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Abstract: Incomplete chemotherapeutic eradication of leukemic CD34'CD38 stem cells is
likely to result in disease relapse. The purpose of this study was to evaluate the effect of
nilotinib on eradicating leukemia stem cells and enhancing the efficacy of chemotherapeutic
agents. Our results showed that ABCB1 and ABCG2 were preferentially expressed
in leukemic CD34'CD38™ cells. Nilotinib significantly enhanced the cytotoxicity of
doxorubicin and mitoxantrone in CD34'CD38 cells and led to increased apoptosis.
Moreover, nilotinib strongly reversed multidrug resistance and increased the intracellular
accumulation of rhodamine 123 in primary leukemic blasts overexpressing ABCB1 and/or
ABCG2. Studies with ABC transporter-overexpressing carcinoma cell models confirmed
that nilotinib effectively reversed ABCB1- and ABCG2-mediated drug resistance, while
showed no significant reversal effect on ABCC1- and ABCC4-mediated drug resistance.
Results from cytotoxicity assays showed that CD34'CD38™ cells exhibited moderate
resistance (2.41-fold) to nilotinib, compared with parental K562 cells. Furthermore, nilotinib
was less effective in blocking the phosphorylation of Ber-Abl and CrkL (a substrate of
Ber-Abl kinase) in CD34'CD38 cells. Taken together, these data suggest that nilotinib
particularly targets CD34°CD38™ stem cells and MDR leukemia cells, and effectively
enhances the efficacy of chemotherapeutic drugs by blocking the efflux function of
ABC transporters.
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1. Introduction

Intrinsic or treatment-induced acquired resistance is the major reason for therapeutic failure and an
important cause of death in acute leukemia patients. One of the best characterized resistance
mechanisms is mediated by ATP-binding cassette (ABC) transporters which are capable of recognizing
and extruding a broad range of structurally and functionally unrelated compounds [1-4]. An increasing
number of ABC transporters have been shown to cause multidrug resistance (MDR) in leukemia
patients. In most of the studies investigating de novo or secondary adult acute myeloid leukemia
(AML), ABCBI1 (ATP-binding cassette superfamily member B1, P-glycoprotein) is an independent
prognostic factor associated with reduced remission rates, and in some reports, inferior leukemia-free
and overall survival [5-7]. Overexpression of ABCBI, ABCCI1 (multidrug resistance-associated
protein 1, MRP1), ABCC3 (MRP3), and ABCG2 (breast cancer resistance protein, BCRP) genes is
associated with poor prognosis in AML patients [8—11]. High expression of MRP genes is associated
with a reduced relapse-free survival in acute lymphoblastic leukemia (ALL) patients and relapsed
patients showed a higher expression of MRP genes [12]. ABCB1 expression in de novo adult ALL
patients is an independent predictor of complete remission achievement [13].

A fascinating fact regarding ABC transporters is the documented hyper-expression of some
proteins of this family by stem cells. Many types of cancers, including acute leukemia, are
organized hierarchically and their growth is sustained by a subpopulation of rare cancer stem cells (or
cancer initiating cells) displaying asymmetric cell division, self-renewal capacity, and thus
maintenance of disease [14,15]. The existence of cancer stem cells (CSC) was first demonstrated in
AML using xenogeneic transplant models. Specifically, the CD34'CD38™ cells differentiated into
leukemic blasts in the recipient mice, and recapitulated the disease observed in the patient.
These leukemia stem cells (LSCs) are responsible for the occurrence of metastases and relapses
after induction chemotherapy and exhibit intrinsic resistance to treatment [16—19]. The first property of
this population was characterized by their ability to export Hoescht 33342 and rhodamine
123 fluorescent dyes from cells, which are transported by proteins of the ABC superfamily [20].
Accumulating data suggest that ABCBI1, and especially ABCG2 are abundantly expressed
in the so-called LSCs [21-24]. De Grouw et al. [25] have found higher mRNA levels of 27 ABC
transporters in the CD34'CD38" cells compared to the more committed CD34 CD38™ progenitors from
untreated AML patients. Additionally, cells that hyper-express ABCBI1 show the phenotype CD34" in
human hematopoietic stem cells. Though the role of these transporters remains unclear, it is most
often assumed that these transport proteins play an important role in protecting stem cells against
toxic substances [20,26]. It has also been reported that ABC transporters may be involved in the
regulation of key processes of stem cells, perhaps involved in their capacity for self-renewal
and differentiation [27].
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The development of ABC efflux transporter inhibitors has been extensively investigated since
1981 [28]. Till now, three generations of inhibitors have been identified and some of them are
currently under clinical trials for specific forms of advanced cancers [29]. Recently, it has been
collectively reported that tyrosine kinase inhibitors (TKIs) can overcome ABC-transporters-mediated
multidrug resistance by inhibiting their transport activities. Lapatinib has been shown to inhibit the
activity of ABCBI1, ABCG2 and MRP7 [30,31]. Kitazaki et al. [32] and Nakamura ef al. [33] have
reported gefitinib to be an inhibitor of ABCB1 and ABCG2. Other TKIs have also been found to
overcome MDR mediated by ABC transporters, including erlotinib, cediranib, vandetanib, sunitinib
and so on [34-37]. We have previously shown that apatinib and axitinib could target side population
(SP) phenotype cells and enhance the efficacy of chemotherapeutic drugs [38,39].

Nilotinib (AMN107, Tasigna®, Novartis), a selective inhibitor of the tyrosine kinase activities of
Bcer-Abl, platelet-derived growth factor receptor (PDGFR) and mast/stem-cell growth factor receptor
(c-KIT), is an encouraging therapeutic option for chronic myeloid leukemia (CML) patients with
imatinib resistance or intolerance. The goal of the current study is to investigate the effect of nilotinib
on drug retention in leukemia-initiating CD34'CD38" stem cells and characterize the interactions of
nilotinib with ABC transporters in primary leukemic blasts.

2. Results and Discussion
2.1. Nilotinib Enhanced the Efficacy of Chemotherapeutic Drugs in CD34 CD38  Cells

BM mononuclear cells isolated from acute myeloid leukemia patients were co-stained with anti-CD34
and -CD38 antibodies and CD34'CD38 " hematopoietic cells were flow-cytometrically defined as shown
in Figure 1A. In the investigated CD34°CD38" cell populations that contained the majority of stem cell
activity, only a small percentage of cells underwent apoptosis upon administration of low-dose
single-agent nilotinib (20.8% + 2.9%) and doxorubicin (27.6% + 3.3%) could be observed. It is
interesting to note that nilotinib drastically enhanced the apoptosis of CD34'CD38 cells (64.8% + 3.8%)
when used in combination with doxorubicin (Figure 1B,C). As shown in Figure 1D, CD34°CD38" cells
exhibited higher resistance to doxorubicin and mitoxantrone than CD34 CD38 cells. The inhibition
ratios of doxorubicin and mitoxantrone at 1.0 umol/L in CD34"CD38 ™ cells were 26.8% = 3.1% and
26.7% + 4.8%, while only a slight cytotoxic effect was observed in CD34'CD38™ cells (the
inhibition ratio was 6.9% + 2.1% and 7.3% =+ 1.1% for doxorubicin and mitoxantrone, respectively).
Compared to the corresponding monotherapies, nilotinib significantly enhanced the sensitivity of
different cell subgroups to doxorubicin and mitoxantrone. In the presence of 2.0 pmol/L nilotinib, the
inhibition ratio of doxorubicin and mitoxantrone increased (a) from 18.8% + 3.2% to 75.6% + 5.1% and
from 12.9% + 2.8% to 70.9% + 3.6% in un-sorting BM cells; (b) from 6.9% =+ 2.1% to 73.6% = 4.9% and
from 7.3% = 1.1% to 68.3% =+ 2.2% in CD34°CD38" cells; (c) from 26.8% =+ 3.1% to 82.6% = 4.5%
and from 26.7% =+ 4.8% to 77.5% + 5.0% in CD34 CD38 cells (Figure 1D). Together, these data
suggested that nilotinib effectively targeted CD34'CD38  cells and enhanced the chemosensitivity of
antineoplastic drugs.
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Figure 1. Nilotinib targeted CD34'CD38  cells and enhanced the efficacy of doxorubicin
and mitoxantrone in the inhibition of proliferation and induction of apoptosis. (A) BM
mononuclear cells isolated from acute myeloid leukemia patients were co-stained with
anti-CD34 and -CD38 antibodies and CD34'CD38" cell-enriched subpopulation was
further sorted by FACS. (B) and (C) Sorted CD34'CD38 cells treated with doxorubicin
and nilotinib in the indicated concentrations for 48 h, respectively. Apoptosis was analyzed
by flow cytometry as the percentage of cells labeled by Annexin V and propidium iodide.
(D) Induction of 50% cell death by doxorubicin and mitoxantrone in the presence of
nilotinib at indicated concentrations. Growth inhibition was determined by the MTT assay
according to the protocol described in the Experimental section. All these experiments
were repeated at least thrice, and a representative experiment is shown. Columns, means of
triplicate determinations; * p < 0.05; ** p <0.01.
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2.2. Expression Profiles of ABC Transporter Genes in CD34"CD38" Cells and Acute

Leukemia Patients

To determine the relationship between stem cells and the MDR phenotype, the gene expression of
ABC transporters was assessed in sorted K562 cell subpopulations. KBv200, S1-M1-80, HL60/ADR
and NIH3T3/MRP4 cell lines are drug resistant models with overexpression of ABCBI1, ABCG2,
ABCCI1 and ABCCA4, respectively. The basal expression of the four transporters in the parental cell
lines was nearly undetectable (below 1 x 107 copies) (Figure 2A). As shown in Figure 2B, the
expression of ABCB1 and ABCG2 were significantly higher in CD34'CD38™ cells compared with more
matured CD34 CD38 subpopulations. In addition, the expression levels of the four transporters in five



Molecules 2014, 19 3360

de novo acute leukemia patients (three of them were diagnosed with AML and two were ALL) and two
normal bone marrow (NBM) samples were also detected. All four genes showed higher expression
levels in three patients (Pat.3—5) compared to the NBM samples (Figure 2C). These results confirmed
that both primitive hematopoietic stem cells and new diagnosed acute leukemia patients showed high
expression levels of ABC transporters.

Figure 2. ABC transporters were highly expressed in CD34'CD38 cells and de novo
primary leukemic blasts. (A) Detection of ABCBI1/P-gp, ABCG2/BCRP, ABCC1/MRP1
and ABCC4/MRP4 expression in ABC transporter overexpressing cells and their parental
sensitive cells by quantitative real-time PCR (1, KB; 2, KBv200; 3, S1; 4, S1-M1-80;
5, HL60; 6, HL60/ADR; 7, NIH3T3; 8, NIH3T3/MRP4-2). (B) Detection of ABCB1/P-gp,
ABCG2/BCRP, ABCC1/MRP1 and ABCC4/MRP4 expression in different hematopoietic
cell populations isolated from K562 cells. (C) Endogenous expression of ABC transporters
in the representative primary leukemic blasts and normal bone marrow samples (NBM,
normal bone marrow; Pat., patient). ** p < 0.01.
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2.3. Nilotinib Sensitized the Primary Leukemic Blasts with ABCB1- and ABCG2-Overexpressing to
Substrate Anticancer Drugs

The cell surface expression of ABCB1 and ABCG2 was confirmed by flow cytometric analysis in
patient 3 (Pat.3) and patient 4 (Pat.4) (Figure 3A,B). As shown in Figure 3C, the ICsy values of
doxorubicin for normal bone marrow (NBM) blasts, Pat.3 and Pat.4 were 0.948 + 0.221, 1.329 + 0.128
and 2.426 + 0.346 pmol/L, respectively. Nilotinib at 2.0 pmol/L significantly sensitized the MDR cells
to doxorubicin treatment as compared to the NBM blasts and the fold-reversals were 2.11 and 6.17 in
Pat.3 and Pat.4. The effect of nilotinib on intracellular accumulation of Rho 123 in ABCBI- and
ABCG2-overexpressing primary leukemic blasts was also detected. Our results showed that nilotinib
enhanced the intracellular accumulation of Rho 123 in a dose-dependent manner (Figure 3D).
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Figure 3. Nilotinib enhanced the cytotoxicity of doxorubicin and the intracellular
accumulation of Rho 123 in primary leukemic blasts with ABCB1 and ABCG2
overexpression. Mononuclear cells were isolated as described in the Experimental section.
(A) Cell surface expression of ABCBI in representative primary leukemic blasts and
normal bone marrow samples was determined by flow cytometry. (B) Cell surface
expression of ABCG2 in representative primary leukemic blasts and normal bone marrow
samples. (C) Enhancement of doxorubicin cytotoxicity in primary leukemic blasts by
nilotinib. Cytotoxicity was determined by MTT assay as described in the Experimental
section. Data represent the mean + standard deviations (SDs) from at least three independent
experiments performed in triplicate. (D) Intracellular accumulation of Rho 123 was not
significantly affected by nilotinib in NBM cells and was increased in a dose-dependent
manner in leukemic blasts with ABCB1 and ABCG2 overexpression. ** p <0.01.

A
128 NBM 128 Pat.3 128 Pat.4 = Contral
\ mm Patient
@ K562/A02

Events
Events

103 104 o 10t 102 104

PE(P-gp) PE(P-gp) PE(P-gp)
B .
256 256 256 = Control

mm Patient
@ S1-M1-80

Events
Events

0 s R L0 . .
10° 10! 10 108 10t 10° 10! 102 10° 107 00 10! 102 103 104
APC(BCRP) APC(BCRP) APC{BCRP)
e
%\100 %]00 =100 -+ Control
B = = -#— Nilotinib(2.0 pmol/L)
§ 80 § 80 § 80 & Verapamil(10 pmol/L)
= 60 =60 =60
£ 40 £ 40 £ a0
= = =
B 20 Z 20 220
@ 0 & 1 ' . c% 0
0.01 0.1 1 10 100 001 01 1 10 100 001 0.1 1 10 100
Doxorubicin (pmol/L) Doxorubicin (pumol/L) Doxorubiein (umol/L)
D m Control

[ Nilotinib(0.5 pmol/L)
o  Nilotinib(1.0 umol/L)
& 400 m Nilotinib(2.0 umol/L)
B Verapamil(1 0 pmol/L)

Rhodamine 123 accumulation Rhodamine 123 accumulation Rhodamine 123 accumulation

2.4. Nilotinib Particularly Reversed ABCBI and ABCG2-Mediated MDR in Vitro

The cytotoxicity of nilotinib in different cell lines was determined by the MTT assay. No significant
difference in the cytotoxicity of nilotinib was observed between the parental sensitive and resistant
cells. The ICsy values of nilotinib for KB, KBv200, S1, S1-M1-80, HL60, HL60/ADR, NIH3T3
and NIH3T3/MRP4 cells were 8.74 + 0.76, 12.99 +1.38, 10.74 + 0.92, 9.59 + 0.58, 8.49 + 0.22,
13.59 + 1.94, 8.85 + 0.53, 13.36 + 1.32 umol/L, respectively (Figure 4). Based on the cytotoxicity



Molecules 2014, 19 3362

curves, more than 85% of cells were viable when treated with nilotinib alone up to 2.0 umol/L in all of
the eight cell lines. Therefore, nilotinib at 0.5, 1.0 and 2.0 pmol/L was chosen for the MDR reversal
study. As shown in Table 1, nilotinib produced a concentration-dependent decrease in the ICsy values of
(a) doxorubicin and daunorubicin (substrates of ABCB1) in KBv200 cells; (b) mitoxantrone and topotecan
(substrates of ABCG2) in S1-M1-80 cells. At the presence of 2.0 umol/L nilotinib, the 1Csy values of
doxorubicin and daunorubicin in KBv200 cells reduced from 18.51 £+ 0.337 to 0.876 + 0.075 umol/L and
from 17.33 £ 0.044 to 1.223 £+ 0.086 umol/L respectively, representing a 21.1-and 14.2-fold drug
sensitization. Similarly, 2.0 umol/L nilotinib significantly decreased the ICsy of mitoxantrone and
topotecan in SI-M1-80 cells from 23.60 + 0.980 to 0.590 + 0.052 pmol/L and from 25.43 + 5.442 to
1.78 £ 0.372 pmol/L respectively, representing a 40.0- and 14.3-fold drug sensitization. In contrast,
nilotinib did not alter the cytotoxicity of the antineoplastic drugs in the sensitive parental cells.
Furthermore, nilotinib did not significantly alter the cytotoxicity of non-ABCBI and non-ABCG2
substrate (cisplatin) in either MDR cells or their parental sensitive cells.

Figure 4. The structure and cytotoxic effects of nilotinib. (A) The structure of nilotinib. MTT
cytotoxicity assay was assessed in pairs of parental and transporter- overexpressing cell lines:
(B) KB and ABCBI1-overexpressing KBv200 cells. (C) S1 and ABCG2-overexpressing
S1-M1-80 cells. (D) HL60 and ABCCl-overexpressing HL60/ADR cells. (E) NIH3T3 and
ABCC4-overexpressing NIH3T3/MRP4-2 cells. All the cells were exposed to full-range
concentrations of nilotinib for 72 h. Each point represents the mean + standard deviations
(SDs) for three determinations. Each experiment was performed in three replicate wells.
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Table 1. Effect of nilotinib on reversing ABCB1-, ABCG2-, ABCC1- and ABCC4-

mediated drug resistance.

3363

IC50 £ SD (uM) (Fold-Reversal)

Compounds KB KBv200 (ABCB1)
Doxorubicin 0.998 £0.013 (1.00) 18.51 £ 0337 (1.00)
+ 0.5 uM Nilotinib ~ 0.874 + 0.055 (1.14) 4.325 +0.047 (4.28) **
+ 1.0 pM Nilotinib ~ 0.540 £ 0.014 (1.85) * 2.135 +0.065 (8.67) **
+ 2.0 uM Nilotinib ~ 0.363 + 0.006 (2.75) * 0.876 +0.075 (21.1) **
+ 10 uM Verapamil 0.629 £+ 0.008 (1.57) 1.351 £0.036 (13.7) **
Daunorubicin 0.493 £0.42 (1.00) 17.33 £0.044 (1.00)
+ 0.5 pM Nilotinib ~ 0.312 +0.020 (1.58) 5.252+0.135 (3.30) **
+ 1.0 uM Nilotinib ~ 0.298 + 0.084 (1.65) * 3.365+0.097 (5.15) **
+ 2.0 uM Nilotinib ~ 0.215 +0.039 (2.29) * 1.223 +0.086 (14.2) **
+ 10 uM Verapamil 0.351 + 0.068 (1.40) 0.873 +0.078 (19.9) **
Cisplatin 1.682 +0.073 (1.00) 2.632 +0.261 (1.00)
+ 2.0 uM Nilotinib ~ 1.567 +0.142 (0.93) 2.346 £0.218 (0.89)
S1 S1-M1-80 (ABCG2)
Mitoxantrone 0.310+0.031 (1.00) 23.60 = 0.980 (1.00)
+ 0.5 uM Nilotinib ~ 0.286 + 0.074 (1.08) 5.626 £0.035 (4.19) **
+ 1.0 pM Nilotinib ~ 0.245 + 0.041 (1.26) 1.405 +0.039 (16.8) **
+ 2.0 uM Nilotinib  0.243 +0.036 (1.28) 0.590 + 0.052 (40.0) **
+2.5 UM FTC 0.238 £0.013 (1.30) 0.289 +0.023 (81.7) **
Topotecan 0.365 +4.381 (1.00) 25.43 £5.442 (1.00)
+ 0.5 uM Nilotinib ~ 0.297 + 0.063 (1.23) 7.27 £0.141 (3.50) **
+ 1.0 pM Nilotinib ~ 0.287 + 0.034 (1.27) 4.19 £ 0.451 (6.07) **
+ 2.0 uM Nilotinib  0.208 £ 0.019 (1.75) 1.78 £0.372 (14.3) **
+2.5 uM FTC 0.245 £0.032 (1.49) 0.48 £0.012 (53.0) **
Cisplatin 14.788 £1.678 (1.00) 16.428 +1.851 (1.00)
+ 2.0 uM Nilotinib ~ 14.118+1.335 (0.95) 15.390 + 1.356 (0.94)
HL60 HL60/ADR (ABCC1)
Doxorubicin 0.059 + 0.009 (1.00) 1.191 £0.074 (1.00)
+ 0.5 pM Nilotinib ~ 0.069 £+ 0.002 (0.86) 1.009 +0.032 (1.18)
+ 1.0 uM Nilotinib ~ 0.040 + 0.006 (1.48) 0.775 + 0.074 (1.54)
+ 2.0 uM Nilotinib  0.058 + 0.016 (1.02) 0.862 +0.076 (1.38)
+ 50 uM MK571  0.039 £ 0.003 (1.51) 0.069 £ 0.007 (17.3) **
NIH3T3 NIH3T3/MRP4 (ABCC4)
6-Mercaptopurine  0.029 £+ 0.002 (1.00) 0.32 +0.005 (1.00)
+ 0.5 uM Nilotinib ~ 0.025 + 0.004 (1.16) 0.30 = 0.002 (1.06)
+ 1.0 pM Nilotinib ~ 0.030 + 0.001 (0.98) 0.31 £0.001 (1.03)
+ 2.0 pM Nilotinib ~ 0.028 = 0.003 (1.04) 0.24 +£0.003 (1.33)

Cell survival was determined by MTT. Data are the mean + standard deviations (SDs) of at least three
independent experiments performed in triplicate. The fold reversal of MDR was calculated by dividing the

ICs¢ value for cells with the anticancer drug in the absence of nilotinib by that obtained in the presence of

nilotinib. * p < 0.05; ** p < 0.01.
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In addition, nilotinib showed no reversal effect on ABCC1- or ABCC4-mediated drug resistance in
HL60/ADR and NIH3T3/MRP4-2 cells. Taken together, though a slight synergistic effect was
observed in KBv200 and KB cells when treated with nilotinib in combination with conventional
chemotherapeutic agents, nilotinib significantly sensitized ABCB1- or ABCG2-overexpressing cells to

antineoplastic drugs.
2.5. Nilotinib was Less Effective at Inhibiting Bcr-Abl Kinase in CD34 CD38" Cells

Results from cytotoxicity assays showed that CD34'CD38™ leukemic subpopulation isolated from
K562 cells exhibited moderate resistance (2.41-fold) to nilotinib, relative to parental K562 cells. The
ICsp values of nilotinib for CD34"CD38 and K562 cells were 17.40 + 3.15 nmol/L and 7.21 + 1.28 nmol/L,
respectively (Figure 5). Since nilotinib targets the Ber-Abl kinase in CML cells, we evaluated its ability to
inhibit kinase activity in ABCB1- and ABCG2-overexpressing CD34'CD38" cells. In K562 cells, nilotinib
effectively inhibited the phosphorylation of Ber-Abl and CrkL (a surrogate marker of Ber-Abl activity) at a
concentration of 0.1 pmol/L. However, in CD34'CD38 ™ cells, nilotinib failed to completely inhibit the
phosphorylation of Ber-Abl and CrkL even when cells were exposed to concentration up to 1.0 umol/L
(Figure 6). The level of total Bcer-Abl and CrkL. remained unchanged in these cells after treated

with nilotinib.

Figure 5. The cytotoxic effect of nilotinib on CD34'CD38™ and parental K562 cells. The
MTT cytotoxicity assay was assessed in CD34'CD38 leukemic subpopulation isolated
from K562 cells and parental K562 cells. All the cells were exposed to full-range
concentrations of nilotinib for 72 h. Each point represents the mean + standard deviations
(SDs) for three determinations. Each experiment was performed in three replicate wells.
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2.6. Discussion

Standard induction therapy is commonly used to produce complete remission and to prolong
survival in patients with acute leukemia. However, many patients are either resistant to any initial
treatment or acquire resistance to chemotherapy over time. In some previous published reports,
combination therapy employing TKIs and classical chemotherapeutic drugs has led to improved
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anti-leukemic effects by inhibiting the functions of ABC transporters. Nilotinib is a second-generation
inhibitor of the Ber-Abl tyrosine kinase activity and has been approved for imatinib-resistant and
-intolerant chronic myeloid leukemia patients in the chronic and accelerated phases of the disease [40,41].
The objective of this study was to examine the specific interaction of nilotinib with ABC transporters
and its ability to eradicate leukemic stem cells.

Figure 6. Effect of nilotinib on Ber-Abl kinase activity in ABCB1- and ABCG2-
overexpressing CD34 " CD38™ cells. K562 parental cells and CD34'CD38" subpopulation
isolated from K562 cells were treated with nilotinib at 0.01, 0.1 and 1.0 umol/L for 12 h.
Equal amount of protein was loaded for western blot analysis as described in the
Experimental section. The experiments were repeated at least three times independently,
and a representative experiment is shown.
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Leukemic stem cells comprise a side population (SP) of haematopoietic cells that are able to survive
chemotherapy and sustain the disease [42—44]. Incomplete chemotherapeutic eradication of
leukemia-initiating CD34'CD38" cells is associated with an increased risk of relapse and resistance in acute
leukemia patients. The relative high expression level of ABC transporters in CD34 ' CD38 cells suggested
that these proteins might be potent targets for stem cell eradication in leukemia patients [20,45,46]. To test
this hypothesis, we assessed the effect of nilotinib on modulating chemosensitivity in leukemic
CD34°CD38 cells. As shown in Figure 1, CD34'CD38" cell subsets were more resistant to doxorubicin
and mitoxantrone than CD34'CD38™ cells. The inhibition ratio of doxorubicin and mitoxantrone at
1.0 umol/L in CD34°CD38" cells were 26.8% and 26.7%, while slight cytotoxic effect was observed in
CD34'CD38" cells. Nilotinib at 2.0 umol/L sensitized CD34 ' CD38" cells to doxorubicin and mitoxantrone
by 10.5- and 9.3-fold, respectively. Furthermore, nilotinib significantly increased doxorubicin-induced
apoptosis in leukemic CD34 ' CD38 cells.
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Co-expression of ABCBI and ABCG2 is associated with lower complete response (CR) rate and
with worse event-free survival and overall survival [8,47]. In our study, the high expression of four
ABC genes including ABCB1, ABCG2, ABCC1 and ABCC4 was detected in patients with newly
diagnosed acute leukemia. As shown in Figure 2, co-expression of the four genes was detected in three
patient samples. Importantly, capable of completely blocking ABCB1 and ABCG2 as confirmed in the
drug-resistant cell models, it is noteworthy that in the ex vivo model of ABCBI1- and ABCG2
overexpressing primary leukemic blast cells, nilotinib significantly enhanced the cytotoxicity of
doxorubicin (Figure 3).

In accordance with previous reports that nilotinib was a potent inhibitor of ABCBI and
ABCG2 [48-52]. Our results showed that nilotinib had potent reversing activity in ABCBI1- and
ABCG2-mediated MDR in vitro. However, no reversal effect was observed in ABCCl-overexpressing
HL60/ADR cells and ABCC4-overexpressing NIH3T3/ABCC4-2 cells. Nilotinib at 2.0 pmol/L
significantly increased the sensitivity of ABCBI-overexpressing KBv200 cells to doxorubicin and
daunorubicin by 21.1- and 14.2-fold, respectively. In ABCG2-overexpressing S1-M1-80 cells, 2.0 pmol/L
nilotinib produced a 40.0-fold mitoxantrone sensitization and a 14.3-fold topotecan sensitization.
Additionally, nilotinib did not alter cellular sensitivity to cisplatin (a non-substrate of ABCBI and
ABCG2) and showed no reversal effect in the parental drug-sensitive cells, indicating that the
sensitizing activity of nilotinib in MDR cells was attributed to its specific effect on ABCB1 and
ABCG?2 (Table 1).

The data above strongly indicated that nilotinib could target CD34'CD38  and ABC transporter
overexpressing leukemia cells, and effectively enhanced the cytotoxicity of conventional anticancer drugs.
Further studies showed that nilotinib produced a significant concentration-dependent increase in
accumulation of Rho 123 in ABCBI1- and/or ABCG2-overexpressing primary leukemic blasts (Figure 3D).
We also demonstrated that ABCB1- and ABCG2-overexpression mediated moderate resistance to nilotinib
in CD34'CD38 " cells (Figure 5). Besides, nilotinib was less effective at inhibiting the phosphorylation of
Ber-Abl and CrkL in CD34°CD38 cells, compared to that in parental control K562 cells (Figure 6). These
observations suggested that overexpression of ABC transporters could contribute to nilotinib resistance in
CD34'CD38 cells.

In conclusion, nilotinib could effectively enhance the chemosensitivity of classical chemotherapeutic
drugs in CD34'CD38  stem cells and ABC transporter-overexpressing leukemia cells via directly
inhibiting the drug transport function of ABCB1 and ABCG2. Our results suggest that nilotinib can be
used in conjunction with conventional ABCB1 and ABCG2 substrate anticancer drugs to combat the
problem of multidrug resistance in the clinic. Moreover, overexpression of ABC transporters could
cause inherent resistance to nilotinib in leukemia stem cells, suggesting that the interaction of nilotinib
with ABC transporters may be an important factor in the treatment of leukemia patients

3. Experimental
3.1. Chemicals and Reagents

Nilotinib was purchased from Selleck Chemicals (Houston, TX, USA). Dulbecco’s modified
Eagle’s medium (DMEM) and RPMI 1640 were products of Gibco BRL (Gaithersburg, MD, USA).
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3-(4,5-Dimethylthiazol-yl)-2,5-diphenyllapatinibrazolium bromide (MTT), daunorubicin, doxorubicin
(Dox), topotecan, mitoxantrone, 6-mercaptopurine, rhodamine 123 (Rho 123), verapamil (VRP),
cisplatin, MK571 and fumitremorgin C (FTC) were products of Sigma Chemical Co (St. Louis, MO,
USA). Monoclonal antibodies against ABCB1 and ABCG2 were purchased from Santa Cruz Biotechnology,
Inc. (Delaware Ave, CA, USA). Antibody against glyceraldehyd-3-phosphate dehydrogenase (GAPDH) was
purchased from Kangcheng Co. (Shanghai, China). VRP, FTC and MKS571 (inhibitor for ABCBI,
ABCG?2 and ABCCl, respectively) were used in place of nilotinib as positive control to confirm the
mechanism of drug resistance in the MDR cell line models.

3.2. Cell Lines and Culture Conditions

The following cell lines were cultured in DMEM or RPMI 1640 containing 10% fetal bovine serum,
100 units/mL penicillin, 100 units/mL streptomycin, at 37 °C in the presence of 5% CO;: the human
colon carcinoma cell line S1 and its mitoxantrone-selected derivative ABCG2-overexpressing
S1-M1-80 cell line were kindly provided by S.E. Bates (National Cancer Institute, National Institutes
of Health [NIH], Bethesda, MD, USA) [53]; the human oral epidermoid carcinoma cell line KB and its
vincristine-selected derivative ABCB1-overexpressing cell line KBv200 were a gift from Xu-Yi Liu
(Cancer Hospital of Beijing, Beijing, China); the human leukemia cell line HL60 and its Dox-selected
derivative ABCCl-overexpressing cell line HL60/ADR were purchased from the Institute of
Hematology & Blood Diseases Hospital, Chinese Academy of Medical Sciences & Peking Union
Medical College (Tianjin, China); the murine fibroblasts cell line NIH3T3 and the ABCC4-transfected
ABCC4 stable expressing NIH3T3/MRP4-2 cells were kindly provided by Z-S Chen (St John’s
University, Queens, NY, USA) [54].

3.3. Patient Samples

Bone marrow samples from diagnosed AML or ALL patients according to the
French-American-British (FAB) classification were collected with informed consent, and this study
was approved by the Ethics Review Committee at Sun Yat-Sen University. Leukemic blasts were
isolated using Ficoll-Hypaque density gradient by centrifugation and cultured in RPMI 1640 medium
containing 10% fetal bovine serum, 100 units/mL penicillin, 100 units/mL streptomycin, at 37 °C in the
presence of 5% CO..

3.4. Cell Proliferation Assay

The MTT assay was used for the assessment of cell proliferation with minor modifications as
described previously [38]. After 68 h of incubation with tested drugs, MTT (5 mg/mL, 20 puL/well) was
added into the cells for 4 h (37 °C). Afterwards, the medium was discarded, and 200 pL of
dimethylsulfoxide (DMSO) was added to dissolve the formazan product from metabolism of MTT.
Optical density was measured at 540 nm with background subtraction at 670 nm by use of the Model
550 Microplate Reader (Bio-Rad, Hercules, CA, USA). The concentration required to inhibit cell
growth by 50% (ICsop) was calculated from survival curves by use of the Bliss method. For reversal
experiments, nilotinib was added to the medium with full range concentrations of: (1) doxorubicin,
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daunorubicin and cisplatin in KB and KBv200; (2) topotecan, mitoxantrone and cisplatin in S1 and
S1-M1-80; (3) doxorubicin in HL60 and HL60/ADR; (4) 6-mercaptopurine (6-MP) in NIH3T3 and
NIH3T3/MRP4-2 cells. Fold of resistance was calculated by dividing the ICs, for the MDR cells by
that for the parental sensitive cells. The degree of reversal of MDR (fold-reversal) was calculated by
dividing the ICs for cells with the anticancer drug in the absence of nilotinib by that obtained in the
presence of nilotinib.

3.5. CD34°CD38  Cell Analysis and Sorting

BM mononuclear cells were isolated using Ficoll-Hypaque density gradient separation. Then cells
(1 x 10%tube) were incubated with combinations of PE-labeled CD34 monoclonal antibody (mAb)
and APC-conjugated CD38 mAb for 15 min, cells were then washed and resuspended in PBS.
CD34'CD38" or primitive progenitor cells were isolated by flow cytometric sorting.

3.6. Apoptosis Assay

Assessment of apoptosis rates was done by annexin V/propidium iodide (PI) staining using the
annexin V-FITC Kit. Cells were seeded onto a six-well plate at a density of about 2.0 x 10° cells/well.
After treatment with different concentrations of nilotinib in the presence of 1.0 umol/L doxorubicin or
mitoxantrone for 48 h, both floating and attached cells were collected and washed with ice-cold PBS
twice. Cells were resuspended in 100 pL of 1x binding buffer, and the Alexa Fluoro 488 annexin V
(5 pL) and PI (1 pL) were added before incubation at room temperature for 15 min. Then cells were
resuspended in 400 pL 1x binding buffer, mixed gently and analyzed via fluorescence-activated cell
sorting (FACS).

3.7. Rhodamine 123 Accumulation

The effect of nilotinib on the fluorescent dye transport capacities of ABCB1 and ABCG2 was
followed as published previously. Briefly, the cells were treated with nilotinib of various
concentrations or vehicle at 37 °C for 3 h. Subsequently, 5 umol/L rhodamine 123 was added and the
incubation was continued for an additional 0.5 h. Cellular fluorescence was analyzed with flow
cytometric analysis (Cytomics FC500, Beckman Coulter, Fullerton, CA, USA). ABCBI1 inhibitor
verapamil (10 umol/L) or ABCG?2 inhibitor FTC (2 umol/L) was used as positive control.

3.8. Reverse Transcription-and Quantitative Real-Time-Polymerase Chain Reaction

Total RNA were extracted by use of a Trizol Reagent RNA extraction kit according to the
manufacturer’s instructions (Molecular Research Center, Cincinnati, OH, USA). The first strand cDNA
was synthesized by Oligo dT primers with reverse transcriptase (Promega Corp., Madison, WI, USA).
Oligonucleotide primers for ABC transporter genes and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were synthesized commercially (Invitrogen Co., Guangzhou, China). Using the GeneAmp
PCR system 9700 (PE Applied Biosystems, Foster City, CA, USA), reactions were carried out at 94 °C
for 2 min for initial denaturation, and then at 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 1 min.
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After 35 cycles of amplification, additional extensions were carried out at 72 °C for 10 min. Products
were resolved and examined by 1.5% agarose gel electrophoresis.

Real-time PCR was performed with Real-time PCR Master Mix containing SYBR GREEN I and
hotstart Taq DNA poly-merase. The thermal cycling was as follows: 10 min at 95 °C, followed by
40 cycles of 10 s at 94 °C, 30 s at 55-60 °C and 30 s at 72 °C. To verify the specific amplification,
melting curve analysis was performed (55-95 °C, 0.5 °C/s). Relative quantification was performed
by the AACT method. The sequence information of primers used is available in Table 2. The
expression of four MDR genes (ABCB1, ABCG2, ABCC1 and ABCC4) was analyzed and GAPDH
was used as internal control.

Table 2. The primers and probes sequence for quantitative real-time PCR.

Name Sequence
ABCBI-F 5'-CTGGACAAGCACTGAAAGATAAGA-3'
ABCBI-R 5'-CAACGGTTCGGAAGTTTTCT-3'
ABCBI1-P 5'-FAM-TCTGGGAAGATCGCTACTGAAGCA-TAMRA-3'
ABCG2-F 5'-CAGTACTTCAGCATTCCACGAT-3'
ABCG2-R 5-GGCAGAAGTTTTGTCCCAAA-3'
ABCG2-P 5'-FAM-CATTATGCTGCAAAGCCGTAAATCCA-TAMRA-3'
ABCCI-F 5'-CATGGTGCCCGTCAATG-3'
ABCCI-R 5'-CGATTGTCTTTGCTCTTCATGT-3'
ABCCI1-P  5-FAM-TGGCGATGAAGACCAAGACGTATCAGGT-TAMRA-3'
ABCC4-F 5-TGCCATCTGTGCCATGTTT-3'
ABCC4-R 5'-CCAGAGTTTTTGCCAGAATCA-3'
ABCC4-P 5-FAM-TCATCATCGTTGCCTTTGGGTCC-TAMRA-3'
GAPDH-F 5'-ATGCCCCCATGTTTGTGATG-3'
GAPDH-R 5-TCCTCAGTGTAGCCCAAGATGC-3’
GAPDH-P 5'-FAM-CAAGCT TCC CGT TCT CAGCC-TAMRA-3

3.9. Detection of Cell Surface Expression of ABCG2 and ABCBI1 by Flow Cytometer

For ABCG2 expression analysis, APC-conjugated anti-human Bcrpl/ABCG2 (R&D Systems,
Minneapolis, MN, USA) reagent was mixed with 25 uL of Fc-blocked cells (1 x 10° cells). After
incubating for 45 min at 4 °C, cells were washed twice with PBS buffer (supplemented with 0.5%
BSA) and resuspended in 400 pL PBS buffer for flow cytometric analysis. Isotype control samples
were treated in an identical manner with allophycocyanin (APC)-labeled mouse immunoglobin G2b
(IgG2b) antibody. For ABCBI1 flow cytometric analysis, 1 x 10° cells (100 uL) were incubated at 4 °C
for 30 min with 10 pL of CD243-PE conjugated antibody (Beckman Coulter), cells were then washed
and resuspended in PBS. Isotype control samples were treated with mouse IgG2a antibody in parallel.
Tests and controls were analyzed with a flow cytometer.

3.10. Western Blot Analysis

To determine the effect of nilotinib on the phosphorylation of Ber-Abl protein and its signal
transduction, CD34"CD38™ and K562 cells were incubated with 0.01, 0.1, and 1.0 umol/L nilotinib for
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12 h. Then, whole cell lysates were harvested and washed twice with ice-cold PBS. Cell extracts were
collected in cell lysis buffer (PBS containing 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
SDS, 100 mg/mL PMSF, 10 mg/mL aprotinin, 10 mg/mL leupeptin). Equal amounts of protein were
resolved by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes.
After blocking in TBST (10 mmol/L Tris-HCI, 150 mmol/L NaCl and 0.1% Tween 20, pH 8.0) with 5%
non-fat milk for 2 h at room temperature, the membranes were incubated with appropriately diluted
primary antibodies overnight at 4 °C. The membranes were then washed three times with TBST and
incubated with HRP-conjugated secondary antibody at 1:5000 dilutions for 2 h at room temperature.
After three washes with TBST, the protein-antibody complexes were visualized by the enhanced
Phototope TM-HRP Detection Kit (Cell Signaling, Rockford, IL, USA) and exposed to Kodak medical
X-ray processor (Carestream Health, Atlanta, GA, USA). GAPDH was used as a loading control.

3.11. Statistical Analysis

Three to five independent experiments were performed and the results were depicted as mean
value + standard deviations (SDs). Statistical significant differences of the data were calculated using
the Student ¢ test with significance levels of p < 0.05 and p < 0.01.

4. Conclusions

Nilotinib particularly targets CD34CD38 stem cells and MDR leukemia cells, and effectively
enhances the efficacy of chemotherapeutic drugs by blocking the efflux function of ABC transporters.
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