CCR FOCUS
Mechanisms of Resistance to Imatinib and Second-Generation
Tyrosine Inhibitors in Chronic Myeloid Leukemia
Dragana Milojkovic1 and Jane Apperley2

Abstract

Targeted therapy in the form of selective tyrosine kinase inhibitors (TKI) has transformed the approach to management of chronic myeloid leukemia (CML) and dramatically improved patient outcome to the extent that imatinib is currently accepted as the
first-line agent for nearly all patients presenting with CML, regardless of the phase of
the disease. Impressive clinical responses are obtained in the majority of patients in
chronic phase; however, not all patients experience an optimal response to imatinib,
and furthermore, the clinical response in a number of patients will not be sustained.
The process by which the leukemic cells prove resistant to TKIs and the restoration
of BCR-ABL1 signal transduction from previous inhibition has initiated the pursuit for
the causal mechanisms of resistance and strategies by which to surmount resistance to
therapeutic intervention. ABL kinase domain mutations have been extensively implicated in the pathogenesis of TKI resistance, however, it is increasingly evident that the
presence of mutations does not explain all cases of resistance and does not account
for the failure of TKIs to eliminate minimal residual disease in patients who respond
optimally. The focus of exploring TKI resistance has expanded to include the mechanism by which the drug is delivered to its target and the impact of drug influx and efflux
proteins on TKI bioavailability. The limitations of imatinib have inspired the development of second generation TKIs in order to overcome the effect of resistance to this
primary therapy. (Clin Cancer Res 2009;15(24):7519–27)

Chronic myeloid leukemia (CML) results from the balanced
translocation of c-ABL from chromosome 9 and BCR on chromosome 22 leading to the formation of BCR-ABL1 chimeric
oncoprotein, the product of the BCR-ABL1 hybrid gene, with
constitutive tyrosine kinase activity (1, 2). Deregulated BCRABL1 activity results in enhanced cellular proliferation, and resistance to apoptosis and oncogenesis (3, 4). CML naturally
progresses through distinct phases from early chronic phase
to an intermediate accelerated phase followed by a terminal
blast phase. Imatinib, the first tyrosine kinase inhibitor (TKI)
approved for the treatment of CML (5), is a phenylaminopyridimine, which principally targets the tyrosine kinase activity of
BCR-ABL1, exclusively binding to BCR-ABL1 in the inactive
conformation in addition to inhibitory effects on KIT, ARG,
and PDGFR kinases (6). The recent update of the phase III randomized IRIS study (International Randomized Study of Interferon-α plus Ara-C versus STI571) prospectively comparing
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ed patients in first chronic phase showed the best observed rate
for a complete cytogenetic response [CCyR; or an undetectable
number of Philadelphia chromosome positive (Ph+) chromosomes by conventional metaphase analysis] on imatinib of
82% at 6 years (7), with a declining annual rate of progression
as the molecular response improved with time.

Clinical Resistance to TKIs
In order to best determine an individual's response to therapy,
an operational set of goals, defined within specific time periods
have been established for all patients (Table 1; ref. 8). An initial
requirement is the achievement of a complete hematological response (CHR), accepted as a normal peripheral blood count
within 3 months of imatinib. Further response to treatment is
subsequently monitored by sequential cytogenetic assessments
of the bone marrow with the aim to achieve a CCyR by 18
months. Subsequent evaluation of the therapeutic response is
recommended by means of molecular analysis, with reversetranscriptase polymerase chain reaction (RT-PCR). Patients that
achieve a major molecular response (MMR) equivalent to a reduction in BCR-ABL1 transcripts to less than 0.1% as defined on
the international scale (9), are predicted to have a remarkably
low risk of disease progression. Within the framework of recommendations, proposals for the definition of failure and suboptimal response are now recognized (8). Resistance to imatinib
encompasses failure to reach CHR, CCyR, and MMR within an
allocated duration of time (primary resistance). A number of
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Table 1. Response criteria for CML in first chronic phase treated de novo with imatinib
Imatinib Response Criteria For CML In First CP
Time from the Start of
Imatinib (Months)

Failure of Response

Suboptimal Response

Warning Sign

N/A

N/A

No hematological response (stable disease or
disease progression)
<CHR, no CyR
<PCyR (Ph+ >35%)
<CCyR
Loss of CHR

<CHR

High-risk Sokal score; del 9q+;
ACA in Ph+ cells
N/A

<PCyR (Ph+ >35%)
<CCyR
<MMR
ACA in Ph+ cells

Loss of CCyR

Loss of MMR

ABL KD mutation insensitive to imatinib

ABL KD mutation with some
sensitivity to imatinib

At presentation
3
6
12
18
At anytime

N/A
<MMR
N/A
Any increase in BCR-ABL1
transcripts
ACA in Ph- cells

NOTE: Adapted from Baccarani et al. (8). © the American Society of Hematology.
Abbreviations: CP, chronic phase; ACA, acquired cytogenetic abnormalities; N/A, not applicable; CyR, cytogenetic response; PCyR, partial
cytogenetic response; KD, kinase domain; Ph-, Philadelphia chromosome negative.

patients still do not succeed in obtaining a CHR, 20 to 25% do
not achieve a CCyR (10), and fewer than 10% of patients
achieve complete molecular response (CMR) (11). Loss of a previously obtained response to imatinib (secondary or acquired
resistance) occurs in some 20 to 25% of patients that reach
CHR and/or CCyR. Loss of CHR or a cytogenetic response have
clear implications, however loss of MMR within the context of a
sustained CCyR allows for less precise interpretation, in part because of a lack of standardization of RT-PCR assays and that any
increment in transcript number should be confirmed by serial
analysis. Although it has been shown that subjects who achieve
CCyR, but not MMR have no impact on overall survival, it has
been clearly shown that a lack of MMR leads to a loss of CCyR in
a proportion of patients (12, 13). It remains important to rationalize these data in order to choose the best therapeutic course
for each patient in the context of an increasing number of available therapeutic options aside from imatinib.
The commercially available second generation TKIs (2G-TKI),
dasatinib and nilotinib, are both effective in imatinib failure. Dasatinib, a dual SRC/ABL kinase inhibitor that binds to the ABL
kinase domain irrespective of the configuration of the activation
loop (14) also inhibits KIT and PDGFR receptors, as well as being
325-fold more potent than imatinib against unmutated BCRABL1 in vitro. Nilotinib, an orally available aminopyrimidine derivative, is a more specific inhibitor of ABL kinase binding to the
inactive-closed conformation, and also inhibits KIT and PDGFR
receptors and has been noted to have a 20-fold greater potency
than imatinib (15). Recommendations for optimal responses to
2G-TKI following imatinib failure are currently in preparation by
the European Leukaemia Net.

Mechanisms of Resistance
Clinical observations have shown that durable responses are
more easily attainable in the chronic phase of CML in comparison
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to the more advanced phases. Further work on both primary cells
as well as resistant cell lines identified a number of mechanisms
by which resistance to imatinib arises, namely amplification of
BCR-ABL1, overexpression of the multidrug-resistant P-glycoprotein (MDR-1), BCR-ABL1, and the emergence of mutations in the
ABL-kinase domain as well as the development of BCR-ABL1independent pathways of signal transduction (Table 2). Gene
expression profiling at presentation may also be predictive of
imatinib response and distinguish primary from secondary resistance (16).

Oral Bioavailability
From a clinical perspective, in order for a drug to be effective it is required to reach its target. Imatinib is an oral medication and influenced in the first instance by the adherence or
compliance of the patient to imatinib therapy. Following ingestion, imatinib undergoes gastrointestinal absorption and
first-pass metabolism. Imatinib is highly plasma protein
bound and is affected by drug influx and drug efflux transporter mechanisms.
A subanalysis of the IRIS study identified wide interpatient
exposure variability to imatinib (coefficient of variation, 4060%), despite positive pharmacokinetic characteristics and
complete oral bioavailability of 98% (17). Imatinib is metabolised through the cytochrome p450 system, with the isoenzyme CYP3A4 mainly implicated. Intrinsic variability of
CYP enzyme activity and co-medication that may influence
CYP3A4 isoenzyme activity can also contribute to the variability in imatinib concentrations. Imatinib trough level plasma samples, at a level at or higher than 1,000 ng/mL,
obtained after 29 days of treatment were found to correlate
with an improved rate of CCyR, MMR, and event-free survival (17). However, no apparent difference in the frequency
of dose-escalation was observed between the extremes of
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PK values, and at the present moment, the role of imatinib
plasma levels remains exploratory and yet to be fully defined
in clinical practice. Similarly CYP3A4 plays a major role in
dasatinib and nilotinib clearance (18, 19).

unlike imatinib (37), and is also limited by active efflux because of ABCB1 (38) and ABCG2 (25, 37), but of interest, no
significant difference was found in the amount of dasatinib
unabsorbed in the gastrointestinal tract in ABCB1 knockout
and wild-type mice (39).

Plasma-protein Binding
Imatinib is approximately 95% bound to plasma proteins,
mainly to albumin, as well as α-1 acidglycoprotein (AGP), a hepatic acute-phase protein (20). It was proposed that AGP can
bind to imatinib in the plasma and hence decrease the availability of free or active drug. Other investigators have not confirmed the AGP binding as a mechanism for imatinib resistance
(21), regardless of the dose of imatinib (22), and currently the
influence of AGP as a cause of imatinib resistance remains
doubtful. Following ingestion both nilotinib and dasatinib
are rapidly absorbed (23). Based on in vitro analyses, plasma
protein binding is approximately 98% for nilotinib and 96%
for dasatinib.

Intracellular Availability of TKIs
ATP-binding cassette transporter family. Multidrug efflux
transporters of the ATP-binding cassette (ABC) transporter
family, which include the multidrug resistance gene product
P-glycoprotein (P-gp; ABCB1), and the breast cancer resistance protein (ABCG2), may have a significant effect on restricting drug uptake from tumor cells through active efflux
(24). In addition to high expression on hematopoietic primitive cells, both ABCB1 and ABCG2 show tissue localization
in the small bowel, brain (25), testes, and canalicular membrane of hepatocytes and may contribute to imatinib resistance by causing drug efflux from cells from these sites
(26). The ABCB1 transporter or MDR-1 is overexpressed in
cells from patients in blast phase and implicated both in
the reduced efficacy of chemotherapy in advanced-phase disease (27), as well as resistance to imatinib (28). The significance of the role of ABCB1 in imatinib resistance has yet to
be fully clarified, as the efflux of imatinib from ABCB1-expressing cells is less pronounced than the efflux of cytotoxic
drugs and observers have not been able to correlate ABCB1
overexpression in cell lines to imatinib resistance (29), although this has not been confirmed in other studies (30).
From a clinical perspective, conflicting results are again in evidence as ABCB1 overexpression has been shown to be associated with a lack of MCyR as well as progression to
advanced phase (31), however, inhibition of MDR1 has not
been proven to enhance the effect of imatinib against BCRABL1 activity (32). ABCG2, provides a further mechanism for
imatinib efflux, but imatinib seems to be an inhibitor of, but
not a substrate for, ABCG2, and, therefore, ABCG2 does not
modulate intracellular concentrations of imatinib in primitive
CML cells (33). Nilotinib has been identified as a substrate
of P-gp (the product of the MDR-1 gene) in nilotinib-resistant cell lines (34) and of ABCG2 (35), however, resistance
through ABCG2 may not be observed at clinically relevant
levels of nilotinib (35, 36). In vitro studies suggest that cellular delivery of dasatinib is predominantly a passive process,
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OCT-1
The human organic cation transporter (hOCT-1; SLC22A1)
has been advocated as a significant factor affecting intracellular
drug availability through inhibition of imatinib influx (40, 41),
and polymorphisms of OCT-1 may alter the entry of imatinib
into cells through this transporter mechanism (42). Other observers have suggested OCTN2 as a more effective transporter of
imatinib and a greater role for the organic anion transporting
polypeptide OATP1A2 (43). However, a high OCT-1 activity
has been observed to be predictive of a MMR and patients with
low OCT-1 activity seem to require a higher imatinib dosage in
order to achieve an optimal response (44). Furthermore, there
is no significant difference in the proportion of patients achieving MMR based on trough imatinib levels in patients with high
OCT-1 activity, indicating that OCT-1 activity is not a surrogate
marker of imatinib pharmacokinetic values (45). Importantly,
neither dasatinib (37) nor nilotinib cellular uptake is significantly affected by OCT-1 activity (46), which in turn exhibits
less interpatient variability. Recently single-nucleotide polymorphisms have been reported in genes involved in the pharmacogenetics of imatinib, and specific genotypes of ABCB1
(presence of the G allele in 2677G > T/A; ref. 47), ABCG2
(rs2231137), and HOCT-1(rs683369) were associated with
poor response to imatinib therapy (48). Examining drug influx
and drug efflux properties at presentation prior to therapeutic
intervention, may give insight from the start of therapy about
an expected response and potentially provide a strategy for
the use of a particular TKI in order to achieve the best outcome
for an individual patient.
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Table 2. Classification of TKI resistance
BCR-ABL1 Independent
Patient related
Poor compliance
Pharmacological
Poor intestinal absorption
Drug interactions
Binding with plasma
components
Leukaemia cell related
Heterogeneity of CML cells
Reduced levels of
transporter (hoct1)
Increased levels of
exporter (ABCB1, ABCG2)
QSCs
Clonal evolution
SRC overexpression

BCR-ABL1 Dependent
Increased expression of BCR-ABL1
Mutations in the
ABL-kinase domain
-

-
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Clonal Evolution
Chromosomal abnormalities in the Ph+ population following presentation, defined as clonal evolution, usually indicate
transformation to a more advanced phase (49) and are shown
in up to 80% of patients. The most common cytogenetic aberrations include, in order, an additional Ph+ chromosome, trisomy 8, and isochromosome 17q (50). Clonal evolution is
associated with a reduced response to imatinib with regard
to cytogenetic response, increased hematological relapse
(51), and subsequent reduction in overall survival (52), and
is proposed to reflect the genetic instability of the highly proliferative CML progenitors associated with CML progression
(53). Hematological resistance to TK inhibition has been reported to be more common with clonal evolution (58%) rather than the presence of BCR-ABL1 mutations (45%; ref. 54).
The incidence of clonal evolution is further emphasized in
blast phase disease (73%) in comparison to the frequency
of kinase domain mutations (30%). Conversely, BCR-ABL1 kinase domain mutations are more prevalent during imatinib
failure in those patients that exhibit clonal evolution (58%)
than those with Ph+ metaphases as the sole anomaly (28%;
ref. 55).

SRC Overexpression
SRC-family kinases play a pivotal role in signaling through
surface receptors on hematopoietic cells, and of the nine
members of the SRC family, HCK, FGR, and LYN are primarily expressed on myeloid cells (56) and can also be activated
by BCR-ABL1 kinase (57). Imatinib resistance and progression to, in particular, lymphoid blast phase has been suggested to be mediated through LYN and HCK upregulation (58, 59). Imatinib-resistant cell lines have shown
greatly increased expression of LYN, which were susceptible
to apoptosis following treatment with a SRC inhibitor
(60). SRC-family kinases are also implicated in imatinib resistance by virtue of stabilizing the active conformation of
BCR-ABL1 to which imatinib is unable to bind (61). Similarly, an increase of LYN expression has accompanied failure of
nilotinib treatment in CML patients (34). Targeting both
BCR-ABL1 and LYN kinases may be required in resistant
CML, and dasatinib has also been shown to be effective in
imatinib resistance consequent to BCR-ABL1-independent
LYN activation (62).

Quiescent Stem Cells
Despite the remarkable results obtained with imatinib, disease persistence is detected in the majority of patients. The
failure of imatinib to eradicate all malignant cells may be as
a consequence of the inherent insensitivity of quiescent CML
cells to imatinib. These primitive leukemic CD34+CD38- cells,
which have entered the G0-phase of the cell cycle and are
therefore quiescent, account for less than 1% of total CD34+
cells present at diagnosis (63), and it is this quiescent fraction
that is postulated to sustain the disease with the constant
potential to escalate. The resistance of quiescent stem cells
(QSC) seems multifactorial and includes altered drug influx
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or efflux mechanisms (a marked reduction in the expression
OCT1 and an elevated expression of ABCB1 and ABCG2;
ref. 64), increased BCR-ABL1 transcript levels in the absence
of BCR-ABL1 gene amplification (63), and decreased BCRABL1 transcript degradation. Imatinib has recently been found
to restore CXCR4 expression, recognized to be associated with
cell migration defects in CML and down-regulated by BCRABL1 overexpression, thereby promoting the migration of
CML cells to bone marrow stroma, causing G0-G1 cell cycle
arrest and preserving the survival of quiescent CML progenitor
cells (65).
Dasatinib, although able to induce significant inhibition
of CrKL phosphorylation in CD34+CD38- cells in comparison to no effect with imatinib and to inhibit an earlier progenitor population, remains ineffective in eradicating the
most primitive QSC population (cells that retain maximal
carboxyfluorescein succinimidyl ester fluorescence; refs. 63,
66). Similarly, the quiescent fraction shows resistance to
nilotinib, and furthermore, is noted to increase with the combination of nilotinib and imatinib secondary to antiproliferative and nonapoptotic effects (67). BMS-214662, a cytotoxic
farnesyl transferase inhibitor that preferentially lyses nonproliferating cells, has been found to effectively induce apoptosis
of CML progenitor cells and to synergize with imatinib or dasatinib (68), however clinical trials with this agent are not
currently forthcoming and other non-BCR-ABL1 kinase
approaches to eradicate the stem cell pool continue to be
explored.
A number of difficulties remain with the concept of QSC. Residual disease is commonly observed in most patients, and
QSC are present in inadequate numbers to account for this level
of detection. Point mutations occur commonly during cell proliferation and as such should theoretically become sensitive to
targeted therapy as they exit G0. Nevertheless, concerted efforts
to target this potential disease reservoir continue and include
growth-factor induction of the cell-cycle (69) and immunological approaches (70).

Increased Expression of BCR-ABL1
Amplification of BCR-ABL1 occurs more commonly in advanced-phase disease (71) and was first reported in 3 of 11
patients with blast phase CML or Ph+ acute lymphoblastic
leukemia who developed acquired resistance to imatinib
(72). It is unclear whether these findings are as a direct result of increased expression of the BCR-ABL1 protein (73), or
as a result of other factors implicated in transformation and
imatinibresistance, such as point mutations in the ABL-kinase
domain as documented in one of the three cases, or as a
consequence of increased genomic instability. However, in
a subsequent study of 66 imatinib resistant patients, only
2 patients showed BCR-ABL1 gene amplification (74) and
overexpression of BCR-ABL1 is understood to account only
for the minority of cases of imatinib resistance. Still, it
would seem that the level of BCR-ABL1 protein is closely associated with the pace of the emergence of imatinib-resistant
mutant subclones. Cells expressing a high level of BCR-ABL1
have been observed to be far less sensitive to imatinib and
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more rapidly yield imatinib-resistant mutant subclones than
cells with low BCR-ABL1 expression levels (75). Similarly, resistance to nilotinib in vitro has also been found consequent
to BCR-ABL1 overexpression in vitro (34).

ABL Kinase Domain Mutations
The emergence of mutations within the kinase domain of
BCR-ABL1 is regularly associated with resistance to TKI therapy. The most frequently described mechanism of acquired
resistance to imatinib is the occurrence of point mutations,
representing a single aa substitution in the kinase domain,
which impair drug binding by affecting essential residues
for direct contact with the TKI or by preventing BCR-ABL1
from assuming the inactive conformation appropriate for imatinib binding. The published incidence of mutations remains
variable and in the order of 40 to 90% as a consequence of
different methods of detection, nature of resistance, and disease phase examined (76). Mutations were first identified in
2001, in which restoration of BCR-ABL1 signal transduction
on imatinib therapy was associated with a T315I mutation
(72). Thr315 forms a fundamental hydrogen bond with imatinib, disrupted by a single aa change with a bulkier isoleucine, which prevents imatinib localization within the ATP
binding pocket by consequent stearic hindrance. The T315I
mutation is one of the most frequent mutations arising in
patients on imatinib therapy, occurring between 4 to 19%
of resistant cases (55, 77, 78) and is resistant to all ABL kinase inhibitors. Although the T315I mutation is generally accepted as conferring a poor outcome (median survival 12.6
months; refs. 79, 80), sustained cytogenetic responses despite
accelerated phase and during therapy with a second TKI have
recently been reported (78).
Four categories of mutations have been recognized to correlate with clinical resistance to imatinib affecting the: (i) imatinib binding site, (ii) P-loop (ATP binding site), (iii)
catalytic (C) domain, and (iv) activation (A) loop (2). Mutations in the phosphate (P-loop; residues 244-255 of ABL),
which account for up to 48% of all mutations in imatinib
resistant cases (81), destabilize the conformation required
for imatinib binding, and have been associated with an increased transforming potential (82) and a worse prognosis
regardless of their sensitivity to imatinib (77, 81, 83, 84).
P-loop mutations have been reported to be associated with
a worse prognosis in comparison with other categories of
mutations (81, 83), however, other observers have not confirmed these findings (55), perhaps because of the nature of
the criteria used to select patients for mutation screening. Another potential explanation for this inconsistency may be on
account of the M244V mutation, which may not confer a
poor outcome and has been variably included in the P-loop
categories of mutations (84). A series of mutations are located in the catalytic domain (residues 350-363 of ABL) and
can also affect imatinib binding. The activation loop of the
ABL kinase is the major regulatory component of the kinase
domain and can adopt an open and/or active or closed and/
or inactive conformation. Mutations in the activation loop
instigate the open and/or active configuration, and as the in-
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active and/or closed configuration is required for imatinib activity, resistance occurs. Nevertheless, aa substitutions at only
seven residues [M244V, G250E, Y253F/H, E255K/V (P-loop),
T315I (imatinib binding site), M351T, and F359V (catalytic
domain)] account for 85% of all resistance-associated mutations (80).
Although point mutations have been more frequently described in TKI resistance and advanced-phase CML (Table
3), they have also been documented prior to TKI therapy
(85), inherently suggesting that pre-existing mutations do
not acquire a survival advantage until subjected to a TKI.
In addition, investigators have found no difference in mutational status in those patients who have relapsed (74). The
relevance of these observations remains unclear, specifically
about whether certain mutations are responsible for disease
progression or whether they occur as a consequence of the
underlying genomic instability linked with advanced phase
disease (86). It would seem that gain-of-function mutations
may independently contribute to disease progression, whereas
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T a b l e 3 . F r e q u e n c y o f A B L- k i na s e d o m a i n
mutations by disease phase
KD
Mutation

No. of
Mutations*

P-loop‡
M244
L248
G250
Q252
Y253
E255
IM binding site
D276
F311
T315
F317
Catalytic domain
M351
E355
F359
Activation loop
H396
C-terminal lobe
S417
E459
F486

No. of CP
(%)†

No. of AP
(%)*

No. of BP
(%)*

47
13
63
14
68
63

33
10
31
3
23
17

(70)
(77)
(49)
(21)
(34)
(27)

1
2
6
3
9
12

(2)
(15)
(10)
(21)
(13)
(19)

13
1
26
8
36
34

(28)
(8)
(41)
(58)
(53)
(54)

12
5
56
15

6
2
9
10

(50)
(40)
(16)
(67)

2
1
12
2

(17)
(20)
(23)
(13)

4
2
35
3

(33)
(40)
(63)
(20)

62
22
35

33 (53)
13 (59)
21 (60)

12 (19)
4 (18)
5 (14)

29

21 (72)

2 (7)

6 (21)

3
6
8

2 (67)
2 (33)
0 (0)

1 (33)
0 (72)
1 (13)

0 (72)
4 (67)
7 (88)

17 (28)
5 (23)
9 (26)

Note: Adapted from Apperley (100).
Abbreviations: KD, kinase domain; CP, chronic phase; AP, accelerated phase; BP, blast phase; IM, imatinib.
*Number of mutations detected in a pool of patients reviewed in
Apperley (100). Infrequently an individual patient harbored more
than one KD mutation; any detected- mutation is included in the
table.
†
Percentage of all KD mutations detected related to disease phase.
‡
P-loop mutations have been inconsistently reported to be associated with a worse prognosis in comparison with other categories of
mutations (55, 81, 83). Furthermore, the M244V mutation may
not confer a poor outcome and has been variably included in the
P-loop categories of mutations (84).
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Fig. 1. Although equivalent
experimental systems have been
employed in a variety of assessments
to determine BCR-ABL1 kinase domain
mutation sensitivity on the basis of IC50
values (89, 98), different incubation
times and TKI concentration ranges
have been used as well as varying
methods to measure cell viability and
proliferation. Color-coded schemes to
indicate TKI sensitivity based on in vitro
analyses should be interpreted with
clinical caution as in vitro findings
cannot be directly extrapolated to the
clinical setting. (Figure adapted from
O'Hare et al. 89, © the American Society
of Hematology).

loss-of-function mutations are more often subject to selective
pressure by imatinib (82, 87). Specific mutations considerably affect the transformation potency of BCR-ABL1, and
in vitro studies have indicated relative transformation potencies of mutations from distinct sections of the kinase domain
to be: Y253F > E255K (P-loop) > unmutated BCR-ABL1 ≥ T315I
(imatinib binding site) > H396P (activation loop) > M351T
(catalytic domain; ref. 82). Particular mutations, as in the
case of E255K, are noted to have increased oncogenic potency
despite reduced kinase activity compared with unmutated
BCR-ABL1 (88). The proliferative advantage of a given mutant
seems multifactorial and determined by intrinsic kinase activity,
substrate specificity, and extrinsic factors including growth factors and cytokines.
Although most of the clinically relevant mutations are inhibited by dasatinib and nilotinib, with the exception of
T315I (Fig. 1; ref. 89), the presence of existing mutations after imatinib failure, as well as development of new mutations
on a subsequent second TKI is naturally a potential source of
resistance to successive TKI (90–93). The influence of baseline BCR-ABL1 mutations on response to nilotinib in patients
with imatinib-resistant CML in chronic phase has shown an
inferior outcome in patients who harbored mutations that
were less sensitive to nilotinib in vitro (Y253H, E255V/K,
F359V/C; ref. 94). Recently, the selective pressure of sequential
TKI therapy has been assessed in the outcome of imatinibresistant patients already harboring imatinib-resistant kinase
domain mutations subsequently treated with an alternative
TKI on a second or even third occasion and showed that 83%
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of cases of relapse after an initial response were associated with
the emergence of newly acquired mutations (95). The T315I
mutation was most commonly implicated with a frequency of
36% (95). The inability to achieve a sustained cytogenetic response could in part be as a consequence of the development
of new therapy-resistant kinase domain mutations as patients
are exposed to sequential TKIs, although some of the arising mutations were reported as having a relatively good in vitro sensitivity to the concurrent TKI (96).
In summary, the consequence of identifying a mutation remains unclear and seems relevant only according to the disease phase and response, with a greater impact in advanced
phase CML in which the mutated clone may be responsible
for disease progression, but less certain in cases of on-going
response to TKI therapy. Resistance mechanisms may be overcome with imatinib dose escalation (97), alternative therapy
with a 2G-TKI (98) to which the mutant has documented
sensitivity, withdrawing TKI therapy to allow the mutant
clone to recede (99), as well as non-BCR-ABL1-dependent
therapies.

Conclusions
Targeted molecular therapy has afforded exceptional clinical responses in the majority of patients with CML to the
extent that therapeutic regimens have centered on the
achievement of a MMR, early within the start of therapy.
As most will continue on imatinib in CCyR, the emphasis
has diverted to overcoming imatinib resistance and the
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generation of alternative TKI engineered to surmount these
clinical challenges. The cause of resistance to TKI therapy
is likely to be multifactorial, but ultimately the clinical response is influenced in most part by leukemia-related factors
and the phase of the disease. Further investigation into the
underlying causes of TKI resistance remain mandatory in

order to best direct appropriate therapy in this subset of
patients.

Disclosure of Potential Conflicts of Interest
D. Milojkovic, J. Apperley, consultants, honoraria, Novartis, BristolMyers-Squibb.

References
1. Hantschel O, Superti-Furga G. Regulation of the
c-Abl and Bcr-Abl tyrosine kinases. Nat Rev Mol
Cell Biol 2004;5:33–44.
2. Milojkovic D, Apperley J. State-of-the-art in the
treatment of chronic myeloid leukaemia. Curr
Opin Oncol 2008;20:112–21.
3. Melo J. Inviting leukemic cells to waltz with the
devil. Nat Med 2001;7:156–7.
4. Quintas-Cardama A, Cortes J. Molecular biology of bcr-abl1-positive chronic myeloid leukemia. Blood 2009;113:1619–30.
5. Druker BJ, Talpaz M, Resta DJ, et al. Efficacy
and safety of a specific inhibitor of the BCRABL tyrosine kinase in chronic myeloid leukemia. N Engl J Med 2001;344:1031–7.
6. Deininger M, Buchdunger E, Druker BJ. The
development of imatinib as a therapeutic agent
for chronic myeloid leukemia. Blood 2005;105:
2640–53.
7. Hochhaus A, O'Brien SG, Guilhot F, et al. Sixyear follow-up of patients receiving imatinib for
the first-line treatment of chronic myeloid leukemia. Leukemia 2009;23:1054–61.
8. Baccarani M, Saglio G, Goldman J, et al. Evolving concepts in the management of chronic myeloid leukemia: recommendations from an expert
panel on behalf of the European LeukemiaNet.
Blood 2006;108:1809–20.
9. Hughes T, Deininger M, Hochhaus A, et al.
Monitoring CML patients responding to treatment with tyrosine kinase inhibitors: review
and recommendations for harmonizing current
methodology for detecting BCR-ABL transcripts
and kinase domain mutations and for expressing results. Blood 2006;108:28–37.
10. Marin D, Kaeda J, Szydlo R, et al. Monitoring
patients in complete cytogenetic remission after
treatment of CML in chronic phase with imatinib:
patterns of residual leukaemia and prognostic
factors for cytogenetic relapse. Leukemia 2005;
19:507–12.
11. Hughes TP, Kaeda J, Branford S, et al. Frequency of major molecular responses to imatinib or interferon alfa plus cytarabine in newly
diagnosed chronic myeloid leukemia. N Engl J
Med 2003;349:1423–32.
12. Marin D, Milojkovic D, Olavarria E, et al.
European LeukemiaNet criteria for failure or
suboptimal response reliably identify patients
with CML in early chronic phase treated with imatinib whose eventual outcome is poor. Blood
2008;112:4437–44.
13. Press RD, Galderisi C, Yang R, et al. A half-log
increase in BCR-ABL RNA predicts a higher risk of
relapse in patients with chronic myeloid leukemia
with an imatinib-induced complete cytogenetic
response. Clin Cancer Res 2007;13:6136–43.
14. Shah NP, Tran C, Lee FY, Chen P, Norris D,
Sawyers CL. Overriding imatinib resistance with
a novel ABL kinase inhibitor. Science 2004;305:
399–401.
15. Weisberg E, Manley PW, Breitenstein W, et al.
Characterization of AMN107, a selective inhibitor
of native and mutant Bcr-Abl. Cancer Cell 2005;7:
129–41.
16. Zhang WW, Cortes JE, Yao H, et al. Predictors
of primary imatinib resistance in chronic mye-

www.aacrjournals.org

logenous leukemia are distinct from those in
secondary imatinib resistance. J Clin Oncol
2009;27:3642–9.
17. Larson RA, Druker BJ, Guilhot F, et al. Imatinib pharmacokinetics and its correlation
with response and safety in chronic-phase
chronic myeloid leukemia: a subanalysis of
the IRIS study. Blood 2008;111:4022–8.
18. Li X, He Y, Ruiz CH, Koenig M, Cameron MD.
Characterization of dasatinib and its structural
analogs as CYP3A4 mechanism-based inactivators and the proposed bioactivation pathways.
Drug Metab Dispos 2009;37:1242–50.
19. Deremer DL, Ustun C, Natarajan K. Nilotinib: a
second-generation tyrosine kinase inhibitor for
the treatment of chronic myelogenous leukemia.
Clin Ther 2008;30:1956–75.
20. Gambacorti-Passerini C, Barni R, le Coutre P,
et al. Role of alpha1 acid glycoprotein in the
in vivo resistance of human BCR-ABL(+) leukemic cells to the abl inhibitor STI571. J Natl Cancer Inst 2000;92:1641–50.
21. Jorgensen HG, Elliott MA, Allan EK, Carr CE,
Holyoake TL, Smith KD. Alpha1-acid glycoprotein expressed in the plasma of chronic myeloid
leukemia patients does not mediate significant
in vitro resistance to STI571. Blood 2002;99:
713–5.
22. Smith KD, Paterson S. Binding of alpha-1-acid
glycoprotein to imatinib following increased
dosage of drug. Haematologica 2005;90 Suppl:
ELT01.
23. Christopher LJ, Cui D, Wu C, et al. Metabolism
and disposition of dasatinib after oral administration to humans. Drug Metab Dispos 2008;36:
1357–64.
24. Arceci RJ. Clinical significance of P-glycoprotein in multidrug resistance malignancies. Blood
1993;81:2215–22.
25. Lagas JS, van Waterschoot RA, van Tilburg
VA, et al. Brain accumulation of dasatinib is restricted by P-glycoprotein (ABCB1) and breast
cancer resistance protein (ABCG2) and can be
enhanced by elacridar treatment. Clin Cancer
Res 2009;2344–51.
26. Doyle LA, Ross DD. Multidrug resistance mediated by the breast cancer resistance protein
BCRP (ABCG2). Oncogene 2003;22:7340–58.
27. Kuwazuru Y, Yoshimura A, Hanada S, et al. Expression of the multidrug transporter, P-glycoprotein, in chronic myelogenous leukaemia
cells in blast crisis. Br J Haematol 1990;74:24–9.
28. Mahon FX, Belloc F, Lagarde V, et al. MDR1
gene overexpression confers resistance to imatinib mesylate in leukemia cell line models. Blood
2003;101:2368–73.
29. Ferrao PT, Frost MJ, Siah SP, Ashman LK.
Overexpression of P-glycoprotein in K562 cells
does not confer resistance to the growth inhibitory effects of imatinib (STI571) in vitro. Blood
2003;102:4499–503.
30. Assef Y, Rubio F, Colo G, del Monaco S, Costas
MA, Kotsias BA. Imatinib resistance in multidrug-resistant K562 human leukemic cells. Leuk
Res 2009;33:710–6.
31. Galimberti S, Cervetti G, Guerrini F, et al. Quantitative molecular monitoring of BCR-ABL and MDR1

7525

transcripts in patients with chronic myeloid leukemia during Imatinib treatment. Cancer Genet Cytogenet 2005;162:57–62.
32. Hatziieremia S, Jordanides NE, Holyoake TL,
Mountford JC, Jorgensen HG. Inhibition of
MDR1 does not sensitize primitive chronic myeloid leukemia CD34+ cells to imatinib. Exp Hematol 2009;37:692–700.
33. Jordanides NE, Jorgensen HG, Holyoake TL,
Mountford JC. Functional ABCG2 is overexpressed on primary CML CD34+ cells and is
inhibited by imatinib mesylate. Blood 2006;15:
1370–3.
34. Mahon FX, Hayette S, Lagarde V, et al. Evidence that resistance to nilotinib may be due
to BCR-ABL, Pgp, or Src kinase overexpression.
Cancer Res 2008;68:9809–16.
35. Brendel C, Scharenberg C, Dohse M, et al. Imatinib mesylate and nilotinib (AMN107) exhibit
h i g h - a f fi n i t y i n t e r a c t i o n w i t h A B C G 2 o n
primitive hematopoietic stem cells. Leukemia
2007;21:1267–75.
36. Tiwari AK, Sodani K, Wang SR, et al. Nilotinib
(AMN107, Tasigna) reverses multidrug resistance by inhibiting the activity of the ABCB1/
Pgp and ABCG2/BCRP/MXR transporters. Biochem Pharmacol 2009;78:153–61.
37. Hiwase DK, Saunders V, Hewett D, et al. Dasatinib cellular uptake and efflux in chronic myeloid
leukemia cells: therapeutic implications. Clin
Cancer Res 2008;14:3881–8.
38. Chen Y, Agarwal S, Shaik NM, Chen C, Yang Z,
Elmquist WF. P-glycoprotein and breast cancer
resistance protein influence brain distribution
of dasatinib. Journal Pharmacol Exp Ther 2009;
330:956–63.
39. Kamath AV, Wang J, Lee FY, Marathe PH. Preclinical pharmacokinetics and in vitro metabolism of dasatinib (BMS-354825): a potent
oral multi-targeted kinase inhibitor against SRC
and BCR-ABL. Cancer Chemother Pharmacol
2008;61:365–76.
40. Thomas J, Wang L, Clark RE, Pirmohamed M.
Active transport of imatinib into and out of cells:
implications for drug resistance. Blood 2004;104:
3739–45.
41. Crossman LC, Druker BJ, Deininger MW,
Pirmohamed M, Wang L, Clark RE. hOCT 1 and
resistance to imatinib. Blood 2005;106:1133–4,
author reply 4.
42. Sakata T, Anzai N, Shin HJ, et al. Novel single
nucleotide polymorphisms of organic cation transporter 1 (SLC22A1) affecting transport functions.
Biochem Biophys Res Commun 2004;313:789–93.
43. Hu S, Franke RM, Filipski KK, et al. Interaction
of imatinib with human organic ion carriers. Clin
Cancer Res 2008;14:3141–8.
44. White DL, Saunders VA, Dang P, et al. Most
CML patients who have a suboptimal response
to imatinib have low OCT-1 activity: higher
doses of imatinib may overcome the negative
impact of low OCT-1 activity. Blood 2007;110:
4064–72.
45. White DL, Dang P, Frede A, et al. CML patients with low OCT-1 activity achieve better
molecular responses on high dose imatinib than
on standard dose. those with high OCT-1 activity

Clin Cancer Res 2009;15(24) December 15, 2009

Downloaded from clincancerres.aacrjournals.org on September 16, 2019. © 2009 American Association for Cancer
Research.

CCR FOCUS
have excellent responses on either dose: a TOPS
correlative study. Blood 2008;112:3187a.
46. White DL, Saunders VA, Dang P, et al. OCT-1mediated influx is a key determinant of the intracellular uptake of imatinib but not nilotinib
(AMN107): reduced OCT-1 activity is the cause
of low in vitro sensitivity to imatinib. Blood
2006;108:697–704.
47. Dulucq S, Bouchet S, Turcq B, et al. Multidrug
resistance gene (MDR1) polymorphisms are associated with major molecular responses
to standard-dose imatinib in chronic myeloid
leukemia. Blood 2008;112:2024–7.
48. Kim DH, Sriharsha L, Xu W, et al. Clinical relevance of a pharmacogenetic approach using
multiple candidate genes to predict response
and resistance to imatinib therapy in chronic
myeloid leukemia. Clin Cancer Res 2009;15:
4750–8.
49. Majlis A, Smith TL, Talpaz M, O'Brien S, Rios
MB, Kantarjian HM. Significance of cytogenetic
clonal evolution in chronic myelogenous leukemia. J Clin Oncol 1996;14:196–203.
50. Johansson B, Fioretos T, Mitelman F. Cytogenetic and molecular genetic evolution of
chronic myeloid leukemia. Acta Haematol
2002;107:76–94.
51. O'Dwyer ME, Mauro MJ, Blasdel C, et al. Clonal evolution and lack of cytogenetic response are
adverse prognostic factors for hematologic relapse of chronic phase CML patients treated with
imatinib mesylate. Blood 2004;103:451–5.
52. Cortes JE, Talpaz M, Giles F, et al. Prognostic
significance of cytogenetic clonal evolution in
patients with chronic myelogenous leukemia on
imatinib mesylate therapy. Blood 2003;101:
3794–800.
53. Cortes J, O'Dwyer ME. Clonal evolution in
chronic myelogenous leukemia. Hematol Oncol
Clin North Am 2004;18:671–84 [x.].
54. Lahaye T, Riehm B, Berger U, et al. Response
and resistance in 300 patients with BCR-ABLpositive leukemias treated with imatinib in a single center: a 4.5-year follow-up. Cancer 2005;
103:1659–69.
55. Jabbour E, Kantarjian H, Jones D, et al. Frequency and clinical significance of BCR-ABL mutations in patients with chronic myeloid leukemia
treated with imatinib mesylate. Leukemia 2006;
20:1767–73.
56. Geahlen RL, Handley MD, Harrison ML. Molecular interdiction of Src-family kinase signaling in
hematopoietic cells. Oncogene 2004;23:8024–32.
57. Danhauser-Riedl S, Warmuth M, Druker BJ,
Emmerich B, Hallek M. Activation of Src kinases
p53/56lyn and p59hck by p210bcr/abl in myeloid
cells. Cancer Res 1996;56:3589–96.
58. Donato NJ, Wu JY, Stapley J, et al. BCR-ABL
independence and LYN kinase overexpression in
chronic myelogenous leukemia cells selected for
resistance to STI571. Blood 2003;101:690–8.
59. Hu Y, Swerdlow S, Duffy TM, Weinmann R,
Lee FY, Li S. Targeting multiple kinase pathways
in leukemic progenitors and stem cells is
essential for improved treatment of Ph+ leukemia in mice. Proc Natl Acad Sci U S A 2006;
103:16870–5.
60. Dai Y, Rahmani M, Corey SJ, Dent P, Grant SA.
Bcr/Abl-independent, Lyn-dependent form of imatinib mesylate (STI-571) resistance is associated with altered expression of Bcl-2. J Biol
Chem 2004;279:34227–39.
61. Schindler T, Bornmann W, Pellicena P, Miller
WT, Clarkson B, Kuriyan J. Structural mechanism for STI-571 inhibition of abelson tyrosine
kinase. Science 2000;289:1938–42.
62. O'Hare T, Eide CA, Deininger MW. Persistent
LYN signaling in imatinib-resistant, BCR-ABL-

independent chronic myelogenous leukemia. J
Natl Cancer Inst 2008;100:908–9.
63. Copland M, Hamilton A, Elrick LJ, et al. Dasatinib (BMS-354825) targets an earlier progenitor
population than imatinib in primary CML but
does not eliminate the quiescent fraction. Blood
2006;107:4532–9.
64. Jiang X, Zhao Y, Smith C, et al. Chronic myeloid leukemia stem cells possess multiple unique
features of resistance to BCR-ABL targeted therapies. Leukemia 2007;21:926–35.
65. Jin L, Tabe Y, Konoplev S, et al. CXCR4 upregulation by imatinib induces chronic myelogenous leukemia (CML) cell migration
to bone marrow stroma and promotes survival of quiescent CML cells. Mol Cancer Ther
2008;7:48–58.
66. Konig H, Copland M, Chu S, Jove R, Holyoake
TL, Bhatia R. Effects of dasatinib on SRC kinase activity and downstream intracellular
signaling in primitive chronic myelogenous leukemia hematopoietic cells. Cancer Res 2008;68:
9624–33.
67. Jorgensen HG, Allan EK, Jordanides NE,
Mountford JC, Holyoake TL. Nilotinib exerts
equipotent antiproliferative effects to imatinib
and does not induce apoptosis in CD34+ CML
cells. Blood 2007;109:4016–9.
68. Copland M, Pellicano F, Richmond L, et al.
BMS-214662 potently induces apoptosis of
chronic myeloid leukemia stem and progenitor
cells and synergizes with tyrosine kinase inhibitors. Blood 2008;111:2843–53.
69. Holtz M, Forman SJ, Bhatia R. Growth factor
stimulation reduces residual quiescent chronic
myelogenous leukemia progenitors remaining
after imatinib treatment. Cancer Res 2007;67:
1113–20.
70. Copland M, Fraser AR, Harrison SJ, Holyoake
TL. Targeting the silent minority: emerging
immunotherapeutic strategies for eradication
of malignant stem cells in chronic myeloid leukaemia. Cancer Immunol Immunother 2005;54:
297–306.
71. Jamieson CH, Ailles LE, Dylla SJ, et al.
Granulocyte-macrophage progenitors as candidate leukemic stem cells in blast-crisis CML. N
Engl J Med 2004;351:657–67.
72. Gorre ME, Mohammed M, Ellwood K, et al. Clinical resistance to STI-571 cancer therapy caused
by BCR-ABL gene mutation or amplification.
Science 2001;293:876–80.
73. Modi H, McDonald T, Chu S, Yee JK, Forman
SJ, Bhatia R. Role of BCR/ABL gene-expression
levels in determining the phenotype and imatinib sensitivity of transformed human hematopoietic cells. Blood 2007;109:5411–21.
74. Hochhaus A, Kreil S, Corbin AS, et al. Molecular and chromosomal mechanisms of resistance
to imatinib (STI571) therapy. Leukemia 2002;16:
2190–6.
75. Barnes DJ, Palaiologou D, Panousopoulou E,
et al. Bcr-Abl expression levels determine the rate
of development of resistance to imatinib mesylate
in chronic myeloid leukemia. Cancer Res 2005;65:
8912–9.
76. Quintas-Cardama A, Kantarjian HM, Cortes JE.
Mechanisms of primary and secondary resistance
to imatinib in chronic myeloid leukemia. Cancer
Control 2009;16:122–31.
77. Nicolini FE, Corm S, Le QH, et al. Mutation status and clinical outcome of 89 imatinib mesylateresistant chronic myelogenous leukemia patients:
a retrospective analysis from the French intergroup of CML (Fi(phi)-LMC GROUP). Leukemia
2006;20:1061–6.
78. Jabbour E, Kantarjian H, Jones D, et al. Characteristics and outcomes of patients with chronic
myeloid leukemia and T315I mutation following

Clin Cancer Res 2009;15(24) December 15, 2009

7526

failure of imatinib mesylate therapy. Blood 2008;
112:53–5.
79. Nicolini FE, Hayette S, Corm S, et al. Clinical
outcome of 27 imatinib mesylate-resistant
chronic myelogenous leukemia patients harboring a T315I BCR-ABL mutation. Haematologica
2007;92:1238–41.
80. Soverini S, Colarossi S, Gnani A, et al. Contribution of ABL kinase domain mutations to imatinib
resistance in different subsets of Philadelphiapositive patients: by the GIMEMA Working Party
on Chronic Myeloid Leukemia. Clin Cancer Res
2006;12:7374–9.
81. Branford S, Rudzki Z, Walsh S, et al. Detection of BCR-ABL mutations in patients with
CML treated with imatinib is virtually always
accompanied by clinical resistance, and mutations in the ATP phosphate-binding loop (Ploop) are associated with a poor prognosis.
Blood 2003;102:276–83.
82. Griswold IJ, MacPartlin M, Bumm T, et al.
Kinase domain mutants of Bcr-Abl exhibit altered transformation potency, kinase activity,
and substrate utilization, irrespective of sensitivity to imatinib. Mol Cell Biol 2006;26:6082–93.
83. Soverini S, Martinelli G, Rosti G, et al. ABL mutations in late chronic phase chronic myeloid
leukemia patients with up-front cytogenetic resistance to imatinib are associated with a greater
likelihood of progression to blast crisis and
shorter survival: a study by the GIMEMA Working Party on Chronic Myeloid Leukemia. J Clin
Oncol 2005;23:4100–9.
84. Khorashad JS, de Lavallade H, Apperley JF,
et al. Finding of kinase domain mutations in
patients with chronic phase chronic myeloid
leukemia responding to imatinib may identify
those at high risk of disease progression. J Clin
Oncol 2008;26:4806–13.
85. Roche-Lestienne C, Soenen-Cornu V, GrardelDuflos N, et al. Several types of mutations of the
Abl gene can be found in chronic myeloid leukemia patients resistant to STI571, and they can
pre-exist to the onset of treatment. Blood 2002;
100:1014–8.
86. Khorashad JS, Anand M, Marin D, et al. The
presence of a BCR-ABL mutant allele in CML
does not always explain clinical resistance to imatinib. Leukemia 2006;20:658–63.
87. Willis SG, Lange T, Demehri S, et al. Highsensitivity detection of BCR-ABL kinase domain
mutations in imatinib-naive patients: correlation
with clonal cytogenetic evolution but not response to therapy. Blood 2005;106:2128–37.
88. Skaggs BJ, Gorre ME, Ryvkin A, et al. Phosphorylation of the ATP-binding loop directs oncogenicity of drug-resistant BCR-ABL mutants.
Proc Natl Acad Sci U S A 2006;103:19466–71.
89. O'Hare T, Eide CA, Deininger MW. Bcr-Abl kinase domain mutations, drug resistance, and the
road to a cure for chronic myeloid leukemia.
Blood 2007;110:2242–9.
90. Shah NP, Skaggs BJ, Branford S, et al. Sequential ABL kinase inhibitor therapy selects
for compound drug-resistant BCR-ABL mutations with altered oncogenic potency. J Clin Invest 2007;117:2562–9.
91. Cortes J, Jabbour E, Kantarjian H, et al. Dynamics of BCR-ABL kinase domain mutations in chronic myeloid leukemia after sequential treatment
with multiple tyrosine kinase inhibitors. Blood
2007;110:4005–11.
92. Khorashad JS, Milojkovic D, Mehta P, et al.
In vivo kinetics of kinase domain mutations in
CML patients treated with dasatinib after failing
imatinib. Blood 2008;111:2378–81.
93. Stagno F, Stella S, Berretta S, et al. Sequential
mutations causing resistance to both Imatinib

www.aacrjournals.org

Downloaded from clincancerres.aacrjournals.org on September 16, 2019. © 2009 American Association for Cancer
Research.

Resistance to Imatinib and TKIs in CML

Mesylate and Dasatinib in a chronic myeloid leukaemia patient progressing to lymphoid blast
crisis. Leuk Res 2008;32:673–4.
94. Hughes T, Saglio G, Branford S, et al. Impact of
baseline BCR-ABL mutations on response to nilotinib in patients with chronic myeloid leukemia
in chronic phase. J Clin Oncol 2009;27:4204–10.
95. Soverini S, Gnani A, Colarossi S, et al. Philadelphia-positive patients who already harbor
imatinib-resistant Bcr-Abl kinase domain mutations have a higher likelihood of developing additional mutations associated with resistance to

www.aacrjournals.org

second- or third-line tyrosine kinase inhibitors.
Blood 2009;114:2168–71.
96. Garg RJ, Kantarjian H, O'Brien S, QuintasCardama A, Faderl S, Estrov Z, et al. The use
of nilotinib or dasatinib after failure to two prior tyrosine kinase inhibitors (TKI): long-term
follow-up. Blood 2009, Epub 2009 Sep 3.
97. Mahon FX, Deininger MW, Schultheis B, et al.
Selection and characterization of BCR-ABL positive cell lines with differential sensitivity to the
tyrosine kinase inhibitor STI571: diverse mechanisms of resistance. Blood 2000;96:1070–9.

7527

98. Redaelli S, Piazza R, Rostagno R, et al. Activity
of bosutinib, dasatinib, and nilotinib against 18
imatinib-resistant BCR/ABL mutants. J Clin Oncol 2009;27:469–71.
99. de Lavallade H, Khorashad JS, Davis HP, et al.
Interferon-alpha or homoharringtonine as salvage treatment for chronic myeloid leukemia patients who acquire the T315I BCR-ABL mutation.
Blood 2007;110:2779–80.
100. Apperley JF. Part I: mechanisms of resistance
to imatinib in chronic myeloid leukaemia.
Lancet Oncol 2007;8:1018–29.

Clin Cancer Res 2009;15(24) December 15, 2009

Downloaded from clincancerres.aacrjournals.org on September 16, 2019. © 2009 American Association for Cancer
Research.

Mechanisms of Resistance to Imatinib and Second-Generation
Tyrosine Inhibitors in Chronic Myeloid Leukemia
Dragana Milojkovic and Jane Apperley
Clin Cancer Res 2009;15:7519-7527.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://clincancerres.aacrjournals.org/content/15/24/7519

This article cites 98 articles, 60 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/15/24/7519.full#ref-list-1
This article has been cited by 18 HighWire-hosted articles. Access the articles at:
http://clincancerres.aacrjournals.org/content/15/24/7519.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/15/24/7519.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on September 16, 2019. © 2009 American Association for Cancer
Research.

