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Key Points

• SRC family kinases are
activated in AML stem/
progenitor cells and
contribute to AML stem cell
survival and proliferation.

• Combined inhibition of SFKs
and c-KIT with dasatinib
enhances p53-mediated
elimination of AML stem cells.

The SRC family kinases (SFKs) and the receptor tyrosine kinase c-Kit are activated in

human acutemyeloid leukemia (AML) cells.We showhere that the SFKs LYN, HCK, or FGR

are overexpressedand activated inAMLprogenitor cells. Treatmentwith theSFKand c-KIT

inhibitor dasatinib selectively inhibits human AML stem/progenitor cell growth in vitro.

Importantly, dasatinib markedly increases the elimination of AML stem cells capable of

engrafting immunodeficient mice by chemotherapeutic agents. In vivo dasatinib treatment

enhances chemotherapy-induced targeting of primary murine AML stem cells capable of

regenerating leukemia in secondary recipients. Our studies suggest that enhanced tar-

geting of AML cells by the combination of dasatinib with daunorubicin may be related

to inhibition of AKT-mediated human mouse double minute 2 homolog phosphorylation,

resulting in enhanced p53 activity in AML cells. Combined treatment using dasatinib and

chemotherapy provides a novel approach to increasing p53 activity and enhancing

targeting of AML stem cells. (Blood. 2013;122(11):1900-1913)

Introduction

Acute myeloid leukemia (AML) is a clonal hematopoietic disorder
characterized by an accumulation of immature myeloid cells. Current
treatment of AML remains unsatisfactory, with a 5-year relapse-free
survival rate lower than 50% in younger adults and 12% in elderly
adults.1 Leukemic hematopoiesis, similar to normal hematopoiesis, is
hierarchically organized and is propagated by small populations of
leukemia stem cells (LSC). The inability to eliminate LSC, which are
relatively insensitive to common AML therapies, likely contributes to
relapse after treatment.1 LSC share several features with normal hema-
topoietic stem cells (HSC), including quiescence, self-renewal
capability, and Lin2CD341CD382 phenotype.2,3 However, LSC are
also detected in AML cells coexpressing CD38 and/or lacking CD34
expression.4,5

Development of strategies to enhance AML LSC targeting is
impeded by limited understanding of mechanisms underlying LSC
maintenance. AML arises through at least 2 types of cooperative
mutations,6 which confer growth and proliferative advantages and
impair hematopoietic differentiation. Mutations in receptor tyrosine
kinases (RTKs), such as Fms-like tyrosine kinase 3 (FLT3) or c-KIT,
are frequently seen in AML.7 Activating c-KIT mutations are asso-
ciated with AML with core-binding factor (CBF) abnormalities. In
addition, wild-type c-KIT is often overexpressed and phosphorylated
in humanAML cells, and the c-KIT ligand stem cell factor stimulates
proliferation of AML cells.8 In addition to RTKs, cytoplasmic

tyrosine kinases such as the SRC family tyrosine kinases (SFKs)
regulate multiple processes important for tumor progression, in-
cluding cell adhesion, migration, proliferation, and survival.9,10 The
9 SFKmembers, c-SRC, YES, FYN, LYN, LCK, HCK, FGR, BLK,
andYRK, locate to the plasmamembrane, particularly lipid rafts, via
posttranslational modifications.9 SFK contribute to cell survival and
drug resistance in other hematological malignancies.11,12 We have
shown that LYN, HCK, and FGR are abnormally activated and con-
tribute to AML cell growth and survival.13 Recently, HCK was repor-
ted to be activated in AMLLSC.14 Other groups have shown that LYN
is activated downstream of the FLT3–internal tandem duplication
(ITD) mutation15 and that SFKs promote survival of AML cell lines.16

Nonetheless, the role of SFKs in AML LSC maintenance and
resistance to conventional treatment has not been studied.

Here we investigated the activity of SFKs and c-KIT in AML stem
and progenitor cells. We used RNAi and the small-molecule inhibitor
dasatinib to target SFK and c-KIT in AML and normal stem/
progenitor cells. Dasatinib is approved for treatment of chronic
myeloid leukemia and efficiently inhibits Breakpoint Cluster Region-
Abelson, SFKs, c-KIT, and platelet-derived growth factor receptor-
beta at nanomolar concentrations.17We evaluated whether combination
of dasatinib with the chemotherapeutic agents daunorubicin (DNR)
and cytarabine (Ara-C) could enhance elimination of AML stem/
progenitor cells, and we studied the underlying mechanisms.
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Materials and methods

Patients samples and reagents

Peripheral blood (PB) or bone marrow (BM) samples from newly diagnosed,
relapsed, or treatment refractory patients with AML (Table 1); cord blood (CB)
samples from healthy donors; and PB stem cells (PBSC) from allogeneic
transplant donors were obtained under a City of Hope Cancer Center
Institutional Review Board–approved protocol, in accordance with the
Declaration of Helsinki. All donors signed informed consent forms.
Mononuclear cells (MNCs) were isolated using Ficoll-Hypaque separation.18

CD341 or Lin-depleted cells were selected using immunomagnetic columns
(Miltenyi Biotech). A 10-mM stock solution of dasatinib (Bristol-Myers Squibb)
in dimethylsulfoxidewas stored at220°C.Ara-C andDNRwere purchased from
the City of Hope pharmacy, and LY294002 from Calbiochem.

Cell culture

Cells were cultured in serum-free medium (StemCell Technologies) supple-
mented with low growth factors at concentrations similar to those found in
long-term bonemarrow culture conditionedmedium (200 pg/mLgranulocyte-
macrophage colony-stimulating factor, 1 ng/mLgranulocyte colony-stimulating
factor, 200 pg/mL stem cell factor, 50 pg/mL leukemia inhibitory factor,
200 pg/mLmacrophage-inflammatory protein-1a, and 1 ng/mL interleukin 6).18

Intracellular staining for phosphorylated SFK (Y416)

Leukemic cells were stained with an Ag-presenting cell (APC)-Cyano dye
7–labeled lineage cocktail (including anti-CD2, anti-CD3, anti-CD7, anti-CD10,
and anti-CD19 antibodies), anti-CD34-PE- Cyano dye 7, and anti-CD38-
APC antibodies (eBioscience); fixed and permeabilized (Cytofix/Cytoperm;
Beckman Coulter); labeled with Alexa Fluor 488 conjugated antiphospho
SFK (Y416) (Cell Signaling Technology); and analyzed by flow cytometry
(LSRII; BD Biosciences). Fluorescence minus one controls were used to
set gates. Results were expressed as ratio of mean fluorescence intensity for
antiphospho SFK to mouse immunoglobulin G1 kappa control.

Progenitor assays

Colony-forming cells (CFC). CD341 cells cultured with or without drug
were plated in methylcellulose progenitor culture, and hematopoietic colonies
were counted after 14 days.18

Long-term culture-initiating cell (LTC-IC). Cells were plated with or
without dasatinib in long-term BM culture medium on M2-10B4 murine
fibroblast feeders subcultured in 96-well plates. Cultures were maintained
at 37°C with 5% CO2 and fed weekly. After 6 weeks, wells were overlaid
with CFC culture medium and scored as positive or negative for CFC after
2 weeks. LTC-IC frequency was calculated using L-Calc software (StemCell
Technologies).18

Cell cycle analysis

CD341 cells were cultured for 48 hours in high growth factors (HGF) (Iscove
modified Dulbecco medium with 30% fetal bovine serum and 3 U/mL
erythropoietin, 5 ng/mL stem cell factor, 20 ng/mL granulocyte-macrophage
colony-stimulating factor, 20 ng/mL granulocyte colony-stimulating factor,
and 5 ng/mL interleukin 3), fixed with 4% paraformaldehyde, permeabilized
with 70% methanol, and stained with Ki67-fluorescein isothiocyanate
(BD Pharmingen) and 7-aminoactinomycin D (7-AAD; BD Pharmingen).19

After excluding sub-G0 cells, Ki67
-7-AAD2 (G0), Ki67

17-AAD2 (G1), and
Ki6717-AAD1 cells (S/G2/M phase) were enumerated.

Carboxyfluorescein diacetate, succinimidyl ester labeling

CD341 cells were labeled with carboxyfluorescein diacetate, succinimidyl
ester (CFSE; Molecular Probes), incubated overnight in HGF to release
unbound dye, and cultured in HGF for 72 hours. Cell division was analyzed
by flow cytometry.20 The parent generationwas set on the basis of a cell aliquot
fixed with paraformaldehyde after CFSE labeling. A proliferation index (PI)

was calculated usingModFit LT 3.0 software (Verity), simplifying comparison
between samples and conditions.

Apoptosis analysis

Cells were labeled with CD34, CD45 Annexin V-APC (BD Pharmingen),
and 4,6 diamidino-2-phenylindole and analyzed by flow cytometry (LSRII;
BD Biosciences). Apoptotic cells were defined as Annexin V-APC1.

Real-time quantitative polymerase chain reaction analysis

Total RNA was extracted using the RNeasy micro kit (Qiagen) and cDNA
generated using the Superscript III First-Strand Synthesis System (Invitrogen).
Quantitative RT-PCRwas performed using a 7900 HTABI PRISMReal-Time
PCR System and TaqMan gene expression assays (Applied Biosystems).
Results were normalized to endogenous control b2-microglobulin (b2m)
expression.

RNA interference

CD341 cells were transfected using the Amaxa 96-well shuttle (Amaxa).
5 3 104 cells were suspended in Nucleofector solution and transfected with
siRNA in triplicate, using the human CD341 cell 96-well Nucleofector kit,
program E0-100. For p53 siRNA experiments, AML samples transfected
with control and p53 siRNA were cultured with or without dasatinib (200 nM)
plus DNR (50 nM) for 2 days, and apoptosis was assessed.

Western blot analysis

Proteins were resolved using 4% to 12% n-polyacrylamide gel electrophoresis
Bis-Tris gels (Invitrogen) and transferred to nitrocellulose membranes
(Millipore). After blocking in PBS-0.1% Tween 20% to 5% bovine serum
albumin, membranes were immunostained with appropriate antibodies and
horseradish peroxidase-conjugated secondary antibodies (Jackson Immuno-
Research Laboratories) and visualized with an enhanced chemiluminescence
detection system (Superfemto kit; Pierce Biotechnology).

Engraftment of human cells in immunodeficient mice

MNCs were T-cell-depleted, using immunomagnetic columns (Miltenyi
Biotech); cultured for 48 hours with or without drug; and transplanted via the tail
vein into 6- to 8-week-old nonobese diabetic-severe combined immunodefi-
ciency (SCID) interleukin 2rgnull (NSG)mice irradiated at 300 cGy (The Jackson
Laboratories). Mice were analyzed 12 weeks posttransplant for human
CD451cell engraftment, usingflowcytometry.2,4,21 Specific human subsetswere
analyzed, using antibodies to human CD34, CD33, CD15, CD14, CD11b,
CD3, and CD19 (BD Biosciences). Mouse care and experimental procedures
were in accordance with protocols approved by the Institutional Animal Care
and Use Committee.

In vivo treatment in the murine leukemia model

To obtain leukemic cells, C57Bl6 Cbfb56M/1/Mx1-Cre mice treated with
polyinosinic–polycytidylic acid (Sigma-Aldrich)22 were treated with fluorouracil
(150 mg/kg). BM progenitors were isolated after 5 days, transduced with
murine stem cell virus-internal ribosome entry site-green flourescent protein-
myeloproliferative leukemia virus oncogene retrovirus, and transplanted into
wild-type recipients.23 After leukemia development, BM cells were cryopre-
served. For therapeutic studies, leukemic cells were injected into sublethally
irradiated (650 cGy) 6- to 8-week-old C57BL/6N mice (National Cancer
Institute, Frederick National Laboratory). Mice were treated with dasatinib,
Ara-C, and doxorubicin, or dasatinib combinedwith Ara-C and doxorubicin, as
indicated. Leukemic engraftment was analyzed by enumerating green fluo-
rescent protein (GFP)1 cells.22 Secondary transplantation was performed by
transferring BM cells from treated mice into sublethally irradiated recipients.

Statistical analysis

Data from independent experiments were reported as mean 6 SEM.
Statistical significance of differences between treatment groups was
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Table 1. Clinical characteristics of AML patients

Sample
Age,
years Sex FAB WBC BM/PB Disease status Risk category Cytogenetics

Flt3
mutn

%Blasts
(PB)

%Blasts
(BM)

AML 1 61 F M1 82.9 BM Untreated I t(1;7) NA 87 90

AML 2 47 F M4 50.8 PB Untreated B inv(16) Neg 67 90

AML 3 61 M NA 1.8 PB Untreated I 113, 121 NA 26

AML 4 56 F M2 38.8 PB Untreated B inv(16), 18 NA 63 44

AML 5 69 M NA 18.2 PB Untreated P del(5q), inv(1q), 217 NA 4 18

AML 6 54 M M4 14.2 PB Untreated P Complex Neg 3 60

AML 7 54 M M4 14.2 BM Untreated P Complex Neg 3 60

AML 8 40 F NA 8.6 PB Relapsed B t(8;21); - NA 80

AML 9 39 F M2 6.5 BM Untreated B t(8;21), NA 32 40

AML 10 51 M NA 13.4 BM Untreated B Inv(16), 18, 121 NA 70 75

AML 11 57 M M4 82.8 PB Relapsed B t(16;16), 121, t122 NA 94 67

AML 12 70 M NA 114.7 PB Relapsed I t(1;7), t(14;15) NA 90

AML 13 71 M NA 32.4 PB Relapsed I del(20) NA 90 64

AML 14 62 F M6 2.7 BM Persistent P Complex NA 20 60

AML 15 66 F NA 8.9 BM Relapsed P Complex NA 1 90

AML 16 63 F M6 1.5 BM Persistent P Complex NA 4 33

AML 17 58 M M4 27.3 PB Relapsed I Normal NA 89

AML 18 81 F NA 20.5 BM Refractory P Complex NA 62 72

AML 19 23 M M3 80.7 PB Untreated I t(7;11) Neg 28

AML 20 41 M M4 11.9 BM Relapsed P Complex NA 5 62

AML 21 83 F NA 31.1 BM Persistent I Normal NA 33 33

AML 22 76 M NA 6.9 BM Untreated I Normal NA 25 64

AML 23 42 M NA 5.4 PB Persistent I inv(13), del(3) NA 80

AML 24 32 M M5 22.2 PB Induction failure P t(9;11), del(9p) Neg 61

AML 25 64 F M0 6.2 PB Persistent I t(2;8), t(3;12;7), 3q26.2 NA 96

AML 26 41 M M4 30.5 BM Relapsed P Complex NA 17 53

AML 27 74 F NA 63.3 PB Untreated B Normal Neg 76

AML 28 74 F M4 10.5 PB Persistent P Complex NA 74

AML 29 46 F NA 3.2 PB Relapsed I Trisomy 8 NA 3 30

AML 30 81 F NA 30.42 PB Persistent P Complex NA 33

AML 31 44 F NA 12.1 PB Relapsed I del(17p), dic(11;7), NA 47 0

AML 32 74 F NA 1.9 BM Persistent I Trisomy 8, Tetrasomy 8 NA 1 21.5

AML 33 31 F NA 63.6 PB Relapsed P del(11q),t(3;18) Pos 81

AML 34 56 F NA 7.7 BM Untreated I Normal NA 28 32.5

AML 35 69 M M4 22 PB Untreated P 18, del(13q) Pos 75

AML 36 46 F M1 30 PB Relapsed P del(10), t(10;11) Pos 82

AML 37 58 M NA 12.1 PB Induction failure I t(3;6),del(7) Pos 60

AML 38 42 F M3 9.1 PB Untreated B t(15;17) Neg 64 95

AML 39 28 M NA 49.76 PB Relapsed I Normal NA 61

AML 40 58 F M1 21.8 PB Untreated I Normal NA 56 74

AML 41 37 M M4/M5 30.5 PB Induction failure P Normal Pos 24

AML 42 58 F NA 15.4 PB Relapsed P inv(3q), add(16) NA 58

AML 43 61 F M2 8.4 PB Persistence P Complex NA 63

AML 44 59 F M5 22.7 PB Untreated B Normal Neg 7 50

AML 45 55 F NA 11 PB Relapsed P Inv(3), add (16) Neg 57

AML 46 55 M M1/M2 136.4 PB Persistent B Normal Neg 94

AML 47 24 M NA 4.3 BM Persistent I Two clonal abnormalities t(7;11) NA 0 1

AML 48 56 M M1/M2 43.2 PB Untreated I Trisomy 4 NA 90

AML 49 21 F NA 71.1 PB Relapsed P Complex Neg 93

AML 50 83 M 6.5 PB Untreated P Complex abnormalities, NA 53

AML 51 23 M M1 1.5 PB Refectory P Complex NA 14

AML 52 74 F NA 4.5 PB Refectory P Normal cytogenetics, NA 96

AML 53 64 M NA 15.4 BM Untreated P t(9;22) NA 15 22.5

AML 54 61 M NA 7.6 PB Induction failure P Complex abnormalities, including del(5q),

del(6q), del(17p)

NA 72 80

AML 55 57 M M-4 82.8 BM Relapsed B t(16:16), trisomy 21, trisomy 22 NA 94 70

AML 56 73 M M-0 42.5 BM Untreated P del(5q), trisomy 8, trisomy 13, del(17p) Neg 87 95

AML 57 38 M NA 1.8 BM Relapsed I Normal Cytogenetic NA 0 20

AML 58 30 F NA 12.7 PB Untreated I Normal Cytogenetic NA 75 ND

AML 59 68 M NA 8.4 BM Relapsed I Trisomy 13, Trisomy 21 Neg 10 58

AML 60 67 M NA 16.5 BM Persistent I Trisomy 8, Tetrasomy 8 NA 75 84

AML 61 73 F NA 22.7 BM Untreated I Trisomy 8, Tetrasomy 8 NA 2 23

B, better risk; F, female; FAB, French-American-British classification; FLT3 mutn, FLT3-ITD internal tandem duplication mutation; I, Intermediate risk; M, male; NA,

nonavailable; Neg, negative; P, poor risk; Pos, positive; WBC, white blood cell count (cells per microliter).
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determined using a 2-tailed Student t test. Drug combination experiments were
analyzed using analysis of variance (ANOVA), followed by a posttest.

Results

Increased SFK phosphorylation in AML stem and

progenitor cells

We assessed SFK activity in Lin2CD341CD38dim/2, Lin2CD341

CD381, and Lin2CD342 cells from patients with AML (n5 56)
and healthy donors (n 5 12, 3 BM, 4 CB, 5 PBSC) by flow
cytometry after labeling with an antibody recognizing the Y416
autophosphorylation site on active forms of SFKs.10,13 There
were no significant differences in p-SFK between adult BM,
PBSC, and CB. Each AML subpopulation displayed significantly
higher p-SFK compared with normal cells (Figure 1A; supple-
mental Figure 1A-B, available on the BloodWeb site). Results of
flow cytometry correlated well with Western blot (supplemental
Figure 1C). p-SFK expression was similar in samples from
patients with good-, intermediate-, and bad-risk cytogenetics,
per National Comprehensive Cancer Center Network guidelines
(Figure 1B),24 and in patients with or without the FLT3-ITD
mutation (not shown). Most AML samples displayed low levels of
phosphorylation of the negative regulatory Y527 site compared with
the activation-associated Y416 site,9,10 which is consistent with in-
creased SFK activation.13 We found consistent LYN and HCK
expression and variable FGR expression in AML CD341 cells, indi-
cating that AML samples coexpress multiple SFK, with most
expressing bothHCK and LYN andwith a subset also expressing FGR.

Knockdown of LYN, HCK, and FGR or c-KIT impairs AML

progenitor survival and proliferation

We used siRNA-mediated knockdown to evaluate the relative role
of LYN, HCK, and FGR in AML CD341 cell survival and pro-
liferation. We confirmed more than 70% transfection efficiency, using
fluorescent-labeled siRNA (supplemental Figure 2A). LYN, HCK,
and FGR siRNA significantly inhibited target mRNA expression
(Figure 2A), SFK phosphorylation (Figure 2A), survival (Figure 2B;

supplemental Figure 2B), and CFC growth (Figure 2C) compared
with control siRNA. Effects were more marked for LYN and
HCK compared with FGR siRNA. Combined treatment with siRNA
to LYN HCK and FGR (LHF) resulted in increased apoptosis
(Figure 2D) and CFC inhibition (Figure 2E). We also show that
siRNA to c-KIT significantly inhibited c-KIT mRNA expression
(Figure 2A), survival (Figure 2D), and CFC growth (Figure 2E)
compared with control siRNA. A second set of siRNAs targeting
different LYN, HCK, FGR, and c-KIT sequences resulted in a similar
increase in apoptosis (supplemental Figure 2C), decrease in CFC
(supplemental Figure 2D), and target gene knockdown (n 5 5;
supplemental Figure 2E). The siRNAs used primarily inhibited
expression of the targeted SFK (supplemental Figure 2F).

The SFK and c-KIT inhibitor dasatinib selectively inhibits AML

primitive and committed progenitors

Because SFKs have redundant signaling functions,9 targetingmultiple
SFKs with a small-molecule inhibitor such as dasatinib may be more
effective in inhibiting AML stem/progenitor growth than targeting
individual SFKs. Dasatinib also inhibits c-KIT activation,25 which
could be an added advantage. Exposure to dasatinib (n 5 6;
Figure 2F) inhibited SFK phosphorylation in AML CD341CD382

and AML CD341CD381 (representative data; supplemental Figure
2G). Dasatinib inhibited SFK and c-KIT phosphorylation (detected
using a phospho–c-Kit [Y719] antibody) on Western blotting after
2 hours (Figure 2G) and 48 hours (Figure 2H). Similarly, analysis of
dose and concentration response by flow cytometry (supplemental
Figure 3A) showed significant p-SFK inhibition with dasatinib
100 nM at 2 hours and at 200 nM at 48 hours. Although dasatinib
concentrations required for SFK inhibition in AMLCD341 cells are
higher than those required to inhibit purified SFK proteins, they are
within the range of plasma levels achieved in patients.26

Dasatinib resulted in dose-dependent inhibition of AML com-
pared with normal CFC growth (Figure 3A). We observed maximal
CFC growth inhibition with 200 nM dasatinib. Dasatinib also
reduced AML primitive progenitor growth in LTC-IC assays
(Figure 3B) without affecting normal progenitor growth (Figure 3B).
Dasatinib significantly increased apoptosis of AML compared with
normal CD341 cells (Figure 3C; supplemental Figure 3B). Cells

Table 1. (continued)

Sample
Age,
years Sex FAB WBC BM/PB Disease status Risk category Cytogenetics

Flt3
mutn

%Blasts
(PB)

%Blasts
(BM)

AML 62 23 F NA 64.8 PB Relapsed P Complex abnormalities, including

del(11p)

Pos 84 ND

AML 63 47 M M-4 31.3 PB Relapsed P Complex abnormalities in 3 cell lines NA 91 ND

AML 64 79 F NA 1.9 PB Refectory P monosomy 7, trisomy 21 NA 0 ND

AML 65 74 F M4 5.3 BM Relapsed P Complex abnormalities, including monosomy

7, del (7q), RUNX!, MLL loss,

NA 37 86

AML 66 61 F NA 44.7 PB Untreated P Complex abnormalities, NA 51 80

AML 67 47 M M-0 5.9 PB Relapsed P Complex abnormalities, including monosomy

8, loss of ABL1/ASS

NA 54 ND

AML 68 28 M NA 49.7 PB Relapsed I Normal Cytogenetic NA 61 ND

AML 69 57 M NA 73.3 Leukocytes Relapsed P Massive hyperdiploidy (. 50 chromosomes) Neg 93 ND

AML 70 74 F NA 23.6 BM Persistent I Trisomy 8, Tetrasomy 8 NA 12 47

AML 71 38 M M4/M5 1.3 PB Induction failure/

refractory

P Trisomy 8, del(9q), t(2;18), trisomy 13 Pos 41 8

AML 72 48 F NA 14.9 PB Persistence P del(6), t(10;11) Pos 61 60

B, better risk; F, female; FAB, French-American-British classification; FLT3 mutn, FLT3-ITD internal tandem duplication mutation; I, Intermediate risk; M, male; NA,

nonavailable; Neg, negative; P, poor risk; Pos, positive; WBC, white blood cell count (cells per microliter).
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remaining after 48 hours of treatment showed persistent inhibition of
SFK and downstream pathways (Figure 2H; supplemental Figure
3C). SFK or c-KIT activity was not affected by low vs high GF
culture conditions (supplemental Figure 3D). Dasatinib significantly

inhibited AML CD341 cell division assessed by CFSE labeling
(Figure 3D; supplemental Figure 3E) and significantly increased
cells in G0 and reduced cells in S/G2/M phase on Ki67/7AAD
labeling (Figure 3E; supplemental Figure 3F).

Figure 1. SFKs are constitutively activated in AML stem and progenitor cells independent of the cytogenetic risk. (A) Flow cytometry analysis of SFKs using

a phosphospecific antibody recognizing the activated form of SFK members (Y416) in normal (Nml) or AML stem/primitive cells Lin2CD341CD38dim/2, AML progenitors cells

Lin2CD341CD381, and AMLmoremature cells Lin2CD342CD382. Scatter plots comparing SFK phosphorylation (expressed as ratio ofmedian fluorescence intensity for pSFK

vs isotype control) in LinCD341CD38dim/2, Lin2CD341CD381, and Lin2CD342CD382 cells from AML (n5 56) and normal samples (n5 12; 3 BM, 4 CB, and 5 PBSC samples;

***P, .002). (B) Scatter plots comparing SFK phosphorylation in primary AML patients according to their prognostic risk category (bad, intermediate, and good prognosis). ns,

non significant. (C)Western blots analysis for fresh or thawedCD341AML samples. Indicated antibodies are listed, andb-actin was used as a loading control. Results shown are

representative of 9 AML samples analyzed.
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Figure 2. SFK and c-KIT knockdown using siRNA inhibits survival and growth of primitive and committed AML progenitors. (A) LYN, HCK, FGR, and c-KIT gene

expression fold change in AML CD341 cells (n 5 5; ***P , .001) (left). (right) Detection of SFKs phosphorylation by flow cytometry 72 hours postnucleofection (n5 5; **P , .01).

Results shown represent the mean 6 SEM of 5 AML samples. (B) AML CD341 apoptosis (n 5 5) 72 hours postnucleofection. Results are presented as mean 6 SEM of

Annexin V-positive cells for 5 AML samples. ns, non significant; **P , .01. (C) CFC assay 72 hours postnucleofection (n 5 4). Results are presented as percentage of

control and are mean 6 SEM for 4 AML samples. *P , .05; **P , .001; ***P , .001. (D) AML CD341 apoptosis (n 5 5; ***P , .001) 72 hours postnucleofection with

indicated siRNA. Results represent mean 6 SEM of Annexin V-positive cells. ns, non significant; ***P , .001. (E) CFC assay 72 hours postnucleofection (n 5 5). Results

shown are percentage of control and represent mean 6 SEM. **P , .01; ***P , .001. (F) SFK phosphorylation 2 hours after dasatinib treatment (200 nM) for AML

CD341CD382 (left; *P , .05) and AML CD341CD381 cells (right; *P , .05). Results are representative of 6 AML samples. (G-H) Western blot analysis of c-KIT and

SFK phosphorylation in CD341 cells from 3 AML patients cultured for 2 hours (G) or 48 hours (H) without or with 200 nM dasatinib. Results shown are representative of

6 AML samples.
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Dasatinib enhances inhibition of AML progenitors by

chemotherapeutic agents

We evaluated whether dasatinib treatment enhanced AML stem/
progenitor cell targeting by DNR and Ara-C. A combination of
dasatinib (200 nM) with DNR (50 nM) or Ara-C (50 nM) for 72
hours resulted in significantly greater inhibition of AML CD341

cell proliferation (Figure 4A-B) and apoptosis (Figure 4C) compared
with dasatinib, DNR, or Ara-C alone. Combination of dasatinib

with DNR or Ara-C also enhanced CFC inhibition compared with
dasatinib, DNR, and Ara-C alone (Figure 4D).

Combination of dasatinib with chemotherapy enhances

targeting of AML NSG mouse repopulating cells

We assessed whether dasatinib could enhance targeting of AML
LSC capable of engrafting NSG mice by chemotherapeutic agents.
T-cell–depleted MNCs cultured with dasatinib (200 nM), DNR

Figure 3. Effect of SFK inhibition using dasatinib

on apoptosis and growth of primitive and commit-

ted progenitors. (A) CFC assay of AML (n 5 9; left;

***P , .001) or normal CD341 cells (n 5 11; 6 PBSC

and 5 CB; ns, nonsignificant; *P , .05; ***P , .001)

exposed to increasing doses of dasatinib for 48 hours.

Results shown are presented as percentage of control

(mean6 SEM). (B) LTC-IC assays of AML (left; n5 5;

**P , .01) or normal CD341 (right; n 5 4; 2 CB and 2

PBSC; ns, nonsignificant) cells treated with dasatinib.

The percentage inhibition of LTC-IC frequency relative to

untreated controls is shown for AML. (C) Apoptosis of

AML (n 5 4) and normal CD341 (n 5 6; 3 PBSC, 3 CB)

cells cultured for 48 hours with indicated concentrations of

dasatinib. Results shown are presented as mean6 SEM

of Annexin V-positive cells in treated vs untreated cells.

ns, non significant; *P, .05; **P, .01; ***P, .001. (D) PI

of AML CD341 cells determined by CFSE labeling

assays. The PI was determined using ModFit software

and proliferation indices were normalized to untreated

controls. Compiled data for proliferation of 5AML isshown

(*P , .05). (E) Cell cycle analysis of AML progenitors

CD341 (n 5 7), using Ki-67 and 7-AAD staining (ns,

nonsignificant; **P , .01).
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Figure 4. Dasatinib enhances apoptosis and inhibits cell proliferation in combination with chemotherapeutic agents in AML primitive and committed progenitors.

AML CD341 cells were labeled with CFSE, cultured for 72 hours either with dasatinib alone (200 nM), DNR alone (50 nM), or dasatinib (dasatinib 200 nM) in combination with

DNR (A) or with Ara-C alone (50 nM) or dasatinib in combination with Ara-C (B). PI was determined using ModFit software, and proliferation indices were normalized to

untreated controls. Histograms showing mean 6 SEM for proliferation of 5 AML is shown (left), and a representative CFSE cytometry flow plot indicating the calculated PI

index is also shown (right). One-way ANOVA with posttest: ns, nonsignificant; *P , .0465; **P , .001; ***P , .003; ****P , .0001. (C) Apoptosis of AML samples (n 5 6)

cultured for 72 hours with dasatinib alone (200 nM), DNR alone (50 nM), Ara-C alone (50 nM), or dasatinib (dasatinib 200 nM) in combination with DNR (left) and Ara-C (right).

Results shown are presented as mean 6 SEM of Annexin V-positive cells for 6 AML samples. One-way ANOVA with posttest: ns, nonsignificant; *P, .05; ****P, .0001. (D) CFC

generated from AML cells exposed for 48 hours to dasatinib alone (200 nM), DNR alone (10 and 50 nM; left, n 5 6), Ara-C alone (10 and 50 nM; right, n 5 5), or dasatinib in

combination with DNR (left, n 5 6) and Ara-C (right, n 5 5). One-way ANOVA with posttest: *P , .05; ****P , .0001. Results shown are presented as percentage of

control (mean 6 SEM).
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(50 nM), Ara-C (50 nM), or dasatinib plus DNR (50 nM) or Ara-C
(50 nM) for 2 days were transplanted into NSG mice (Figure 5A).
The combination of dasatinib with DNR or Ara-C significantly

reduced the percentage (Figure 5B) and absolute number (Figure 5C)
of human CD451 cells in murine BM at 12 weeks compared with
dasatinib, DNR, or Ara-C alone and reduced CD341 cells coexpressing

Figure 5. Combination of dasatinib with chemotherapeutic agents enhances elimination of human AML stem cells with NSG mouse repopulating capacity. (A)

AML or CB primary MNCs were T-cell–depleted and cultured for 48 hours with dasatinib alone (200 nM), DNR alone (50 nM), Ara-C alone (50 nM), or D200 (dasatinib 200 nM)

in combination with DNR and Ara-C and then transplanted via tail vein into sublethally irradiated 6- to 8-week-old NSG mice. After 12 weeks, BM, spleen (SP), and PB cells

were analyzed by flow cytometry for expression of human CD451. (B-C) Percentage (B) and absolute number (C) of human CD451 engrafted cells in the BM at 12 weeks.

Two different AML patients (AML 12 and AML 40) were used (n 5 4 mice for untreated control, dasatinib, DNR, and Ara-C groups; n 5 3 mice for the combination of dasatinib

and Ara-C; n 5 3 mice for the combination of dasatinib and DNR). One-way ANOVA with posttest: ns, nonsignificant; *P , .0392; **P , .0091; ****P , .0008; ****P , .0001. (D)

Representative flow cytometry plot of CD451 CD331 cells engrafted in the BM. (E) Percentage (left) or absolute number (right) of human CB CD451 engrafted cells in the BM at

12 weeks (n 5 5 mice for untreated control; n 5 4 for dasatinib, DNR, and Ara-C groups, combination of dasatinib and Ara-C; and n 5 4 for the combination dasatinib and DNR).

One-way ANOVA with posttest: ns, nonsignificant.
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CD34, CD33, CD14, CD15, and CD11b (Figure 5D; supplemental
Figure 4A-E). The combination of dasatinib with DNR or Ara-C did
not inhibit engraftment of normal HSC compared with DNR or Ara-C
alone (Figure 5E).

In vivo treatment with dasatinib and chemotherapeutic agents

enhances LSC targeting

Because NSG mice tolerated chemotherapy poorly, we used an
inversion 16 AML mouse model22 to evaluate in vivo effects of
dasatinib and chemotherapy on AML LSC. The inversion 16
mutation results in expression of the CBFb–smooth muscle myosin
heavy-chain27 fusion protein that induces AML in cooperation with
additional mutations.22 AMLwas induced by retroviral expression of
Mpl in BM progenitors and transplantation into wild-type recipi-
ents.23 Murine AML cells demonstrated increased p-SFK expression
compared with control cells and were sensitive to inhibition by
dasatinib treatment (supplemental Figure 5A). AML cells were
transplanted into wild-type mice to induce leukemia. In the first
experiment, mice were treated with dasatinib (10 mg/kg per day for 5
days), Ara-C (100mg/kg per day for 5 days), and doxorubicin (3 mg/
kg for 3 days)28 or dasatinib combined with Ara-C and doxorubicin
(Figure 6A). Doxorubicin was used because it is better tolerated than
DNR, which causes severe toxicity when given intraperitoneally.
Spleen size was reduced with dasatinib or doxorubicin plus Ara-C and
was further reduced with the dasatinib and chemotherapy combination
(Figure 6B). BM and spleen cellularity (supplemental Figure 5B) and
leukemic GFP1 cells (Figure 6C) were reduced in mice treated with
chemotherapy and further reduced with combination treatment. In
a second experiment,micewere treatedwith dasatinib alone (10mg/kg
per day for 4 days), Ara-C (100 mg/kg per day for 4 days), and
doxorubicin (3mg/kg for 3 days) or dasatinib combinedwithAra-C and
doxorubicin. Again, significant reduction in leukemic GFP1 cells in
BM and spleen was seen with chemotherapy, and further reduction
was seenwith combination treatment (data not shown). BMcells from
treated mice were transplanted to secondary recipients. All mice
receiving cells from control and dasatinib-treated mice died within 45
days (Figure 6D). In contrast, 45% (5/11) recipients of cells frommice
treated with chemotherapy alone survived up to 240 days (end point).
Recipients of cells from mice treated with the dasatinib and
chemotherapy combination demonstrated significantly prolonged
survival indicating improved targeting of AML LSC.

Treatment with dasatinib and chemotherapy enhances p53

signaling in AML CD341 cells

DNR enhanced expression of p53 target genes in AML CD341 cells
only at high doses, whereas Ara-C did not activate p53 even at high
doses (not shown). In contrast, addition of dasatinib to lower doses
of DNR enhanced expression of p53 target genes, including BAX
(P 5 .01), PUMA (P5 .03), p21 (P 5 .04), NOXA (P 5 .03), and
DR5 (P 5 .01) (Figure 7A) compared with DNR alone. Similar
results were seen for dasatinib combined with Ara-C, although it was
less marked than that seen for DNR (supplemental Figure 6A).
Treatment with dasatinib and DNR also increased levels of p53 and
the p53 target gene Bax on Western blotting and decreased myeloid
cell leukemia sequence 1 (BCL2-related) (Figure 7B). Inhibition of
p53mRNA inAMLCD341 cells using siRNA (supplemental Figure
6B) significantly decreased apoptosis of cells treated with dasatinib
plus chemotherapy, supporting a role for p53 in elimination of AML
stem/progenitor cells by the combination (Figure 7C). A second siRNA
targeting a different p53 sequence showed similar effects (supple-
mental Figure 6C). Combined LYN, HCK, and FGR knockdown as

well as c-KIT knockdown also resulted in significant increase in
expression of p53 (Figure 7D) and the p53 target gene BAX (sup-
plemental Figure 6D) in DNR-treated cells, showing that dasatinib’s
effects are mediated by SFK and c-KIT inhibition.

We did not see consistent changes in p53 serine 15 phosphor-
ylation or lysine 382 acetylation after treatment with DNR, dasatinib,
or the combination (not shown).29,30 In contrast, the combination
resulted in reduced humanmouse doubleminute 2 homolog (HDM2)
serine 166 phosphorylation compared with DNR or dasatinib alone
(Figure 7E; supplemental Figure 7A). Because HDM2 serine 166
phosphorylation is associated with enhanced p53 degradation, re-
duced phosphorylation could contribute to increased p53 in treated
cells.31 The combination of dasatinib and DNR also enhanced
inhibition of SFK phosphorylation in AML CD341 CD38dim/2 and
CD381 cells (supplemental Figure 7B) and reduced AKT Thr 308
(Figure 7E; supplemental Figure 7A) and p42/44 mitogen-activated
protein kinase (MAPK) phosphorylation (supplemental Figure 7C)
in AMLCD341 cells compared with dasatinib or DNR alone, without
impairing signal transducer and transcriptional activator 5 phosphor-
ylation. Because AKT signaling enhances HDM2 Ser166 phosphor-
ylation, reduced AKT activity in DNR plus dasatinib-treated cells
may explain the observed reduction in HDM2 Ser166 phosphoryla-
tion. Indeed, AKT inhibition using LY2904002 also inhibited HDM2
Ser 166 phosphorylation in AML cells (supplemental Figure 7D) and
reduced MAPK phosphorylation, whereas MAPK inhibition with
PD98059 did not significantly affect AKTor HDM2 phosphorylation
(not shown). In addition to effects on Akt, LY294002 could also
activate p53 by inhibiting ATM and ATR. Immunoprecipitation
studies showed that dasatinib reduced p53 association with HDM2
in Molm13 AML cells (supplemental Figure 6E). Inhibition of
p53-HDM2 interactions using Nutlin 3 also reduced AML progenitor
growth and survival. Interestingly, dasatinib did not further enhance
the effects of Nutlin 3 (supplemental Figure 6F-G), suggesting p53
activation was not increased in the presence of a strong HDM2 inhib-
itor. Overall, these experiments support a role for the modulation of
HDM2–p53 interactions in enhanced targeting of chemotherapy-
treated AML progenitors by dasatinib.

Discussion

Additional strategies to target AML LSC are required to improve
patient outcomes. This study shows that the SFKs, LYN, HCK, and
FGR are coexpressed and activated in AML stem/progenitor cells.
SFKs and c-KIT contribute to AML stem/progenitor cell survival and
proliferation, and inhibition of SFKs and c-KIT with dasatinib
moderately reduces AML stem/progenitor cell growth and survival;
importantly, dasatinib markedly enhances the sensitivity of AML
stem/progenitor cells to chemotherapy. Our studies suggest that
dasatinib enhances p53 activation in chemotherapy-treated AML
cells via reduced AKT-mediated HDM2 phosphorylation. Dasatinib-
mediated enhancement of LSC targeting by chemotherapeutic agents
may represent an innovative therapeutic approach in AML.

We observed consistent expression of LYN andHCK and variable
expression of FGR in AML CD341 cells, indicating that individual
samples coexpress more than a single SFK. Lack of correlation
between SFK activity and cytogenetic risk group suggests SFK
activation is associated with diverse molecular abnormalities. Acti-
vating SFK mutations are not reported in AML,32,33 and genetic loci
for LYN, HCK or FGR are not hot spots for translocations, although a
novel TEL-LYN fusion genewas reported in primarymyelofibrosis.34

SFKs may be activated downstream of FLT3,15 c-KIT mutations,35
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or RTK fusion proteins or in response to GF signaling in AML cells.
However, we did not find a significant association between SFK
activation and the FLT3-ITD mutation. SFK activity is regulated by

phosphorylation,10,36 and negative regulators including CBL,37,38

SOCS, or SHP-139,40 may be reduced in AML cells. We observed
low levels of phosphorylation at the negative regulatory Y527 site

Figure 6. In vivo administration of dasatinib combined with chemotherapeutic agents enhances elimination of AML stem cells in a murine AML model. (A) Murine

AML cells (53 104) coexpressingCBFb–smoothmusclemyosin heavy-chain andmurine stemcell virus-internal ribosomeentry site-green flourescent protein-myeloproliferative

leukemia virus oncogene (MIG-Mpl) were injected to wild-type C57BL/6Nmice via tail vein. Mice were treated 7 to 10 days posttransplantation with dasatinib alone (10mg/kg per

day) for 5 days, Ara-C (100mg/kg per day) for 5 days with doxorubicin (3mg/kg) for 3 days, or the combination of dasatinib with Ara-C and doxorubicin for 5 days. Untreatedmice

were studied as controls. AML engraftment was assessed by the percentage of GFP1 cells in the BM, SP, and PB. BM cells were injected for secondary transplant andmicewere

followed-up for survival for 240 days. (B) Representative images for the spleen from mice treated in vivo (left) and histogram showing the spleen weight (right). In the different

groups (control and dasatinib, n5 8; doxo1 Ara-C group, n5 7; and combination group, n5 6). One-way ANOVAwith posttest: ns, nonsignificant; *P, .05; ****P, .0001. (C)

Absolute number of GFP1 cells in BM (left) andSP (right) in each treatment groups. One-wayANOVAwith posttest: ns, nonsignificant; **P, .039; ***P, .001; ****P, .0001. (D)

Survival curve of mice receiving secondary transplantation of equal numbers of BM cells from control or treatedmice (control 900 GFP1 cells/mouse, dasatinib 8550GFP1 cells/

mouse, chemotherapy 1195GFP1 cells/mouse, dasatinib plus chemotherapy 1160GFP1 cells/mouse). Mice were followed-up for survival up to 240 days (control and dasatinib

group, n 5 10; doxo 1 Ara-C and combination group, n 5 11); ***P , .001 (Mantel-Cox test).
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relative to the Y416 activation site. Finally, high SFK levels could
reflect reduced degradation through calpain or the ubiquitin-
proteasome system.41

Knockdown of LYN and HCK, and to a lesser extent FGR,
enhanced AML progenitor apoptosis and impaired CFC growth,
consistent with the coexpression of these kinases in AML CD341

Figure 7. Dasatinib combined with chemotherapy enhances p53 transcriptional activity andmodulates the Akt-HDM2 axis in AML CD341 cells. (A) Quantitative PCR

analysis of p53 and p53 target genes in primary AMLCD341 cells exposed for 16 hours to dasatinib alone (200 nM), DNR alone (50 nM), or dasatinib 200 nM in combination with

DNR. b-2M was used as an internal control and results shown are expressed as mean6 SEM of 8 AML samples. One-way ANOVA with posttest: ns, nonsignificant; *P, .05;

**P , .01; ***P , .001; ****P , .0001. (B) Western blot analysis for AML samples exposed for 48 hours to dasatinib alone (200 nM), DNR alone (50 nM), or dasatinib in

combination with DNR. Indicated antibodies are listed and b-actin was used as a loading control. Results shown are representative of 7 AML samples analyzed. (C) Twenty-four

hours postnucleofection, AML samples (n5 4) were treated without or with dasatinib (200 nM)1 DNR (50 nM) and assayed for apoptosis after 2 more days. Results shown are

presented asmean percentages6 SEMof Annexin V-positive cells in control versus p53 siRNA and in treated versus untreated cells. *P, .0201; **P, .0039; ***P, .0003. (D)

Twenty-four hours postnucleofection with indicated siRNA, AML samples (n 5 5) were treated without or with dasatinib (200 nM) 1 DNR (50 nM) for 16 hours and p53 gene

expression was assessed using quantitative PCR analysis. b2M was used as an internal control; results shown are expressed as mean 6 SEM of 5 AML samples. ns,

nonsignificant; *P , .0278; **P , .0072. (E) Western blot analysis for AML samples exposed for 2 hours to dasatinib alone (200 nM), DNR alone (50 nM) or dasatinib in

combination with DNR. Indicated antibodies are listed and b-actin was used as a loading control. Results shown are representative of 7 AML samples analyzed.
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cells and with observations that SFKs contribute to AML cell sur-
vival and growth.13,14 Because SFKs are highly homologous, they
may compensate for each other, and combined inhibition of the 3
SFKs resulted in greater inhibition of AML progenitors. The SFK
inhibitor dasatinib, with activity against LYN, HCK, and FGR, was
effective in inhibiting AML stem/progenitor cell growth and survival.
SFKs may contribute to LSC viability through several signaling
mechanisms, including the MAPK and PI3K/Akt pathways. Inhi-
bition of c-KIT also reduces AML LSC growth and survival and
likely contributes to dasatinib effects. Therefore, targeting of multiple
kinases may be an added benefit of dasatinib treatment.42 The
complex molecular alterations in primary human LSC, interpatient
variability, and complicated effects of multikinase inhibition on
interconnected signaling networks make it difficult to specify the
precise mechanisms underlying dasatinib effects.

Dasatinib monotherapy has not been successful in clinical trials
in solid tumors and hematologic malignancies43 other than chronic
myeloid leukemia. Dasatinib as a single agent had only moderate
inhibitory effects on AML LSC. However, dasatinib markedly
enhanced targeting of AML LSC by DNR and Ara-C both in vitro
and in vivo. Sensitization to chemotherapeutic agents was associated
with enhanced expression of p53 and p53 target genes. The inhibitory
effects of dasatinib plus chemotherapy on AML cells were reversed
by p53 knockdown. Our results suggest that although the p53 axis is
intact, p53 activation in response to chemotherapy is impaired in
AML CD341 cells, and dasatinib can enhance p53-mediated elimi-
nation of AML LSC by chemotherapy. Activation of p53 via HDM2
inhibition also inhibited AML progenitors.44 Although cell cycle
inhibition by dasatinib could theoretically reduce sensitivity to
apoptosis, p53 activation may induce apoptosis even in quiescent
progenitors.

Mutations in p53 are rare in AML, except with complex
karyotypes.45 The PI3K/AKT signaling pathway is activated in
from 50% to 91% of primary AML samples, and AKT-mediated
phosphorylation of HDM2 may suppress p53 activation.46,47

Combined dasatinib and DNR treatment reduced AKT-mediated
HDM2 phosphorylation. The dasatinib and DNR combination
also inhibited MAPK phosphorylation in AML progenitors. Because
MAPK signaling can also attenuate the p53 response, MAPK inhi-
bition may represent an additional mechanism contributing to p53
activation. Given the observation that dasatinib did not effectively
inhibit AKT signaling in AML progenitors by itself but effectively
inhibited AKT signaling in combination with DNR, it appears that
DNR modulates pathways allowing persistent AKT signaling in
dasatinib-treated cells. DNR can alter cell signaling through
sphingomyelin-ceramide, MAPK, c-Jun N-terminal kinase, nuclear
factor kB, and PI3K/AKT pathways48 and can inactivate AKT
signaling in muscle cells.49 The specific mechanisms underlying

cooperativity between dasatinib and DNR in AML cells require
additional investigation, although DNR treatment did modestly
increase SFK inhibition in combination with dasatinib. Mechanisms
other than p53 activation may also contribute to cooperativity. For
example, the combination of dasatinib and DNR enhanced inhibition
of topoisomerase IIa (not shown), which could be an additional
mechanism of synergy.

Our results support clinical trials to explore whether addition of
dasatinib to chemotherapeutic regimens can enhance targeting of
AML LSC. Ongoing clinical trials adding dasatinib with chemo-
therapy are directed towardAMLwith core-binding factormutations,
with the rationale of targeting associated c-Kit mutations. On the basis
of our results, we are initiating a clinical trial combining dasatinib
with chemotherapy to improve outcomes in poor-risk AML patients,
with the novel rationale of enhancing AML LSC sensitivity to
chemotherapy. Our studies also support evaluation of combinations
of dasatinib with other agents whose activity may be limited by
impaired p53 signaling, as well as other approaches to enhance p53
activity in AML LSC.
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