
MYELOID NEOPLASIA

Acute dasatinib exposure commits Bcr-Abl–dependent cells to apoptosis
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Pioneering work with the Bcr-Abl inhibi-
tor, imatinib, demonstrated a requirement
for constant Bcr-Abl inhibition to achieve
maximal therapeutic benefit in treating
chronic myeloid leukemia (CML), estab-
lishing a paradigm that has guided fur-
ther drug development for this disease.
Surprisingly, the second-generation Bcr-
Abl inhibitor, dasatinib, was reported to
be clinically effective with once-daily dos-
ing, despite a short (3- to 5-hour) plasma

half-life. Consistent with this observa-
tion, dasatinib treatment of progenitor
cells from chronic-phase CML patients
for 4 hours, followed by washout, or con-
tinuously for 72 hours both resulted in an
induction of apoptosis and a reduction in
the number of clonogenic cells. Such
acute treatments with clinically achiev-
able dasatinib concentrations also irre-
versibly committed Bcr-Abl� CML cell
lines to apoptotic cell death. Potent tran-

sient Bcr-Abl inhibition using the alterna-
tive inhibitor, nilotinib, also resulted in
cell death. These findings demonstrate
that in vitro assays designed to model in
vivo pharmacokinetics can predict clini-
cal efficacy. Furthermore, they challenge
the widely held notion that continuous
target inhibition is required for optimal
efficacy of kinase inhibitors. (Blood. 2009;
114:3459-3463)

Introduction

Chronic myeloid leukemia (CML) is characterized by a 9;22
chromosomal translocation, which generates the oncogenic Bcr-
Abl protein.1 Because constitutive Bcr-Abl kinase activity is
essential for its transforming capacity, Bcr-Abl is an ideal target for
directed molecular therapy.2,3 Several Bcr-Abl inhibitors, first
imatinib,4 and more recently dasatinib5 and nilotinib,6 were devel-
oped and are now used to treat CML.

Preclinical data have suggested that exposure of CML cell lines
to 1 �M imatinib (achieving � 90% inhibition of Bcr-Abl) for at
least 16 hours is required to irreversibly commit them to apoptotic
death7 (and B.J.D., unpublished data, June 1999). The requirement
for prolonged imatinib exposure was confirmed in mouse studies
where once-daily dosing led to inhibition of tumor growth, but not
to eradication of disease.4,7,8 Because the half-life of imatinib in
mice is 4 hours, 3-times-daily dosing was required for continuous
inhibition of Bcr-Abl kinase activity over a 24-hour time course.4,7,8

Subsequent clinical studies showed significant responses
with trough doses more than 1 �M,9 leading to the consensus
that continuous Bcr-Abl inhibition is required for maximal
therapeutic benefit. Accumulated data have since confirmed a
consistent association between higher trough imatinib plasma
concentration and better response rates.10,11 Similarly, the extent
of Bcr-Abl inhibition, as monitored by in vivo phosphorylation
of the adaptor protein CrkL, was predictive of response.12 The
Bcr-Abl–dependent phosphorylation of CrkL13 serves as an
established biomarker of Bcr-Abl activity that can be observed
as a phosphorylation-dependent gel shift,14-16 or using a CrkL
pY207-directed antibody.17

Compared with imatinib, both dasatinib and nilotinib have
enhanced potency against Bcr-Abl and both exhibit activity against

most imatinib-resistant Bcr-Abl mutants.18 However, several obser-
vations suggest that the prevailing dogma of continuous kinase
inhibition for the treatment of CML may not apply to dasatinib.
Whereas imatinib and nilotinib are relatively stable in plasma
(half-life � 15 hours),9,19 clinical pharmacokinetic studies revealed
that dasatinib has a plasma half-life of 3 to 5 hours.20 Further,
dasatinib clearance was accompanied by rephosphorylation of
CrkL.21-23 This clinical observation mirrors preclinical murine
studies, in which the plasma half-life of dasatinib was less than
1 hour and CrkL phosphorylation reached pretreatment levels by
24 hours.24 Despite its short plasma half-life, responses to dasatinib
in both preclinical CML xenograft models and phase 1 clinical
evaluation were noted even with once-daily dosing.24,25 A follow-up
study in patients with chronic-phase CML found equivalent
efficacy of once- versus twice-daily dosing, although longer
follow-up is required to ascertain whether the responses are equally
durable.26 These data suggest that, for dasatinib, continuous
Bcr-Abl inhibition is not required to eliminate CML cells. We
therefore designed experiments to analyze whether transient expo-
sure of CML cells to dasatinib at clinically relevant concentrations
followed by washout would irrevocably commit cells to undergo
apoptosis.

Methods

Bcr-Abl–positive human leukemic cell lines, LAMA-84, KYO-1, and
K562, as well as the Bcr-Abl–negative leukemic cell line HEL, were
maintained in RPMI 1640 medium containing 4 mM L-glutamine,
100 units/mL penicillin, 100 �g/mL streptomycin, and 10% fetal bovine serum.
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For washout experiments, cell lines were cultured for 0.5 to 8 hours, as
indicated, in media either untreated or containing dasatinib (10, 25, 50, or
100 nM) or nilotinib (100, 500, 1000, or 5000 nM), followed by 3 washes
with warm media over 30 minutes. Inhibitor stock solutions were prepared
as previously described.18 After washout, cells were cultured in inhibitor-
free media until analyzed for apoptosis at 72 hours by staining with
annexin V-phycoerythrin and 7-amino-actinomycin D.18 Apoptosis values
were measured in triplicate. Viable cell counts were also obtained at
72 hours using the Viacount Assay (Guava Technologies). For comparison,
cells exposed to each inhibitor concentration for 72 hours without washout
were also analyzed.

Samples were obtained from peripheral blood of 3 patients with newly
diagnosed (untreated) chronic-phase CML and one patient with myeloid
blast-crisis CML with only T315I mutant BCR-ABL detectable, after
informed consent was obtain in accordance with the Declaration of Helsinki
as approved by the Institutional Review Boards at Oregon Health & Science
University and the University of Leipzig. Mononuclear cells were isolated
by density gradient centrifugation, and progenitor cells were subsequently
obtained by immunomagnetic cell separation using magnetic-activated cell
sorting CD34-directed microbeads (Miltenyi Biotech). For washout experi-
ments, progenitor cells were cultured as for cell lines. In addition, at
72 hours, clonogenic granulocyte/macrophage progenitor cells were enumer-
ated by plating in cytokine-supplemented methylcellulose culture (H4534;
StemCell Technologies) in the absence of inhibitor. Colony number was
quantified after 14 to 16 days.

Bcr-Abl activity was monitored in 3 ways. For LAMA-84, KYO-1, and
K562 cell lines, aliquots were obtained just before washout and at 0.5, 2,
and 4 hours after washout for immunoblotting. Identically loaded (1.5 � 104

cells/lane) 4% to 15% Criterion gels (Bio-Rad) were run under conditions
where phosphorylated and unphosphorylated CrkL comigrate. Membranes
were probed in parallel with antibodies against total CrkL (C-20; Santa
Cruz Biotechnology) and phospho-CrkL(pY207) (Cell Signaling Technol-
ogy). For patient samples, Bcr-Abl activity was assessed at 24 hours by
staining with phospho-tyrosine directed antibody (4G10-FITC; Upstate
Biotechnology) and quantified by flow cytometry. When cell numbers
permitted, the sample was immunoblotted in parallel. Specifically,
1.5 � 106 cells per lane were run on a 15% 15-cm gel to allow for
separation of phosphorylated and unphosphorylated CrkL bands and
immunoblotted with antibodies against total CrkL (C-20; Santa Cruz
Biotechnology). Phosphorylated (upper band) and unphosphorylated (lower
band) CrkL were quantified using ImageQuant 5.2 software (Molecular
Dynamics), and percentage phosphorylation was reported.

All graphs were generated and statistical analysis was performed using
Prism software (GraphPad). P values were calculated using 2-way analysis
of variance with a Bonferroni posttest comparison with untreated.

Results and discussion

The minimal dasatinib treatment time for reduction of CML cell
viability was determined in 3 cell lines. LAMA-84 (Figure 1A),
KYO-1 (Figure 1B), and K562 cells (Figure 1C) were treated for
increasing durations with a range of dasatinib concentrations
followed by thorough washout and culture in the absence of
dasatinib. Treatment of CML cells with dasatinib resulted in a
concentration- and time-dependent increase in cells undergoing
apoptosis (Figure 1A-C). A similar time- and concentration-
dependent decrease in proliferation was also observed (supplemen-
tal Figure 1, available on the Blood website; see the Supplemental
Materials link at the top of the online article). The striking ability
for dasatinib to induce apoptosis after transient exposure was a
Bcr-Abl–dependent phenomenon, as apoptosis was not observed in
an identically treated Bcr-Abl–negative leukemic cell line (supple-
mental Figure 2).

The proportion of apoptotic LAMA-84 cells began to signifi-
cantly rise above the untreated control with dasatinib exposures as
brief as 0.5 hour at the lowest (10 nM) dose (n � 3, P � .001).
Remarkably, near-maximal apoptosis levels were observed with
exposure to 100 nM dasatinib (within the maximum plasma
concentration range20), independent of exposure time (Figure 1A).

These experiments were designed to closely mimic relevant
clinical parameters (such as clinically achievable dasatinib
concentrations), including the observed inhibition and reactiva-
tion of Bcr-Abl with once-daily dasatinib, as monitored by CrkL
phosphorylation.21 Phosphorylated CrkL was assayed by
phosphorylation-dependent gel shift21; however, to increase
throughput, we used the pY207 phospho-specific CrkL antibody
and a total CrkL loading control. The dose-response to dasatinib
observed using each of these methods was comparable (supple-
mental Figure 3). Importantly, CrkL phosphorylation was re-
stored to levels at or near pretreatment levels by 4 hours after
washout and is thus an appropriate mimic of once-daily
dasatinib treatment (Figure 1D-F).

The efficacy of transient dasatinib treatment is in sharp contrast
to previous work in which constant exposure to imatinib was
required to commit cells to apoptosis.7 Thus, we aimed to

Figure 1. Response of Bcr-Abl–positive CML cells to treatment duration with various concentrations of dasatinib. LAMA-84 (A), KYO-1 (B), and K562 (C) cells were
treated with 0, 10, 25, 50, or 100 nM dasatinib for the duration indicated, followed by washout, and monitored at 72 hours for annexin V staining. Averages � SEM are reported
for multiple independent experiments (LAMA-84, n � 3; KYO-1, n � 2; K562, n � 2). (D-F) Bcr-Abl activity was monitored with an antibody to phosphorylated CrkL (pY207)
after treatment of LAMA-84 (D), KYO-1 (E), and K562 (F) cells with 0, 10, 25, 50, or 100 nM dasatinib for the duration indicated and for 4 hours after inhibitor washout. Total
CrkL was examined in parallel as a total protein control. Experiments were performed at least twice for each cell line, and a representative dataset is shown.
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determine whether the discrepancy could be explained by the
increased potency of dasatinib relative to imatinib against Bcr-Abl
or whether it was the result of some other property of dasatinib.
Achieving equal potency to dasatinib (325 times more potent)
would require imatinib administration at up to 32.5 �M
(16 042 ng/mL), well above (� 4 to 6-fold) peak plasma concentra-
tions at clinical doses.9 Nilotinib is a structurally related imatinib
derivative with increased potency. Therefore, we examined the
effect of nilotinib treatments on cellular apoptosis in parallel with
dasatinib.

Consistent with requirement for potent Bcr-Abl inhibition for
efficacious transient inhibitor treatment, 5000 nM nilotinib induced
apoptosis with transient exposure (Figure 2A-C). However, the
response to nilotinib treatment differed slightly from dasatinib.
Although nilotinib is approximately 1-log less potent than dasatinib
against Bcr-Abl,5,6,18 a 2-log higher dose of nilotinib was required
before apoptosis above background after a 0.5-hour exposure was
observed (10 nM dasatinib, n � 3, P � .001; and 1000 nM nilo-
tinib, n � 3, P � .001). As with LAMA-84 cells, K562 and KYO-1
cells did not respond to 100 nM nilotinib, although intermediate
nilotinib concentrations induced an inconsistent response (Figure
2B-C). With no difference in the duration and degree of Bcr-Abl
inhibition, as monitored by CrkL phosphorylation (Figures 1D-F,
2D-F), the underlying cause for the minor differences in response
between dasatinib and nilotinib at short exposure times remains an
open question, with differential kinase domain conformational
binding mode6,27-29 and degree of target specificity6,8,29,30 being
notable differences between the 2 compounds. Despite these
differences, our data demonstrate that potent transient inhibition of
Bcr-Abl using either of 2 inhibitors with unrelated structural
scaffolds induces apoptosis in CML cells. Clinically, this is most
relevant to dasatinib administration, as the nilotinib concentrations
that were efficacious in our assay approach or exceed maximum
plasma levels, and the long plasma half-life of nilotinib precludes
the observation of transient nilotinib treatment in the clinic.19

Our data demonstrate that the in vitro CML model can be
predictive of a clinical phenomenon. However, the 3 lines used are
all derived from blast-crisis CML. Thus, the studies were extended
to assess the effect of transient dasatinib exposure on primary
progenitor cells isolated from patients with chronic-phase CML.
Myeloid progenitors from chronic-phase CML can be cultured in

vitro and have reduced proliferation on dasatinib treatment.31 These
cells also respond to Bcr-Abl inhibition by dasatinib with inhibition-
induced apoptosis when cultured in the absence of exogenous
growth factors.32 An apoptotic response to 4-hour dasatinib treat-
ment was observed in 3 independently tested CML samples (CML
1-3; Figure 3A). The degree of response was similar to K562 cells
cultured under the same conditions. In addition, primary CML
samples treated transiently with 100 nM dasatinib had a reduced
absolute number of viable cells after 72 hours, compared with
untreated (Figure 3B) and a reduced number of cells with
granulocyte/macrophage clonogenic potential (Figure 3D). Tran-
siently treated CML samples reactivated Bcr-Abl to a similar extent
as K562 cells (Figure 3C), as monitored by mean phosphotyrosine
level per cell. For one patient (CML 3), for which sufficient cells
were available, CrkL phosphorylation could be assessed by immu-
noblot and was also found to be restored (Figure 3E). In contrast,
cells from a CML patient positive for Bcr-AblT315I (CML R) did not
respond to 100 nM dasatinib treatment, either continuously or with
washout (Figure 3A-D), indicating that the effect of acute dasatinib
treatment on primary CML cells requires Bcr-Abl inhibition.

In contrast to the paradigm established with imatinib, we
demonstrate that continuous inactivation of Bcr-Abl with clinically
relevant concentrations of dasatinib is not required to induce cell
death and that acute treatment with dasatinib is effective against
Bcr-Abl–positive cell lines and primary cells. In LAMA-84 cells,
both dasatinib and nilotinib induce a dose-dependent increase in
apoptosis with exposure time. This is consistent with a study that
found increasing sensitivity to imatinib with increasing exposure
time, albeit on a longer time frame than we observed with
dasatinib.33 In this scenario, transient inhibition of an oncogenic
kinase above a specific threshold would commit cells to apoptosis.
Sharma et al have proposed a unifying mechanism termed “onco-
genic shock” for tumor cell death as a result of a transient
intracellular signaling imbalance on oncogene inhibition.34 Alterna-
tively, extremely low amounts of residual Bcr-Abl inhibition below
a threshold detectable by phospho-CrkL could still support a
sustained signaling event leading to cell death.

Our work supports the potential for pulse treatment with some
oncogene inhibitors, and in particular with extremely potent
Bcr-Abl inhibitors in treating CML. Pulse treatments have been
highly efficacious in other contexts, specifically to maximize

Figure 2. Response of Bcr-Abl–positive CML cells to treatment duration with various concentrations of nilotinib. LAMA-84 (A), KYO-1 (B), and K562 (C) cells were
treated with 0, 100, 500, 1000, or 5000 nM nilotinib for the duration indicated, followed by washout, and monitored at 72 hours for annexin V staining. Averages � SEM are
reported for multiple independent experiments (LAMA-84, n � 3; KYO-1, n � 2; K562, n � 2). (D-F) Bcr-Abl activity was monitored with an antibody to phosphorylated CrkL
(pY207) after treatment of LAMA-84 (D), KYO-1 (E), and K562 (F) cells with 0, 100, 500, 1000, or 5000 nM nilotinib for the duration indicated and for 4 hours after inhibitor
washout. Total CrkL was examined in parallel as a total protein control. Experiments were performed at least twice for each cell line, and a representative dataset is shown.
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concentration-dependent bacterial killing and minimize time-
dependent toxicity exhibited by aminoglycosides.35 Similarly,
clinical application of dasatinib pulse-dosing may reduce associ-
ated toxicities, which include adverse hematologic and gastrointes-
tinal effects, fluid retention, pleural effusion, and headache.25 In a
study of chronic-phase patients treated with 70 mg twice daily, the
majority of patients required dose reduction (66%) or interruption
(83%) resulting from toxicity.36 In a comparison of 100 mg once
daily, 50 mg twice daily, 140 mg once daily, and 70 mg twice daily
(the recommended dose), each dosing schedule was found to have
similar time to, and duration of, cytogenic response with a
minimum follow-up of 6 months; however, 100 mg once daily had
reduced adverse events, including a significant reduction in in-
stances of pleural effusion (P � .024).26

It remains a formal possibility that a long-acting metabolite
of dasatinib is present in vivo and could be responsible for the
clinical efficacy of once-daily dasatinib; however, we demon-
strate that such a metabolite need not be invoked, as short
exposures to dasatinib itself are sufficient for in vitro efficacy.
Although the evidence to date favors once-daily dasatinib
dosing, we did observe that the degree of apoptosis after
transient exposure increased with increasing dasatinib concentra-
tion. Clones bearing Bcr-Abl kinase domain mutations that
confer decreased sensitivity to dasatinib may not respond as
well to transient exposure. Whether the frequency of mutant
clone emergence will be increased in the once-daily treatment
arm as the trial continues is yet undetermined.

Beyond supporting a revised paradigm for Bcr-Abl inhibition in
treating CML, our results emphasize that, even among inhibitors
directed against a common target, differences in target potency and
toxicity profile necessitate determination of optimal dosing strate-
gies for each inhibitor. For dasatinib, sole reliance on drug
pharmacodynamics was not an effective comprehensive strategy
for establishing an efficacious dosing schedule. Compared across
relevant cell lines, in vitro efficacy of pulse-dosing from preclinical
studies may be used to inform clinical trials.

While our manuscript was in review, an article was published
highlighting the efficacy of transient Bcr-Abl inhibition.23 Our
work provides further evidence of this effect and extends the
findings to culture of primary CML cells.
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Figure 3. Response of primary CML progenitor cells
to treatment duration with dasatinib. Progenitor cells
isolated from 3 chronic-phase CML patients (CML 1-3)
and a blast-crisis CML patient with 100% Bcr-AblT315I

(CML R) were cultured in 100 nM dasatinib with (�) or
without (	) washout at 4 hours, as indicated, or in the
absence of dasatinib as an untreated control. K562 cells
were treated identically to primary cells for comparison
(gray bars, mean � SEM from 2 independent experi-
ments). (A) Percentage annexin V� cells at 72 hours.
Drug-specific apoptosis was calculated by subtracting the
percentage annexin� cells in the untreated arm. (B) Pro-
liferation over 72 hours calculated as the fold expansion
of viable cells during the 72-hour culture period, ex-
pressed as a percentage of untreated control. For K562,
mean � SEM of 2 independent experiments is reported.
(C) Bcr-Abl activity at 24 hours, as measured by total
phosphotyrosine level per cell and expressed as a percent-
age of the level in untreated cells. MFI indicates mean
fluorescence intensity. (D) Proliferation of granulocyte/
macrophage colony-forming cells. The number of cells at
72 hours that could lead to colony formation were enumer-
ated and expressed as a percentage of untreated control.
Colony-forming cell number was assayed in triplicate and
mean � SEM reported. (E) Bcr-Abl activity at 24 hours in
CML 3 as assayed by CrkL phosphorylation. Western blot
of total CrkL (bottom panel) showing phosphorylated (top
band) and unphosphorylated (bottom band) forms. Top
and bottom bands were quantified and the percentage
phosphorylated plotted. (B-E) Dotted line represents the
value for the untreated control.
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