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’ INTRODUCTION

Chronic myelogenous leukemia (CML) and Philadelphia
(Ph)-positive acute lymphocytic leukemia (ALL) are caused by
the unregulated activity of chimeric Bcr-Abl protein in white
blood cells.1 Gleevec (imatinib mesylate) is a first generation
BCR-ABL kinase inhibitor that competitively inhibits binding
of ATP to the kinase and inhibits the phosphorylation of cellular
targets.2 Treatment of CML patients with Gleevec was shown
to be highly effective in clinical studies.3�5 However, several
patients showed resistance to Gleevec or experienced a relapse
after initial success with the drug.6,7 Approximately 50% of those
patients carry resistance-associated point mutations in the ATP-
binding pocket of BCR-ABL.2,8,9 In the remaining 50% of
Gleevec-resistant patients, several mechanisms of resistance
have been described, including amplification or mutation of the

BCR-ABL gene and active efflux of drug from the resistant cells
by ATP-binding cassette (ABC) drug transporters.10�13

Tasigna (nilotinib, AMN107; marketed by Novartis) is a new,
orally active tyrosine kinase inhibitor (TKI) with a higher binding
affinity and selectivity for BCR-ABL kinase thanGleevec.14 Tasigna
is 20 to 50 times more potent than Gleevec in Gleevec-sensitive
CML cell lines and 3 to 7 times more effective in Gleevec-resistant
cell lines.14

TKIs, including Gleevec and Tasigna, have recently been found
to modulate drug resistance mediated by ABC drug transporters
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ABSTRACT: Tasigna (Nilotinib) is a BCR-ABL kinase inhibitor
recently approved by the Food and Drug Administration, which
is indicated for the treatment of drug-resistant chronic myelo-
genous leukemia (CML). The efflux of tyrosine kinase inhibitors
by ATP-binding cassette (ABC) drug transporters, which actively
pump these drugs out of cells utilizing ATP as an energy source,
has been linked to the development of drug resistance in CML
patients. We report here the synthesis and characterization of a
fluorescent derivative of Tasigna to study its interaction with two
major ABC transporters, P-glycoprotein (Pgp) and ABCG2, in
in vitro and ex vivo assays. A fluorescent derivative of Tasigna,
BODIPY FL Tasigna, inhibited the BCR-ABL kinase activity in
K562 cells and was also effluxed by Pgp- and ABCG2-expressing
cells in both cultured cells and rat brain capillaries expressing Pgp and ABCG2. In addition, [3H]-Tasigna was found to be
transported by Pgp-expressing polarized LLC-PK1 cells in a transepithelial transport assay. Consistent with these results, both
Tasigna and BODIPY FL Tasigna were less effective at inhibiting the phosphorylation of Crkl (a substrate of BCR-ABL kinase) in
Pgp- and ABCG2-expressing K562 cells due to their reduced intracellular concentration. Taken together, these data provide
evidence that BODIPY FL Tasigna is transported by Pgp and ABCG2, and Tasigna is transported by Pgp. Further, we propose that
BODIPY FL Tasigna can potentially be used as a probe for functional analysis of Pgp and ABCG2 in cancer cells and in other
preclinical studies.
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in in vitro and in vivo studies.15�17 Although these TKIs were
developed to interact specifically at the ATP-binding sites of the
kinases, we showed earlier that Gleevec interacts with both Pgp
and ABCG2 at the transport�substrate site(s) and not at the
ATP-binding site(s) of ABC drug transporters.18 Existing litera-
ture does not provide definitive data on the effectiveness of TKIs
(specifically Tasigna, which is used to treat imatinib-resistant
CML patients) in ABC-drug-transporter-expressing CML cells.18

Therefore, we sought to address this aspect of TKI-ABC drug
transporter interactions using a fluorescent and a radiolabeled
derivative of this drug. We synthesized a fluorescent (BODIPY FL)
derivative of Tasigna, and this study highlights the interaction of
this fluorescent derivative (BODIPY FL Tasigna) with Pgp and
ABCG2 using both cell-based in vitro and ex vivo assays. In
addition, we studied the transport of a radiolabeled [3H]
derivative of Tasigna in polarized LLC-PK cells expressing Pgp.
The results from these two derivatives of Tasigna demonstrate
that Tasigna is transported by Pgp and ABCG2. These data may
have important pharmacological and toxicological significance, as
Tasigna is an orally active drug recently approved by the FDA for
the treatment of CML and its safety and efficacy profile are still
under investigation.

’EXPERIMENTAL SECTION

Chemicals. Mitoxantrone, MTT dye, rhodamine 123 and all
other chemicals were purchased from Sigma (St. Louis, MO).
[125I]-Iodoarylazidoprazosin (IAAP) (2200 Ci/mmol) was from
Perkin-Elmer Life Sciences (Wellesley, MA). XR9576 and PSC833
were a kind gift fromXenova (UK) andNovartis (Basel, Switzerland),
respectively. FTC was synthesized by Thomas McCloud, Na-
tional Cancer Institute, NIH. The BODIPY FL labeling kit and
BODIPY FL prazosin were purchased from Invitrogen Corp.
(Carlsbad, CA), and [N-ε-(4-nitrobenzofurazan-7-yl)-D-Lys8]-
cyclosporin A (NBD-CSA) was synthesized by R. Wenger (Basel,
Switzerland).19 [3H]-Tasigna (370�740 GBq/mmol) was cus-
tom prepared by using the [3H] exchange method by American
Radiolabeled Chemicals, Inc. (St. Louis, MO).
Cell Lines and Culture Conditions. pCDNA3.1-HEK, Pgp-

HEK, ABCG2-HEK and K562-ABCG2 cells were kind gifts from
Dr. Susan Bates (NCI, NIH) and were maintained in DMEM
(with 2 mM L-glutamine and 10% FBS) with 2 mg/mL G-418.
K562 and K562/i-S9 (Pgp) cells were provided by Dr. Eugene
Mechetner (Oncotech Inc., Tustin, CA). K562, K562/i-S9 and
K562-ABCG2 were maintained in RPMI media (with 2 mM
L-glutamine and 10% FBS).20

LLC-PK1 control (ATCC, Manassas, VA) and LLC-PK1-
MDR1 cells were grown in medium 199 (3% (v/v) FBS, 1%
penicillin/streptomycin and 500 μg/mL Geneticin). The expres-
sion levels of Pgp and ABCG2 in HEK and K562 cells were
different, as demonstrated earlier.20�23

Generation of LLC-PK1-MDR1 Cell Line. LLC-PK1 cells
expressing human Pgp were generated by transfecting these cells
with pcDNA3.1 plasmid containing human wild-type Pgp cDNA
using Lipofectamine 2000 (Invitrogen, CA). After transfection,
stable recombinant cells were isolated and the expression of
recombinant human Pgp on the cell membrane were verified by
Western blot analysis and Flow cytometry using Pgp specific
monoclonal C219 and MRK16 antibodies, respectively, and
Calcein-AM accumulation assays.
Animals. Male Sprague�Dawley rats (10 weeks old, 300 g

average body weight) were purchased from Charles River

(Portage, MI). All animal protocols were approved by the
Institutional Animal Care and Use Committee of the University
ofMinnesota (IACUCprotocol # 0710A17842; PI: Bj€orn Bauer)
and were in accordance with AAALAC regulations and the
Guides to Animal Use of the University of Minnesota and NIH
animal use guidelines.
Isolation of Crude Membranes. Crude membranes from

High-five insect cells expressing Pgp were prepared as described
elsewhere.24 The protein content was estimated using the amido
black B-dye binding assay, as described previously.25

Fluorescent Drug Accumulation Assay by Flow Cytome-
try. Accumulation assays with BODIPY FL Tasigna (0.5 μM)
were performed as described previously.26 For all samples, 10,000
events were counted and the analysis was performed with Cell
Quest software (Becton-Dickinson Immunocytometry systems).
The mean fluorescence intensity was calculated using the histo-
gram stat program in Cell Quest software.
ConfocalMicroscopy. pcDNA3.1-HEK, Pgp-HEK andABCG2-

HEK cells were grown on 12-well glass bottom chamber slides for
14�16 h (Nalge Nunc International Corp, Naperville, IL). These
cells were incubated with 0.5 μM BODIPY FL Tasigna (in IMDM
media containing 5% FBS) at 37 �C for 45 min. The cells were
washed twice with cold PBS, and images were acquired using an oil
immersion objective (100�) in a confocal microscope (MRC-1024,
Bio-Rad, Hercules, CA, USA).
ATPase and Photoaffinity Labeling Assays. For ATPase

assays, crude membrane protein (100 μg protein/mL) from High-
five cells expressing Pgp and ABCG2 was incubated at 37 �Cwith
varying concentrations of Tasigna and ATP in the presence and
absence of 0.3 mM sodium orthovanadate, and the vanadate-
sensitive ATPase activity was determined by estimating the amount
of inorganic phosphate released, as described previously.24

Photoaffinity assays were performed by incubating crude
membranes (1 mg protein/mL) from Pgp-expressing or
ABCG2-expressing High-five cells with 0�20 μM Tasigna for
10 min at 21�23 �C in 50 mM Tris-HCl, pH 7.5 followed by
addition of 3�6 nM [125I]-IAAP (2200 Ci/mmol). The samples
were cross-linked and incorporation of [125I]-IAAP was deter-
mined as described previously.27

Transport Assay in Rat Brain Capillaries. Rat brain capil-
laries are known to express Pgp and ABCG2;28,29 therefore
freshly isolated capillaries from rat brains were used to monitor
Pgp and ABCG2 transport function with fluorescent substrates
including Bodipy-Tasigna as previously described.30,31 Brain
capillaries were incubated for 1 h at room temperature with
either 2 μM NBD-CSA, 2 μM BODIPY FL prazosin, or 2 μM
BODIPY FLTasigna. For each treatment, images of 10 capillaries
were acquired by confocal microscopy (Nikon C1 laser scanning
confocal microscope unit mounted on a Nikon TE2000 inverted
microscope, 40� oil immersion objective, numerical aperture�
1.3, 488 nm line of a Spectra Physics krypton�argon laser
(model 163C) in conjunction with a 515/30 nm band-pass filter
(Nikon Instruments Inc., Melville, NY, USA). Confocal images
were analyzed bymeasuring the lumenal fluorescence intensity of
the above compounds, as described previously.30,31

Immnuoblotting. 106 cells from LLC-PK1 (parental) and
LLC-PK1-MDR1 (P-gp positive) cell lines were solubilized in
protein extraction buffer (10 mM Tris-HCl, pH8.0, 0.1% Triton
X-100 (v/v), 10 mM MgSO4, 2 mM CaCl2 supplemented with
1% (v/v) aprotinin, 1 mM AEBSF, 2 mM DTT and 20 μg/mL
micrococcal nuclease. Samples were lysed by freeze�thaw
following sonication in a bath sonicator. Equal amounts of
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Figure 1. Tasigna inhibits Pgp-mediated efflux of calcein-AM and photoaffinity labeling of Pgp with 125I-IAAP and stimulates Pgp-mediated ATP
hydrolysis: (a) pCDNA3.1-HEK and Pgp-HEK cells were incubated with 0.25 μM calcein-AM for 10 min at 37 �C in the dark, in the absence (black
bold) or presence of 1 μM Tasigna (dashed line), 2 μM Tasigna (dotted line) or 2 μM Pgp specific inhibitor, XR9576 (thin line). The cells were then
washed and subsequently analyzed by flow cytometer as described in the Experimental Section. Representative histograms from one of three
independent histograms are shown. (b) Crude membranes from High-five cells expressing Pgp were incubated with 0�10 μM Tasigna for 5 min at
21�23 �C in 50 mM Tris-HCl, pH 7.5. 3�6 nM [125I]-IAAP (2200 Ci/mmol) was added and incubated for an additional 5 min under subdued light.
The samples were then illuminated with a UV lamp (365 nm) for 10 min and were processed as described in the Experimental Section. The
incorporation of [125I]-IAAP (from autoradiogram, Y-axis) into the Pgp band was quantified by estimating the radioactivity of this band and plotted as a
concentration of Tasigna (X-axis). A representative autoradiogram from one experiment is shown (inset), and similar results were obtained in two
additional experiments. (c) Crudemembrane protein fromHigh-five cells expressing Pgp was incubated at 37 �Cwith 0�10μMTasigna in the presence or
absence of 0.3 mM sodium orthovanadate in an ATPase assay buffer for 10 min. The amount of inorganic phosphate released after incubation with 5 mM
ATP for 20min and the vanadate-sensitive ATPase activity was determined as described in the Experimental Section. The average from three experiments is
shownhere, and the error bars represent SE. (d, e)Tasigna inhibits Pgp andABCG2 function in rat brain capillaries. Rat brain capillaries were incubated for 1
h at room temperature in the presence or absence of indicated concentrations of Tasigna or indicated inhibitors with (d) 2 μMNBD-CSA, a fluorescent
cyclosporin A, which is a Pgp substrate, or (e) 2 μMBODIPY FL prazosin, a fluorescent ABCG2 substrate. Confocal images of 10 capillaries were acquired
by confocal microscopy using a 40� oil immersion objective as described in the Experimental Section. (f, g) Concentration-dependent decrease of lumenal
NBD-CSA (f, Y-axis) or BODIPY FL prazosin (g, Y-axis) plotted as a function of concentration of Tasigna (X-axis). Each data point represents the lumenal
NBD-CSA or BODIPY FL prazosin fluorescence mean value from 10 capillaries (pooled capillary tissue from 10 rats of a single preparation); variability is
given by SEM bars. Units are arbitrary fluorescence units (au). Statistical comparison: ***, significantly lower than control capillaries, P < 0.001.
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protein samples were separated by SDS�PAGE on 3�8% Tris-
Acetate gel and transfer onto nitrocellulose membrane. The blot
was blocked with 20% nonfat dry milk followed by overnight
incubation with Pgp-specific C219 antibody (1:2000). Horse-
radish peroxidase-conjugated anti-mouse IgG was used as a
secondary antibody. The presence of Pgp was visualized by
enhanced chemiluminescence reagents (Perkin-Elmer) accord-
ing to the manufacturer’s protocol.
Transepithelial Transport Assay. LLC-PK1-MDR1 cells

were seeded at a density of 2 � 106 cells/24 mm well on
Transwell Costar polycarbonate filters (0.4 μm pore size, Costar,
Lowell, MA). Cells were cultured for 5 days with media changed
once in two days. To confirm the quality of the cell monolayers,
transepithelial electrical resistance (TEER) was measured with
an epithelial voltmeter (World Precision Instruments, Sarasota, FL).
Cell monolayers with TEER values above 200 Ω were used for
assays. The transport across the cell monolayer was conducted by
adding [3H]-Tasigna (64 nM, 1 μCi/mL) to either the apical or
basolateral side of the monolayer in the absence or presence of
cyclosporin A (10 μM) or tariquidar (1 μM). Aliquots of
medium (50 μL) were taken from the opposite side of the cell
monolayer at 60, 120, 180, and 240 min, mixed with scintillation
cocktail (10 mL) (Bio-Safe II), and the disintegrations per
minute were measured using a Beckman Coulter LS-6500 liquid
scintillation analyzer. The efflux ratio (BfA/AfB), in folds,
was calculated by dividing drug efflux rate of (BfA) by (AfB)
to evaluate Pgp-mediated directional efflux.
Measurement of BCR-ABL Kinase Activity in K562 Cells.

K562, K562/i-S9 and K562 ABCG2 cells were treated with
0.05�1 μMTasigna or 10�20 μMBODIPY FL Tasigna for 4 h.
BCR-ABL kinase activity was measured in total cell lysates by
detecting the levels of P-Crkl, a BCR-ABL kinase target, using
P-Crkl (Tyr207) or total Crkl levels using CrkL antibodies (Cell
Signaling Technology, Danvers, MA) according to the manu-
facturer’s suggested protocol.
Synthesis of Tasigna andBODIPY FL Tasigna.The synthesis

of Tasigna was accomplished using a series of published
methods.32 The complete synthetic scheme for BODIPY FL
Tasigna is shown in Figure 3. Detailed characterization of the
intermediates in the synthesis protocol and an analytical trace
demonstrating the purity of BODIPY FL Tasigna are given in the
Supporting Information.
Statistical Analysis. Data are presented as mean ( SEM. A

two-tailed unpaired Student’s t test was used to evaluate differ-
ences between controls and treated groups; differences were
considered to be statistically significant when P < 0.05. Sigmoidal
dose�response curves and IC50 values were calculated using
GraphPad Prism Software Version 4.01 (GraphPad Software,
Inc., La Jolla, CA, USA).

’RESULTS

Tasigna Inhibits the Transport of Substrates by Pgp-
Overexpressing Cells. To investigate the interaction of Tasigna
with Pgp, its effect on the Pgp-mediated efflux of calcein-AM was
determined. Control pcDNA3.1-HEK and Pgp-expressing Pgp-
HEK cells were incubated with 0.25 μM calcein-AM in the
presence or absence of indicated concentrations of Tasigna or 2 μM
Tariquidar (XR9576; a Pgp-specific inhibitor) at 37 �C for 10 min.
The total cellular fluorescence was monitored using flow cyto-
metry as described in the Experimental Section. As shown in
Figure 1a, 1�2 μMTasigna inhibited the efflux of calcein-AM in

Pgp-HEK cells, while it had no effect on the accumulation of this
compound in control pCDNA3.1-HEK cells. The inhibition of
calcein-AM efflux by Tasigna was comparable to 2 μM XR9576,
suggesting that Tasigna is a potent inhibitor of the function
of Pgp.
Tasigna Interacts at the Substrate Binding Pocket of Pgp.

To understand the mechanism of interaction of Tasigna with
Pgp, we determined the effect of Tasigna on Pgp ATPase activity
and its ability to displace IAAP binding in photoaffinity label-
ing assays. Tasigna inhibited the photolabeling of Pgp with
[125I]-IAAP in a concentration-dependent manner with an IC50

value of 0.18 μM and stimulated ATP hydrolysis at very low
concentrations, with only 0.19 μM required for 50% stimulation
(Figure 1b,c). These results demonstrate that Tasigna interacts
with the drug substrate binding site(s) on Pgp in a way similar
to its interaction with drug substrate binding sites on ABCG2
reported earlier.33 Tasigna also stimulated the ABCG2-ATPase
activity in a concentration-dependent manner [see Figure 3 in
reference 33].
Tasigna Inhibits Pgp and ABCG2 Transport Function at

the Blood�Brain Barrier. An important physiological function
of Pgp and ABCG2 is to provide a pharmacological barrier for
tissues present in the blood�tissue interface such as in the
blood�brain barrier. Since Tasigna inhibits the transport func-
tion of Pgp in cultured cells (Figure 1a), we then sought to
determine if it was also effective in an ex vivo system consisting
of freshly isolated, intact rat brain capillaries, which express both
Pgp and ABCG2 and are an established ex vivo model to study
blood�brain barrier function.34�37 Isolated brain capillaries
were exposed to either 2 μM NBD-CSA (fluorescent Pgp
substrate) or 2 μM BODIPY FL prazosin (fluorescent ABCG2
substrate) for 1 h with or without Tasigna. In capillaries treated
with Tasigna, lumenal fluorescence of both NBD-CSA and
BODIPY FL prazosin was reduced in a dose-dependent manner
(Figure 1d,e, middle panels). PSC833, a Pgp-specific inhibitor,
and fumitremorgin C (FTC), an ABCG2-specific inhibitor,
also reduced lumenal fluorescence of NBD-CSA and BODIPY
FL prazosin, respectively (Figure 1d,e, right panel). Quantifica-
tion of steady-state lumenal fluorescence accumulation showed
that Tasigna, PSC833, and FTC maximally reduced lumenal
fluorescence to approximately 50% of control capillaries
(Figure 1f,g). Note that the fluorescence remaining after inhibi-
tion of transport reflects passive diffusion and nonspecific
binding of the dye to the tissue.36,37 The IC50 concentrations

Table 1. Tasigna Sensitizes P-Glycoprotein-Expressing Cells
to Doxorubicin

IC50 [nM]a

concn

[μM]

pcDNA-

HEK293

Pgp-HEK293

(Pgp) RRb

doxorubicin alone 11.45( 1.60 201.84( 45.80 18

þ Tasigna 1 12.55( 1.66 28.66( 6.74 2

þ XR 9576 1 11.33 ( 1.29 10.18( 1.90 1
a IC50 values are mean( SD in the presence and absence of Tasigna or
XR9576. The IC50 values were calculated from dose�response curves
obtained from three independent experiments. bRR (relative resistance)
values were obtained by dividing the IC50 values of drug for Pgp-
expressing Pgp-HEK293 cells by the IC50 values of the parental
pcDNA3.1-HEK293 cells in the absence of test drug.
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for Tasigna to inhibit efflux activity were 3.46 μM for Pgp and
93.2 nM for ABCG2, respectively.
Tasigna Reverses Resistance of Pgp-Expressing Cells to

theAnticancer DrugDoxorubicin.The effect of Tasigna on the
cytotoxicity of other anticancer drugs is further demonstrated by
the reversal of cytotoxicity assays where a nontoxic concentration
of Tasigna in combination with the Pgp substrate doxorubicin
was able to inhibit drug resistance mediated by Pgp in MDR1-
transfected HEK cells (Table 1).
Tasigna Is Less Effective at Inhibiting BCR-ABL Kinase in

Pgp- and ABCG2-Expressing CML Cells. Since Tasigna targets
the BCR-ABL kinase in CML cells, we evaluated its ability to
inhibit BCR-ABL kinase activity in CML cells that overexpress
Pgp and ABCG2. The BCR-ABL kinase activity was measured
by monitoring the phosphorylation of Crkl (P-Crkl), a target of
BCR-ABL kinase in K562 cells (a CML cell line), since this
kinase is specifically expressed in this these cells. Tasigna was less
effective at inhibiting the phosphorylation of Crkl in Pgp-expres-
sing K562/i-S9 cells (Figure 2a, upper panel) and ABCG2-
expressing K562-ABCG2 cells (Figure 2b, upper panel)

compared to that in parental, control K562 cells. The level of
total Crkl remained unchanged in these cells by treatment with
Tasigna (Figure 2a,b, lower panels). The level of P-Crkl expres-
sion was quantitated by densitometric analysis. The IC50

value of Tasigna for inhibition of Crkl phosphorylation in
K562 cells was 69.85 nM, while it was 329 nM for K562/i-S9
(Pgp) cells and 370 nM for K562-ABCG2 cells (Figure 2b).
Tasigna was thus 4- to 5-fold less effective at inhibiting BCR-
ABL kinase activity in Pgp- and ABCG2-expressing K562 cells
compared to control K562 cells. A plausible reason for the reduced
efficacy of Tasigna in Pgp- and ABCG2-expressing cells could be
lower intracellular levels of the drug due to Pgp- and ABCG2-
mediated active efflux from these cells as compared to control
K562 cells.
Synthesis of BODIPY Conjugate of Tasigna. The above-

described results indicated that active efflux of Tasigna by Pgp
and ABCG2 in CML cells can lead to its reduced efficacy.
However, there was no clear evidence that Tasigna was trans-
ported by Pgp or ABCG2. In order to address this question,
we synthesized a fluorescent derivative of Tasigna (Figure 3),
as described in the Experimental Section and evaluated it in
fluorescence-based in vitro and ex vivo assays. Previously, BOD-
IPY conjugates of anticancer agents including vinblastine, verapamil
and paclitaxel have been used as tools to determine the transport
function of ABC drug transporters.38,39 The basic physicochem-
ical properties of Tasigna and a truncated version of the Bodipy-
Tasigna molecule (the programs used cannot deal with the
multivalency of the boron in the Bodipy fluorophore so it had to
be removed) are significantly similar (the Log P values of Tasigna
and its fluorescent derivative are 4.95 and 3.68, respectively).
Further analysis showed that the only major difference between
Tasigna and Bodipy-Tasigna is within the polar surface area,
which as expected, increases significantly for Bodipy-Tasigna.
There is no clear data that suggest this should have an effect on
passive membrane permeability.
BODIPY FL Tasigna Is Transported by Pgp- and ABCG2-

Expressing K562 and HEK Cells. BODIPY FL Tasigna proved
to be an effective tool to study the intracellular Tasigna levels in
cells expressing Pgp and ABCG2 with both flow cytometry
(Figure 4a) and confocal microscopy (Figure 4b). Since K562
cells do not grow as amonoloayer, but remain in suspension, they
could not be analyzed by confocal microscopy. The confocal
images were therefore acquired with only HEK cells. K562,
K562/i-S9 (Pgp), andK562-ABCG2 (Figure 4a) or pcDNA3.1-HEK,
Pgp-HEK, and ABCG2-HEK (Figure 4b) cells were incubated
with 0.25 μMBODIPY FL Tasigna in the presence or absence of
different Pgp/ABCG2 inhibitors as described in the Experimen-
tal Section. While control cells showed high levels of accumula-
tion of BODIPY FL Tasigna, the Pgp- and ABCG2-expressing
cells had low levels of accumulation (Figure 4a,b). Addition of 2
μM Tariquidar (XR 9576, Pgp inhibitor) or 10 μM FTC
(ABCG2 inhibitor) completely blocked active efflux of BODIPY
FL Tasigna, thereby increasing total cellular accumulation of
the compound (Figure 4b). These results demonstrate that
the total intracellular levels of the BODIPY FL Tasigna in Pgp-
and ABCG2-expressing cells are lower than in cells that do
not express these transporters, indicating that it is actively
pumped out of these cells and that BODIPY FL Tasigna is a
transport substrate for both Pgp and ABCG2. These results
substantiate the results shown in Figure 2 suggesting that
Pgp- and ABCG2-mediated cellular efflux of Tasigna could be
responsible for the decreased intracellular Tasigna levels and its

Figure 2. Effect of Tasigna on BCR-ABL kinase activity in Pgp- and
ABCG2- expressing K562 cells: K562 (lanes 1�7) in all panels, K562/i-S9
(lanes 8�14 upper panels in a), and K562-ABCG2 (lanes 8�14 upper
panel in b) were incubated in the absence (lane 1, 8) or presence of
indicated concentrations of Tasigna for 4 h at 37 �C. The BCR-ABL
kinase activity was measured by monitoring the phosphorylation of
P-Crkl (upper panels in a and b) and total Crkl levels (lower panels in a
and b) in cell lysates from these cells as described in the Experimental
Section. Shown here is a representative Western blot detecting P-Crkl
and total Crkl levels from a representative experiment. Similar results
were obtained in two additional experiments. (c) The P-Crkl level
(measurement of BCR-ABL kinase activity) (fromWestern blot, Y-axis)
in control K562 (b) and K562/i-S9 (9) (Pgp-expressing) or K562-
ABCG2 ([) was quantified by using the ImageQuaNTTL software and
plotted as a concentration of Tasigna (X-axis).
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reduced effectiveness at inhibiting BCR-ABL kinase in Pgp- and
ABCG2-expressing K562 cells. It should be noted that the
difference in total intracellular levels of BODIPY FL Tasigna
in K562 cells (Figure 4a) was modest compared to the HEK
cells (Figure 4b). This may be attributed to differences in the
expression levels of Pgp and ABCG2 in K562 cells compared to
HEK cells (see refs 41�44).
BODIPY FL Tasigna Inhibits BCR-ABL Kinase Activity in

CMLCells.To demonstrate that the properties of Tasigna are not
drastically altered in conjugated BODIPY FL Tasigna, we
characterized its activity in inhibiting BCR-ABL kinase activity.
Figure 5a (upper panel) shows that 10�20 μM BODIPY FL
Tasigna inhibited the phosphorylation of Crkl in K562 cells, while
total Crkl levels remained unchanged (lower panel), suggesting
specific inhibition of phosphorlyation of Crkl. These data
suggested that conjugation of Tasigna with the BODIPY group
did not qualitatively alter the BCR-ABL kinase inhibitory poten-
tial of the parent drug Tasigna. It should be noted that BODIPY
FL Tasigna was less potent than Tasigna in inhibiting BCR-ABL
kinase (a potential consequence of the structural alteration of the
molecule and/or cytosolic exposure of the conjugate relative to
free drug).
BODIPY FL Tasigna Is Effluxed at the Blood�Brain Barrier,

and It Interacts at the Substrate-Binding Pocket of Pgp and
ABCG2. To further confirm that BODIPY FL Tasigna can be
used as a surrogate tool to monitor Tasigna’s interactions with
ABC drug transporters under ex vivo conditions, freshly isolated
rat brain capillaries were incubated with BODIPY FL Tasigna for
1 h. As shown in Figure 5b,c, BODIPY FL Tasigna was actively
effluxed into the lumen of brain capillaries (Figure 5b,c). This
could be inhibited by Tasigna and PSC833 or FTC, specific

inhibitors of Pgp and ABCG2, respectively. In addition, BODIPY
FL Tasigna also inhibited the binding of 125I-IAAP to Pgp and
ABCG2 (Figure 5d), indicating that, similar to Tasigna, fluor-
escent Tasigna also interacts at the substrate binding site(s) on
Pgp and ABCG2. These results clearly showed that BODIPY FL
Tasigna is pumped out by Pgp and ABCG2 present at the
blood�brain barrier and that this compound interacts with
the substrate binding pocket in a manner similar to other typical
substrates of these transporters. Consistent with these results,
BODIPY FL Tasigna also stimulated the ATPase activity of
Pgp and ABCG2, respectively (data not shown). It should be
noted that the IC50 for inhibition of Crkl activity, inhibition
of 125I-IAAP binding and the concentration required for 50%
stimulation of ATP hydrolysis for BODIPY FL Tasigna was 5- to
7-fold higher than that for Tasigna. The observed lower activity
may be due to the larger size of BODIPY FL Tasigna (mol wt
1108.49) compared to its parent compound (mol wt 530.18)
and/or the altered cellular exposure to the conjugate. BODIPY
FL Tasigna may therefore be especially useful in studies of the
interactions of tyrosine kinase inhibitors with Pgp, as this and
other TKIs are known to interact with ABC transporters with a
higher affinity, making it difficult to observe the TKI transport
differences in intact cell assays.
[3H]-Tasigna Is Transported by Pgp. To confirm further

that Tasigna is a transport substrate of Pgp, we used polarized
LLC-PK1 cells expressing Pgp (Figure 6a) and evaluated the
ability of these cells to efflux [3H]-Tasigna in transepithelial
transport assays (Figure 6b). Cells were incubatedwith [3H]-Tasigna
(64 nM), and drug transport across the cell monolayer wasmeasured
for 4 h. [3H]-Tasigna transport from the basolateral to the apical
compartment (BfA) was significantly higher than transport from

Figure 3. Scheme for synthesis of BODIPY FL Tasigna: Detailed characterization of intermediates and purity of final product are described in the
Supporting Information.
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the apical to the basolateral compartment (AfB), and a time-
dependent linear increase in drug transport across the cell monolayer
was observed (Figure 6b). The fold difference in BfA versus AfB
[3H]-Tasigna transport at 180 min was 5.64 ( 0.44 (Figure 6c).
Inhibition of Pgp function with cyclosporin A (10 μM) or tariquidar
(1μM) significantly reduced the BfA transport rate, indicating
that the observed transport across polarized LLCPK1 cells

was Pgp-specific. Taken together, the results with [3H]-Tasigna and
BODIPY FL Tasigna clearly demonstrate that Tasigna is a transport
substrate of Pgp.

’DISCUSSION

Expression of the ABC drug transporters Pgp and ABCG2 has
been associated with the development of drug resistance to first
generation BCR-ABL kinase inhibitors such as Gleevec.12,40�42

Tasigna, a second generation BCR-ABL kinase inhibitor, has
been developed as a more potent and specific inhibitor that
also inhibits the kinase activity of mutant Gleevec-resistant BCR-
ABL kinases. Several conflicting reports have been published
about the above kinase inhibitors being substrates of ABC drug
transporters. While some groups have shown that resistance to
Gleevec is due to its low intracellular accumulation,33,43,44 other
reports have suggested that the resistance is not dependent on
drug efflux by ABC drug transporters.45,46 In the case of Tasigna,
it has also been shown that Tasigna interacts with ABCG2 with a
very high affinity, is a substrate of this drug transporter, and
reverses drug resistance mediated by Pgp and ABCG2,17,33 while
others reported that cellular accumulation of Tasigna in cell lines
and primary CD34(þ) CML cells is not mediated by active
uptake or efflux by major drug transporters and expression of
Pgp may not be enough to confer drug resistance to Tasigna.15,47

However, the nature of the interaction of Tasigna with Pgp is not
very well understood. Moreover, the effectiveness of Tasigna in
inhibiting BCR-ABL kinase activity in Pgp- and ABCG2- expres-
sing leukemic cells has also not been studied mechanistically.

The data from this study indicate that Tasigna inhibits Pgp
activity by interacting with the substrate binding pocket of Pgp,
similar to results obtained previously with ABCG2 (Figure 1 and
ref 33). This inhibition of Pgp and ABCG2 function at low
micromolar and nanomolar concentrations, respectively, can influ-
ence the toxicity or bioavailability of other drugs or metabolites in
humans that are substrates of ABC drug transporters. Systemic
concentrations of Tasigna after administration of the recom-
mended twice daily dose of 400 mg range from 1.7 to 3.6 μM.48

Therefore, the above experimental concentrations of Tasigna can
be achieved systemically in CML patients treated with Tasigna,
which may further inhibit Pgp physiologically, representing
another cellular target for Tasigna that may arise in a secondary
phenotypic outcome. Direct evidence for this is presented in our
experiments with rat brain capillaries, where Tasigna inhibits Pgp
and ABCG2 function resulting in decreased efflux activity of these
transporters at the blood�brain barrier.

A fluorescent derivative of Tasigna was synthesized to study its
direct interaction with ABC drug transporters (Figure 3 and
Supporting Information). We showed for the first time that the
total intracellular levels of BODIPY FL Tasigna in Pgp- and
ABCG2-expressing cells were lower than in cells that do not
express these transporters, indicating that it is actively pumped
out of these cells (Figure 4). This efflux of BODIPY FL Tasigna
was inhibited by specific inhibitors of Pgp and ABCG2 in both in
vitro and ex vivo assays (Figures 4 and 5). This fluorescent
derivative also inhibited the BCR-ABL kinase activity, although
with a lower efficiency that could be attributed to the structural
alteration of the molecule, possibly resulting in decreased affinity
to its target (Figure 5).

[3H]-labeled Tasigna was also synthesized to test whether it is
a transport substrate for Pgp. The polarized LLC-PK1 cells expres-
sing Pgp were used to determine [3H] Tasigna transport. The

Figure 4. BODIPY FL Tasigna is transported by both Pgp and ABCG2.
(a) BODIPY FL Tasigna is effluxed by Pgp-expressing K562 cells: K562,
K562/i-S9 (Pgp-expressing), or K562-ABCG2 (ABCG2-expressing)
cells were incubated with 0.5 μM BODIPY FL Tasigna for 45 min at
37 �C in the dark, as indicated. The cells were then washed and analyzed
by flow cytometer as described in the Experimental Section. Similar
results were obtained in three additional experiments. (b) Detection of
cellular accumulation of BODIPY-FL Tasigna by confocal microscopy:
pcDNA3.1-HEK, Pgp-HEK, and ABCG2-HEK cells were incubated
with 0.5 μM BODIPY FL Tasigna in the absence (left panels) or
presence (right panels) of 2 μM Pgp inhibitor XR9576 or 10 μM
ABCG2 inhibitor FTC at 37 �C for 45 min. The cells were washed
twice with cold PBS and the images were acquired as described in the
Experimental Section. Shown here are representative images from
one experiment. Similar results were obtained in three additional
experiments.
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data clearly demonstrated a net active transport of [3H]-Tasigna
from the basal to apical side of the polarized LLC-PK1 cells
expressing Pgp and Pgp inhibitors significantly blocked the
directional flux of radiolabeled Tasigna (Figure 6). These data
validate the results obtained with BODIPY FL Tasigna. How-
ever, Hegedus et al.,15 based on an HPLC-MS assay, reported
that there was no significant difference in the amount of
intracellular Tasigna in control and Pgp-expressing K562 cells
(nonpolarized cells). At present, we do not know the reason for

failure to observe transport in nonpolarized cells, but most likely
it could be the result of high background due to nonspecific
binding of Tasigna to cells (also mentioned by these authors).

Our results with both the fluorescent derivative and [3H]-
Tasigna collectively show that this TKI is transported by Pgp and
ABCG2. Based on these data, we conclude that Tasigna is a less
potent inhibitor of BCR-ABL kinase activity in Pgp- or ABCG2-
expressing drug-resistant CML cells compared to sensitive control
CML cells because it is transported by Pgp and ABCG2, resulting

Figure 5. BODIPY FL Tasigna inhibits BCR-ABL kinase activity: (a) K562 cells were incubated in the absence (lane 1) or presence of 1 μM Tasigna
(lane 2), 10 μM (lane 3), and 20 μM (lane 4) BODIPY FL Tasigna for 4 h at 37 �C. The BCR-ABL kinase activity was measured by monitoring the
phosphorylation of P-Crkl (upper panel) and total Crkl (lower panel) in cell lysates from these cells as described in the Experimental Section. BODIPY
FL Tasigna is effluxed by blood�brain barrier capillaries: (b, c) Rat brain capillaries were incubated for 1 h at room temperature in the presence or
absence of indicated inhibitors with 2 μMBODIPY FL Tasigna. Confocal images of 10 capillaries were acquired by confocal microscopy using a 40� oil
immersion objective as described in the Experimental Section. The images were analyzed by measuring lumenal fluorescence intensity of BODIPY FL
Tasigna (arbitrary units, Y-axis) and plotted as a function of different inhibitors (X-axis). Each data point represents the BODIPY FL Tasigna
fluorescence mean value from 10 capillaries (pooled capillary tissue from 10 rats of a single preparation); variability is given by SEM bars. Units are
arbitrary fluorescence units (scale 0�200). (d) BODIPY FL Tasigna interacts at the substrate-binding pocket of Pgp and ABCG2. Crude membranes
(500 μg/mL) fromHi-five Pgp- and ABCG2-expressing cells were incubated with indicated concentrations of BODIPY FLTasigna (0�1μM) for 5min
at 21�23 �C in 50 mMTris-HCl, pH 7.5. 3�6 nM [125I]-IAAP (2200 Ci/mmol) was added and incubated for an additional 5 min under subdued light.
The samples were processed as described in the legend to Figure 1c.
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in reduced intracellular accumulation. This is an important finding
given the clinical application of Tasigna, which is administered
to drug-resistant CML and ALL patients. This reduced effec-
tiveness becomes more important in a scenario where the
expression of ABC transporters is increased in patients who
have been treated with a drug that is a transporter substrate and
the incidence of secondary resistance increases because the
drug becomes ineffective due to active efflux by these transpor-
ters. In fact, despite the initial clinical effectiveness of Tasigna in
CML resistant patients, lack of response to Tasigna therapy and
development of resistance have also been reported.14,49

A nontoxic concentration of Tasigna in combinationwith the Pgp
substrate doxorubicin was able to inhibit drug resistancemediated by
Pgp in MDR1-transfected HEK cells (Table 1). These observations
could havedual implications in the clinic. AdministeringTasignawith
drugs that are substrates of Pgp could result in increased systemic
concentrations of these drugs. Alternatively, administering Tasigna
with drugs that inhibit Pgp function could lead to increased Tasigna
toxicity. The FDA summary review for approval of Tasigna reflects
these two possibilities, stating that treatment with Tasignamay result
in increased toxicity or drug/drug interactions if administered with
drugs which are either Pgp substrates or inhibitors (http://www.fda.
gov/cder/foi/nda/2007/022068s000_SumR.pdf). Increased oral
bioavailability or antitumor response of anticancer drugs in combina-
tion with other TKIs such as Gleevec, Gefitinib or Lapatinib has
already been shown by a number of studies.50�53

In conclusion, our findings indicate that the interaction of
Tasigna with Pgp and ABCG2 may be an important factor in the
treatment ofCMLandAMLpatients, as efflux ofTasigna byPgp and
ABCG2 may result in resistance to this drug. Moreover, interaction
with Pgp and ABCG2 can modify the pharmacokinetic and toxicity
profile of Tasigna in vivo. Additional studies to specifically investigate
the interaction of Tasigna with ABC transporters may be warranted
to determine its efficacy in the treatment of Gleevec-resistant CML
and ALL. In addition, BODIPY FL Tasigna may represent an
important tool for researchers to follow the efficacy, pharmacoki-
netics, and toxicity of Tasigna in preclinical and clinical models. A
similar approach may be used to study whether a given TKI is
transported by Pgp or ABCG2. It could also be adapted for use in
in vivo imaging studies to assess the accumulation of xenobiotics in
the brain that are transported by Pgp or ABCG2. To our knowledge,
this is the first study that not only demonstrates direct transport of
Tasigna by Pgp in transepithelial monolayer assays but also reports
synthesis and characterization of a fluorescent derivative of a TKI
that not only is active in inhibiting the target kinase but also can
be used to study its interaction with other proteins such as ABC
drug transporters in cancer cells.
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Figure 6. Transepithelial transport of [3H]-Tasigna across monolayers
formed by LLC-PK1 cells expressing human Pgp. (a) Expression of
human Pgp in LLC-PK1 cells. Total cell lysates from LLC-PK1 (lane1)
and LLC-PK1-MDR1 (lane 2) cells were separated by SDS�PAGE. Pgp
level was detected with the anti-Pgp (C219) antibody as described in the
Experimental Section. Lane M, molecular weight markers (kDa). (b)
Efflux of [3H]-Tasigna by Pgp as a function of time. [3H]-Tasigna (64
nM) was added to either the apical or basolateral side of the monolayer.
An aliquot (50 μL) of the media was removed from the opposite side of
the cell monolayer at indicated time points and processed as described in
the Experimental Section. The squares show the basolateral-to-apical
(BfA) transport; the diamonds show the apical-to-basolateral transport
(AfB). (c) Effect of Pgp-specific inhibitors on transepithelial transport of
[3H]-Tasigna. LLC-PK1-Pgp cell monolayers were incubated with [3H]-
Tasigna (64 nM; 1 μCi/mL) in the presence or absence of cyclosporin A
(10 μM) and tariquidar (1 μM) for 180 min. Directional drug transport
ratios across cell monolayers weremeasured. Each point shows themean(
SE from at least three independent experiments.
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