of nilotinib with

Table 1 IC50 values of the tyrosine kinase inhibitors (TKIs) in the
different K562 cell lines

Cell line IC50 (nM) of TKI

Nilotinib Dasatinib Bosutinib

K562 parental 3.1 � 0.1 0.35 � 0.02 13.5 � 1.8
K562/ABCB1 4.0 � 0.4 (1.3) 1.3 � 0.4 (3.7) 16.0 � 1.7 n.s.
K562/ABCG2 27.4 � 1.5 (8.8) 2.7 � 0.5 (7.8) 21.0 � 4.4 (1.6)

All IC50 values are significantly different from the corresponding IC50 values
measured in parental K562 cells unless marked otherwise (n.s.). Statistical
analysis was performed using Student’s t-test. Values in brackets represent
fold-resistance compared with parental K562 cells.
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ABCG2, suggesting that nilotinib is an ABCG2 substrate
(Brendel et al., 2007). ABCB1 and ABCG2 have both been
shown to confer decreased intracellular uptake and retention
and increased IC50 of dasatinib (Hiwase et al., 2008) suggesting
that this TKI is also a substrate for both transporters. ABCB1-
mediated dasatinib transport has also been demonstrated in a
cell monolayer culture (Giannoudis et al., 2008). Still, no
detailed and comparative in vitro analysis is currently avail-
able on the interaction of nilotinib or dasatinib with ABCB1
and ABCG2. Moreover, to our current knowledge, no data
have been published yet regarding MDR-ABC and bosutinib
interactions. In this report, we describe the detailed and com-
parative in vitro characterization of the interaction of these
second-generation Bcr-Abl inhibitors with ABCB1 and
ABCG2.

Interactions between MDR-ABC proteins and possible sub-
strates might influence the properties of the TKIs at two dif-
ferent types of locations. As ABCB1 and ABCG2 are
physiologically expressed in various stem cells (Dean et al.,
2005) and show elevated expression in CML stem cells (Jor-

danides et al., 2006; Jiang et al., 2007), these proteins might
modify the anti-cancer properties of Bcr-Abl inhibitors at
their target, namely CML stem cells, potentially mediating
the development of a TKI-resistant phenotype. On the other
hand, as ABCB1 and ABCG2 are abundantly expressed at
important pharmacological barriers, they may also influence
the pharmacokinetics and toxicities of TKIs and affect drug–
drug interactions (Szakacs et al., 2008). In our current study
we combined several in vitro systems that might provide
useful information about both of these possible outcomes. On
one hand, we investigated the emergence of a TKI-resistant
phenotype and direct modulation of the anti-cancer effect of
the TKIs in CML model cells and their parental counterparts.
In order to explore the mechanisms of drug resistance we also
studied modifications of the target kinase and determined the
transporter-modified intracellular concentrations of the
respective TKIs. On the other hand, by using the membrane
ATPase and dye transport models, we were able to screen a
wide concentration range of TKIs for their possible transport
and MDR-ABC inhibition. Interactions observed in these

Figure 2 Bcr-Abl phosphorylation pattern in tyrosine kinase inhibitor-treated parental K562, K562/ABCB1 and K562/ABCG2 cells. Parental
K562 (A), K562/ABCB1 (B) and K562/ABCG2 (C) cells were exposed to 25 nM nilotinib, 2.5 nM dasatinib or 25 nM bosutinib in the presence
or in the absence of the specific multidrug resistance ATP-binding cassette inhibitors PSC-833 (1 mM) or fumitremorgin C (FTC) (5 mM) for 24 h.
Bcr-Abl phosphorylation status in 40 mg protein of cell lysates was probed by Western blot analysis using the p-Bcr (Tyr177) antibody. Total
amount of the Bcr-Abl protein (210 kDa) was estimated by c-Abl staining. The figure shows the result of one of two independent experiments.
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assays, even if at relatively high concentrations, may become
relevant at tissue barriers, that is, at the site of absorption or
at the site of drug excretion (in the liver or kidney) or at the
blood–brain barrier.

In our first set of experiments using CML-derived Bcr-Abl+
K562 model cells and their transporter-expressing counter-
parts, we sought to study if ABCB1 or ABCG2 function
could alter the cytotoxic potential of the investigated TKIs.
We found that K562/ABCG2 cells were 8.8-fold more resis-
tant to nilotinib than parental K562 cells, whereas ABCB1
function only slightly modified the cytotoxic effect of this
drug, resulting in a small (albeit significant) resistance of
K562/ABCB1 cells. As demonstrated by our Western blot
experiments, marked resistance to nilotinib, mediated by
ABCG2, was a result of the unaltered constitutive phospho-
rylation of Bcr-Abl, even in the presence of this TKI. Very
recently Mahon et al. (2008) demonstrated an increased
number of viable ABCB1-overexpressing K562 cells in the
presence of increasing concentrations of nilotinib. Such an
effect may be due to a higher level of ABCB1 expression
than in our cells.

In the case of dasatinib, we observed 3.7-fold and 7.8-fold
resistance, specifically caused by ABCB1 and ABCG2 func-
tions, respectively, in the 1–10 nM dasatinib concentration
range. We showed that ABCB1 and ABCG2 conferred cellular
dasatinib resistance via preventing dasatinib from reaching
its intracellular target and blocking Bcr-Abl phosphorylation.
Our findings are compatible with two recently published

reports showing by different methods that dasatinib is
indeed pumped out of cells by both ABCB1 (Giannoudis
et al., 2008; Hiwase et al., 2008) and ABCG2 (Hiwase et al.,
2008). Interestingly, neither ABCB1 nor ABCG2 exerted
noticeable protective effects in the bosutinib cellular toxicity
assays. Also, phospho-Bcr-Abl patterns were similar in
bosutinib-treated K562, K562/ABCB1 and K562/ABCG2 cells,
implying no clear interaction of ABCB1 or ABCG2 with this
compound.

For direct exploration of ABCB1- and ABCG2-mediated
transport of cytotoxic concentrations of TKIs, we used a novel
HPLC-MS method. By employing this sensitive and quantita-
tive system, we were able to measure TKI accumulation in
K562, K562/ABCB1 and K562/ABCG2 cells even with very low
concentrations of TKIs present. One advantage of this method
is that it does not require radioactively or fluorescently
labelled compounds. Moreover, this experimental procedure
might provide direct indications regarding the nature of
drug–transporter interactions, as decreased accumulation of
the drug clearly indicates that it is a substrate of the investi-
gated transporter. Our HPLC-MS method proved to be highly
sensitive, as the detection threshold of all three TKIs fell in the
0.1–1 ng range. By this assay, we showed that in relevant,
cytotoxic concentrations, nilotinib was recognized by
ABCG2, while dasatinib was effectively extruded by both
ABCB1 and ABCG2. These findings agree with previous
studies performed with radiolabelled nilotinib (Brendel et al.,
2007) and dasatinib (Hiwase et al., 2008). In keeping with the
cytotoxicity data, HPLC-MS measurements revealed only
slight differences between bosutinib accumulations in these
K562 cell lines. Overall, we show here for the first time that
bosutinib did not noticeably interact with ABCB1 and ABCG2
in relevant cytotoxic concentrations.

By assaying membrane ATPase activity, we were able to
analyse the MDR-ABC–TKI interaction profiles over a much
wider TKI concentration range. Additionally, in fluorescent
dye efflux studies, we aimed to determine the effective inhibi-
tory concentration range of the TKIs in the context of drug–
drug interactions. We found that nilotinib greatly stimulated
both ABCB1 and ABCG2 ATPase activities. However, while
500 nM nilotinib was needed to reach maximum ABCB1
ATPase stimulation, the maximum stimulation of ABCG2
ATPase was reached at 25 nM nilotinib. These data strongly
suggest that nilotinib is a high-affinity substrate for ABCG2
and a somewhat poorer substrate for ABCB1, which could be
one possible explanation for the observed difference in cyto-
protective effect of the two transporters against this TKI. In
higher concentrations, nilotinib reduced both ABCB1 and
ABCG2 ATPase activities. In the presence of an additional
transporter substrate compound, nilotinib also displayed an
inhibitory effect on both ABCB1 and ABCG2. For dasatinib,
the ATPase assays did not show a measurable effect either on
the ABCB1 or on the ABCG2 ATPase activities up to 1 mM
concentration. The ability of dasatinib to inhibit the
transporter-substrate dye efflux correlated well with the data
obtained in the ATPase assays, as effective inhibition could be
observed only when 2–20 mM dasatinib was used. Bosutinib
displayed a very similar interaction profile to dasatinib in
terms of its effects on ABCB1 and ABCG2 ATPase activity and
its inhibitory potential on transporter-mediated dye efflux.

Figure 3 Effect of ABCB1 and ABCG2 on the intracellular accumu-
lation of nilotinib, dasatinib and bosutinib. Parental K562, K562/
ABCB1 and K562/ABCG2 cells were incubated with 25 nM nilotinib,
5 nM dasatinib or 10 nM bosutinib at 37°C for 60 min. Following
precipitation of cells with acetonitrile containing 30 nM imatinib as
an internal standard, the amount of intracellularly accumulated
tyrosine kinase inhibitors (TKIs) was determined by high-pressure
liquid chromatography-mass spectrometry. The figure shows the
amount of nilotinib, dasatinib and bosutinib measured in K562/
ABCB1 and K562/ABCG2 cells relative to those detected in parental
K562 cells (100%). Columns represent the mean of at least two
independent experiments, each in duplicate; bars represent SD.
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We measured no significant effect on ABCB1 or ABCG2 trans-
porter function for either of these assays up to 1 mM bosutinib
concentration. The inhibitory effects of TKIs, observed at
higher than cytotoxic concentrations imply that at important
pharmacological barriers and in the presence of additional
drugs, MDR-ABC transporter function might significantly
alter the pharmacokinetics and toxicities of these
compounds.

In summary, our current study demonstrates that nilotinib,
dasatinib and bosutinib exhibit distinct interaction profiles
with the ABCB1 and ABCG2 multidrug transporters, which

might be a key determinant in their clinical efficacy. These
interactions may significantly affect cellular TKI resistance, as
well as the pharmacokinetics and toxicities of these com-
pounds. Nilotinib and dasatinib act both as transported sub-
strates and, at high concentrations, inhibitors of ABCB1 and
ABCG2. We show here for the first time, that neither ABCB1
nor ABCG2 can confer bosutinib resistance; however, this TKI
efficiently inhibits both transporters at higher concentrations.
These properties might contribute to the improved anti-
cancer effects and pharmacokinetics and toxicities of
bosutinib.

Figure 4 Modulatory effect of nilotinib, dasatinib and bosutinib on the ATPase activity of ABCB1 and ABCG2. The modulatory effects of
tyrosine kinase inhibitors on the vanadate-sensitive ATPase activity (nmol Pi·min-1·mg-1 membrane protein) of human ABCB1 (A) and human
wild-type ABCG2 (B) were tested using 10 mg insect Spodoptera frugiperda (Sf9) ovarian cell membranes expressing the respective multidrug
resistance ATP-binding cassette transporter. For ABCG2 ATPase activity measurements, cholesterol-loaded Sf9 membrane vesicles were used.
Expressed in Sf9 membranes, both transporters exhibit a relatively high basal ATPase activity. Full ABCB1 and ABCG2 transporter function in
the membrane vesicles was tested by maximal ATPase stimulation with verapamil (50 mM) and prazosin (50 mM) or quercetin (1 mM)
respectively (data not shown). Data represent the mean of at least three independent experiments each in duplicate; bars represent SD.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Characterization of the different K562 cell lines.
In order to test the cell surface expression of ABCB1 and
ABCG2 in the different K562 cells lines, (A) parental K562
(red) and K562/ABCB1 (blue) cells were labelled with anti-
ABCB1 MRK-16 antibody and phycoerythrin-conjugated sec-
ondary antibody; or (B) parental K562 (red) and K562/ABCG2
(blue) cells were labelled with anti-ABCG2 Alexa647-
conjugated 5D3 antibody. Staining of parental K562 cells
(red) with either of the transporter-specific antibodies

corresponded to that with the appropriate isotype controls
(data not shown). Proper ABCB1 and ABCG2 transporter
function was evaluated by determining the transport activity
factors of the different K562 cell lines in calcein-AM and
Hoechst 33342 dye uptake experiments (C). Parental K562
cells showed no endogenous ABCB1 or ABCG2 expression.
Figure S2 Graphical representation of the phospho-Bcr-Abl
patterns in tyrosine kinase inhibitor (TKI)-treated parental
K562 (A), K562/ABCB1 (B) and K562/ABCG2 (C) cells.
Phospho-Bcr-Abl patterns of the TKI-treated K562 cell lines
were probed by Western blotting as described under Methods.
The figure shows the phospho-Bcr-Abl/Bcr-Abl ratios in TKI-
or TKI + PSC-833/fumitremorgin C-treated cells as determined
by densitometry analysis, relative to that measured in
untreated control cells (100%). Data represent the mean of at
least two experiments, bars represent SD.
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