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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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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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Preclinical studies of BCR-ABL mutation
sensitivity to nilotinib or dasatinib suggested that the majority would be sensitive.
Correspondingly, the initial clinical trials
demonstrated similar response rates for
CML patients after imatinib failure, irrespective of the mutation status. However, on
closer examination, clinical evidence now
indicates that some mutations are less sensitive to nilotinib (Y253H, E255K/V, and
F359V/C) or dasatinib (F317L and V299L).
T315I is insensitive to both. Novel mutations

(F317I/V/C and T315A) are less sensitive/
insensitive to dasatinib. We refer to these
collectively as second-generation inhibitor
(SGI) clinically relevant mutations. By in
vitro analysis, other mutations confer a degree of insensitivity; however, clinical evidence is currently insufficient to define them
as SGI clinically relevant. Here we examine
the mutations that are clearly SGI clinically
relevant, those with minimal impact on response, and those for which more data are
needed. In our series of patients with muta-

tions at imatinib cessation and/or at nilotinib
or dasatinib commencement, 43% had SGI
clinically relevant mutations, including 14%
with T315I. The frequency of SGI clinically
relevant mutations was dependent on the
disease phase at imatinib failure. The clinical data suggest that a mutation will often be
detectable after imatinib failure for which
there is compelling clinical evidence that
one SGI should be preferred. (Blood. 2009;
114:5426-5435)

Introduction
The outcome for patients with chronic myeloid leukemia (CML) who
fail imatinib has improved since the availability of second-generation
BCR-ABL kinase inhibitors (SGIs). The most common mechanisms of
imatinib resistance are mutations within the BCR-ABL kinase domain
and protein overexpression by gene amplification.1-12 Resistance is also
associated with other genetic events, as indicated by the detection of
cytogenetic abnormalities in the Philadelphia chromosome–positive
(Ph⫹) clone in more than 50% of imatinib-resistant patients.13 It has
been suggested that some BCR-ABL mutations play no causal role in
resistance.14-16 However, approximately half of the patients who commence SGIs after imatinib therapy have detectable imatinib-resistant
BCR-ABL mutations. Imatinib binds to the inactive conformation of
BCR-ABL, leading to disruption of the adenosine triphosphate (ATP)
binding site and blockade of the catalytic activity.17,18 BCR-ABL
mutations that impair imatinib binding while still enabling ATP binding,
or that alter the specific protein conformation required for imatinib
binding, are selected in the presence of imatinib.19-21 In the absence of
imatinib, these mutations do not confer a growth advantage.22
For patients commencing nilotinib or dasatinib after imatinib cessation, clinical trials have demonstrated similar responses for patients with
or without mutations, except for T315I for which neither drug is
active.23-31 This mutation demonstrates cross-resistance to imatinib,
nilotinib, and dasatinib.32-34 However, a closer examination of responses
to SGI therapy for individual mutations has identified a limited number,
other than T315I, that are less sensitive to either nilotinib or dasatinib.35-37 Furthermore, in vitro studies have identified mutations that
confer a degree of insensitivity38 or resistance.39
How well do the problematic mutations identified by in vitro
studies correlate with those identified by clinical studies? Moreover, does the in vitro sensitivity of mutations provide a reliable
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indication of the probable response to SGIs? Undoubtedly, in vitro
sensitivity of imatinib-resistant mutations can be a useful guide
when considering an increased imatinib dose.40 Here we assess
BCR-ABL mutations in the context of their impact on response
after a change to SGI therapy by an examination of the available
clinical data. The mutation status may contribute to therapeutic
decisions after imatinib failure or indeed after failure of an SGI. We
assess the frequency that mutations conferring a degree of clinical
insensitivity to SGIs are detectable at the time of imatinib
cessation. These are collectively referred to as SGI clinically
relevant mutations. We also examine whether the disease phase
influences their frequency. Last, we examine the occurrence of
multiple mutations in imatinib-treated patients and the extent to
which disease phase influences their detection.

BCR-ABL mutations in the era of SGIs:
type still matters
Mutant sensitivity assessed by in vitro studies

Preclinical studies of nilotinib against 33 BCR-ABL mutants predicted
that the inhibitor would have clinical activity in patients harboring these
mutations, except for T315I.33,34,41 Similarly, among 19 imatinibresistant mutants tested against dasatinib, T315I was the only clearly
resistant mutation.32,33 The in vitro results were similar to the earlier in
vitro studies of imatinib, in that mutants displayed various degrees of
sensitivity.15,42 SGI sensitivity was assessed by various methods, including the degree of inhibition of BCR-ABL autophosphorylation or cell
proliferation after transfection of mutants into Ba/F3 cells.32-34Although
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bosutinib, which is under clinical trial as SGI therapy.39 However,
G250E is described as sensitive to nilotinib and dasatinib in another
assessment.38 F317L is classified as moderately resistant or resistant to the 4 inhibitors in one study39 and sensitive to nilotinib and
insensitive to dasatinib in another.38 These discrepancies may be
the result of methodologic differences or differences in the cutoff
values for the classification of mutant sensitivity and may cause
difficulty for interpretation.
Mutations identified from resistance screens

Resistance screens have identified a limited number of mutations
that emerge in the presence of increasing doses of nilotinib and
dasatinib,43-46 and these correspond, to a degree, to the mutant
sensitivity determined in cell proliferation assays.38,39 Mutations at
dasatinib contact residues appeared to be particularly relevant,
including V299L. In 2 resistance screens, mutations at T315 and
F317 accounted for 95% of all mutants recovered, including novel
mutations F317V/I/S/C and T315A, which had not been reported in
imatinib-treated patients.44,45 In one study, F317V and T315A were
the most frequent to emerge (41% and 30%, respectively) and had
40- to 90-fold reduced dasatinib sensitivity compared with unmutated BCR-ABL.45 In accord with these results, T315A and F317V
had the highest IC50 values, except for T315I, in the in vitro
assessment of dasatinib by O’Hare et al.33
In 3 in vitro resistance screens of increasing doses of nilotinib,
T315I emerged most frequently and represented 49% of all
mutations recovered.43,44,46 However, the common imatinibresistant mutation, Y253H, was also among the most frequent to
emerge and had the highest nilotinib IC50 value in each of these
studies, apart from T315I. E255K, Y253H, and T315I were the
only mutations to emerge in all 3 screens, and E255V and Q252H
emerged in 2 of 3 studies. All other mutations were confined to one
of the screens. With the exception of T315I, all mutations were
effectively suppressed by nilotinib concentrations of 2000nM,
which falls within the peak-trough plasma levels (3600-1700nM)
measured in patients treated with 400 mg nilotinib twice daily.24
Over the past few years, clinical studies have identified a
limited number of mutations that may be relevant for response to
nilotinib and dasatinib as second- or third-line inhibitor
therapy35,36,47,48 and are implicated in resistance.47-51 In one report,
a new mutation was acquired in 83% of patients who relapsed after
a response.48 The available clinical data present an opportunity to
assess how effectively in vitro studies predict the SGI clinically
relevant mutations and their validity for determining appropriate
therapy after imatinib failure.
Mutation sensitivity assessed by clinical studies of dasatinib

The majority of imatinib-resistant mutations remain sensitive to
dasatinib.23,26-29,31 However, consistent with the dasatinib resistance screens and cell proliferation assays, clinical reports confirmed T315I/A, F317L/I/V/C, and V299L as relevant for decreased clinical efficacy, either as preexisting or as emerging
mutations.37,48-51
One of the most frequent mutations to emerge with clinical
dasatinib resistance was V299L.48,50 This mutation was reported
very rarely in imatinib-treated patients.8,52 V299L and F317L were
also preferentially associated with dasatinib failure in a study of
mutation dynamics after sequential inhibitor therapy.51 Interestingly, V299L was only detected at a frequency of 1% in resistance
screens44,45 and only at lower dasatinib concentrations.44
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The largest analysis of clinical response to dasatinib after
imatinib failure to date involved 1043 CML patients treated in
chronic phase (CP).37 The presence of T315I or F317L at the time
of commencing dasatinib was associated with the least favorable
responses. Furthermore, the most frequently detected new mutations were T315I, F317L, and V299L. A conclusion of the study
was that alternative treatment options should be considered for
patients with these mutations.37 Consistent with these findings,
other studies reported low response rates for patients with F317L.47,48
In one study, 8 of 16 dasatinib-treated patients after imatinib failure
acquired F317L, and this mutation was deemed dasatinib-resistant
but sensitive to other inhibitors.47
Mutant sensitivity assessed by clinical studies of nilotinib

Clinical studies have demonstrated that the majority of imatinibresistant mutations remain sensitive to nilotinib.24,25,30 Nevertheless, several mutations are less sensitive, which influences the
response.36 The mutations that emerged in the nilotinib resistance
screens have corresponded, to a degree, with the clinical findings.
In an evaluation of 281 CP patients in the nilotinib phase 2
registration study, those with T315I, Y253H, E255K/V, and
F359V/C (n ⫽ 31) at nilotinib commencement had the least
favorable responses. These mutations had the highest IC50 values in
cell proliferation assays as assessed by Weisberg et al
( ⬎ 150nM).34,41 No patient with these mutations achieved a
complete cytogenetic response (CCyR) by 12 months, 6 (19%)
achieved a major cytogenetic response, and 10 (32%) a complete
hematologic response (CHR).36 In contrast, 32 of 74 patients (43%)
with any other mutation and 35 of 87 (40%) with imatinib
resistance but no mutation achieved CCyR. These mutations were
also among the most common new mutations during nilotinib
therapy and were associated with a higher risk of progression. In
another study, 13 of 14 patients who relapsed with new mutations
on nilotinib as second- or third-line inhibitor therapy had one of
these mutations.48
The poor response associated with Y253H, E255K/V, and
F359V/C when present at the time of commencing nilotinib was
confirmed in patients treated in accelerated phase (AP) CML.53
Of 17 of 87 AP patients with these mutations, only 24%
achieved a CHR. In contrast, 55% without mutations and 58%
with other mutations (excluding T315I) achieved a CHR. From
the nilotinib clinical response data, the suggestion was that
therapies other than nilotinib should be considered for patients
with these mutations.36,53 Consistent with these findings, the
most frequent mutations detected in patients with nilotinib
failure in the study of Cortes et al51 were at residues 253, 255,
359, and 311. A mutation at residue 311 was also detected in a
nilotinib resistance screen.43
Which mutations are relevant for response and resistance to
nilotinib and dasatinib from clinical studies?

The current clinical data suggest the SGI clinically relevant
mutations are T315I for both inhibitors: F317L/I/C/V, V299L, and
T315A for dasatinib and Y253H, E255K/V, and F359V/C for
nilotinib. Sensitive mutation detection of these specific mutations
to aid therapeutic choices may be beneficial. Several techniques
moderately improve the sensitivity to 1.5% to 10%, including
pyrosequencing,16,51 ligation-dependent competitive polymerase
chain reaction (PCR),54 and SEQUENOM MassARRAY.55 Highly
sensitive techniques have a detection limit from 0.0003% to 0.1%,
including mutation-specific PCR based on the Taqman platform,56
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PCR–restriction fragment length polymorphism,57 polymerase
colony assay,58 allele-specific PCR,59 and a nanofluidic platform.60
Whether highly sensitive detection of SGI clinically relevant
mutations before SGI therapy will always correlate with their
clonal expansion and resistance is unknown. This was not always
the case using highly sensitive mutation detection before imatinib
therapy.59
Do the SGI clinically relevant mutations correspond to the
in vitro data?

Based on current clinical information, the answer to this question is
yes, to a degree. Why are some mutations clinically relevant for
SGIs and not others that either emerged more frequently in in vitro
resistance screens and/or those with greater in vitro insensitivity?
In the case of dasatinib, identification of clinically relevant
mutations at residues T315 and F317 is consistent with their
emergence in resistance screens. However, despite the high frequency of F317V and T315A in a dasatinib resistance screen and
their significantly reduced sensitivity to dasatinib compared with
F317L,45 F317V was not detected in any patient and T315A in only
2 patients in the initial reports.49,50 Could this be related to reduced
oncogenicity of these mutations? Severely attenuated transforming
activity of T315A was demonstrated relative to wild-type BCRABL.61 However, F317L was only marginally more transforming
than T315A. Furthermore, reduced transforming activity does not
appear to be related to frequency of detection of imatinib-resistant
mutations: M351T displays reduced transforming activity61,62 yet is
among the most commonly detected imatinib-resistant mutations.63
The sensitivity rankings by cell proliferation assays consistently
suggest that the P-loop mutations Q252H and E255K/V may be
relevant for dasatinib (Table 1).38,39 In dasatinib-treated CP patients, the CCyR rates for patients with these mutations ranged
from 17% to 38%.37 These mutations have rarely been associated
with clinical dasatinib resistance or as new mutations during
dasatinib therapy.37,48-51 However, E255K and Q252H were among
the mutations recovered in in vitro dasatinib resistance screens but
were the only noncontact residues.44,45 The BCR-ABL crystal
structure in complex with dasatinib suggested that interactions
between the P-loop and dasatinib were less critical for binding.64
Manley et al65 proposed that it is doubtful mutations of Q252 and
E255 could cause a change in the structure of the P-loop to interfere
with dasatinib binding, without also disturbing binding of ATP,
which is critical for BCR-ABL reactivation. Clearly, additional
clinical information is required before the significance for dasatinib
response of E255K/V and Q252H is elucidated.
Nilotinib in vitro sensitivity classifications38,39 correlate very
closely with clinical data (Table 1). T315I, Y253H, E255K/V, and
F359V have the highest IC50 values (F359C was not tested). The
major inconsistency is for the classification of G250E (sensitive38/
resistant39). The IC50 reported by Weisberg et al41 for G250E was
145nM, which is close to the cutoff value of 150nM used to define
mutations less sensitive to nilotinib in the clinical evaluation of CP
patients.36 There were only 5 CP patients with this mutation at
nilotinib start, and 3 (60%) achieved a CCyR.36 G250E was among
the most common mutations to emerge with nilotinib.36 However, it
was not among the most common mutations associated with
progression. Mutations that are less sensitive, but still responsive,
to nilotinib or dasatinib may mistakenly appear to be newly
acquired as more sensitive alleles disappear more rapidly. G250E
did not emerge in another study in which 13 patients with nilotinib
resistance acquired new mutations.48 Inconsistency is also apparent
for in vitro sensitivity classification of G250E for dasatinib
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(sensitive38/resistant39). This mutation was the most commonly
detected in CP patients at the start of dasatinib, and 20 of 60 (33%)
achieved a CCyR.37 G250E did not emerge in the resistance screens
of dasatinib.44,45 There is currently no strong clinical evidence to
suggest that the presence of G250E would influence the response to
nilotinib or dasatinib. Q252H and Y253F are consistently classified
as moderately insensitive38 or resistant39 to nilotinib by in vitro
assessment, and Q252H emerged in the nilotinib resistance
screens.43,46 Further clinical data are required for adequate assessment of their response to nilotinib.
Validation of in vitro sensitivity of different mutations was
recently demonstrated.35 In vitro sensitivity was predictive of
response and long-term outcome for patients treated with nilotinib
or dasatinib. Mutations for which there was a discrepancy in
reported sensitivity among in vitro studies were classified according to the highest IC50 to the corresponding inhibitor. However,
G250E was classified as a sensitive mutation to both inhibitors
despite the discrepancy in the in vitro sensitivity classifications.38,39
In Figure 1, CCyR rates of CP patients with various mutations at
the start of dasatinib therapy in the large clinical study of Müller et
al37 are plotted according to in vitro sensitivity classifications.
CCyR rates were only partially predicted by in vitro sensitivity.
There may be rare imatinib-resistant mutations not included in
in vitro studies that could also be less sensitive to SGIs, such as
F359I. This mutation emerged in one nilotinib resistance screen.43
Furthermore, rapid progression was observed in a nilotinib-treated
patient harboring F359I at commencement of nilotinib.66 The IC50
value of this mutation is unknown.
From the available studies, we now have a clearer understanding of the BCR-ABL mutations for which there is compelling
clinical evidence that response could be compromised by treatment
with one and/or another of the SGIs if present after imatinib failure.
These are T315I, F317L, V299L, Y253H, E255K/V, and F359V/C,
the finding of which would influence the therapeutic decision.
These mutations are classified in Table 2 as either class D (no role
for SGI therapy) or class C (compelling clinical evidence to
recommend an alternative inhibitor). At this stage, the presence of
other mutations should have no impact on clinical decisions.
Nevertheless, there are mutations where further clinical evidence
may reveal relevance for an inhibitor (class B, Table 2). However,
additional clinical assessment is required before an alternative
inhibitor would be recommended for class B mutations. Table 2
lists the frequency of mutations at our institution, whereas the
classifications are based on published literature. Of course, mutation status is only one factor that needs to be considered when
selecting SGIs, which include issues of tolerance and the disease
phase.

How frequently will the mutation status be an
issue when considering therapeutic options
after imatinib failure?
We have performed BCR-ABL mutation analysis at our institution
for imatinib-treated patients since 2001, which allows an assessment of the frequency of SGI clinically relevant mutations at a
single institution. Mutations were detected in 386 patients using
direct sequencing5,67,68 at the time of imatinib cessation (n ⫽ 159)
and/or at commencement of nilotinib or dasatinib after imatinib
failure (n ⫽ 227). The assay has a mutation sensitivity of 10% to
20%, and the approximate percentage of mutant nucleotide relative
to unmutated nucleotide is calculated either by the mutation
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PCR–restriction fragment length polymorphism,57 polymerase
colony assay,58 allele-specific PCR,59 and a nanofluidic platform.60
Whether highly sensitive detection of SGI clinically relevant
mutations before SGI therapy will always correlate with their
clonal expansion and resistance is unknown. This was not always
the case using highly sensitive mutation detection before imatinib
therapy.59
Do the SGI clinically relevant mutations correspond to the
in vitro data?

Based on current clinical information, the answer to this question is
yes, to a degree. Why are some mutations clinically relevant for
SGIs and not others that either emerged more frequently in in vitro
resistance screens and/or those with greater in vitro insensitivity?
In the case of dasatinib, identification of clinically relevant
mutations at residues T315 and F317 is consistent with their
emergence in resistance screens. However, despite the high frequency of F317V and T315A in a dasatinib resistance screen and
their significantly reduced sensitivity to dasatinib compared with
F317L,45 F317V was not detected in any patient and T315A in only
2 patients in the initial reports.49,50 Could this be related to reduced
oncogenicity of these mutations? Severely attenuated transforming
activity of T315A was demonstrated relative to wild-type BCRABL.61 However, F317L was only marginally more transforming
than T315A. Furthermore, reduced transforming activity does not
appear to be related to frequency of detection of imatinib-resistant
mutations: M351T displays reduced transforming activity61,62 yet is
among the most commonly detected imatinib-resistant mutations.63
The sensitivity rankings by cell proliferation assays consistently
suggest that the P-loop mutations Q252H and E255K/V may be
relevant for dasatinib (Table 1).38,39 In dasatinib-treated CP patients, the CCyR rates for patients with these mutations ranged
from 17% to 38%.37 These mutations have rarely been associated
with clinical dasatinib resistance or as new mutations during
dasatinib therapy.37,48-51 However, E255K and Q252H were among
the mutations recovered in in vitro dasatinib resistance screens but
were the only noncontact residues.44,45 The BCR-ABL crystal
structure in complex with dasatinib suggested that interactions
between the P-loop and dasatinib were less critical for binding.64
Manley et al65 proposed that it is doubtful mutations of Q252 and
E255 could cause a change in the structure of the P-loop to interfere
with dasatinib binding, without also disturbing binding of ATP,
which is critical for BCR-ABL reactivation. Clearly, additional
clinical information is required before the significance for dasatinib
response of E255K/V and Q252H is elucidated.
Nilotinib in vitro sensitivity classifications38,39 correlate very
closely with clinical data (Table 1). T315I, Y253H, E255K/V, and
F359V have the highest IC50 values (F359C was not tested). The
major inconsistency is for the classification of G250E (sensitive38/
resistant39). The IC50 reported by Weisberg et al41 for G250E was
145nM, which is close to the cutoff value of 150nM used to define
mutations less sensitive to nilotinib in the clinical evaluation of CP
patients.36 There were only 5 CP patients with this mutation at
nilotinib start, and 3 (60%) achieved a CCyR.36 G250E was among
the most common mutations to emerge with nilotinib.36 However, it
was not among the most common mutations associated with
progression. Mutations that are less sensitive, but still responsive,
to nilotinib or dasatinib may mistakenly appear to be newly
acquired as more sensitive alleles disappear more rapidly. G250E
did not emerge in another study in which 13 patients with nilotinib
resistance acquired new mutations.48 Inconsistency is also apparent
for in vitro sensitivity classification of G250E for dasatinib
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(sensitive38/resistant39). This mutation was the most commonly
detected in CP patients at the start of dasatinib, and 20 of 60 (33%)
achieved a CCyR.37 G250E did not emerge in the resistance screens
of dasatinib.44,45 There is currently no strong clinical evidence to
suggest that the presence of G250E would influence the response to
nilotinib or dasatinib. Q252H and Y253F are consistently classified
as moderately insensitive38 or resistant39 to nilotinib by in vitro
assessment, and Q252H emerged in the nilotinib resistance
screens.43,46 Further clinical data are required for adequate assessment of their response to nilotinib.
Validation of in vitro sensitivity of different mutations was
recently demonstrated.35 In vitro sensitivity was predictive of
response and long-term outcome for patients treated with nilotinib
or dasatinib. Mutations for which there was a discrepancy in
reported sensitivity among in vitro studies were classified according to the highest IC50 to the corresponding inhibitor. However,
G250E was classified as a sensitive mutation to both inhibitors
despite the discrepancy in the in vitro sensitivity classifications.38,39
In Figure 1, CCyR rates of CP patients with various mutations at
the start of dasatinib therapy in the large clinical study of Müller et
al37 are plotted according to in vitro sensitivity classifications.
CCyR rates were only partially predicted by in vitro sensitivity.
There may be rare imatinib-resistant mutations not included in
in vitro studies that could also be less sensitive to SGIs, such as
F359I. This mutation emerged in one nilotinib resistance screen.43
Furthermore, rapid progression was observed in a nilotinib-treated
patient harboring F359I at commencement of nilotinib.66 The IC50
value of this mutation is unknown.
From the available studies, we now have a clearer understanding of the BCR-ABL mutations for which there is compelling
clinical evidence that response could be compromised by treatment
with one and/or another of the SGIs if present after imatinib failure.
These are T315I, F317L, V299L, Y253H, E255K/V, and F359V/C,
the finding of which would influence the therapeutic decision.
These mutations are classified in Table 2 as either class D (no role
for SGI therapy) or class C (compelling clinical evidence to
recommend an alternative inhibitor). At this stage, the presence of
other mutations should have no impact on clinical decisions.
Nevertheless, there are mutations where further clinical evidence
may reveal relevance for an inhibitor (class B, Table 2). However,
additional clinical assessment is required before an alternative
inhibitor would be recommended for class B mutations. Table 2
lists the frequency of mutations at our institution, whereas the
classifications are based on published literature. Of course, mutation status is only one factor that needs to be considered when
selecting SGIs, which include issues of tolerance and the disease
phase.

How frequently will the mutation status be an
issue when considering therapeutic options
after imatinib failure?
We have performed BCR-ABL mutation analysis at our institution
for imatinib-treated patients since 2001, which allows an assessment of the frequency of SGI clinically relevant mutations at a
single institution. Mutations were detected in 386 patients using
direct sequencing5,67,68 at the time of imatinib cessation (n ⫽ 159)
and/or at commencement of nilotinib or dasatinib after imatinib
failure (n ⫽ 227). The assay has a mutation sensitivity of 10% to
20%, and the approximate percentage of mutant nucleotide relative
to unmutated nucleotide is calculated either by the mutation
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Table 2. Most frequent mutations detected at a single institution, which accounted for 88% of all mutations
Mutation class for therapeutic decision*
No. detected

Percentage of patients with mutations (n ⴝ 386)

Percentage of all mutations (n ⴝ 503)

Nilotinib

Dasatinib

T315I

53

13.7

10.6

D

D

M351T

47

12.2

9.4

A

A

G250E

46

11.9

9.2

A

A

F359V

35

9.1

7.0

C

A

M244V

33

8.5

6.6

A

A

Y253H

32

8.3

6.4

C

A

E255K

27

7.0

5.4

C

B

H396R

26

6.7

5.2

A

A

F317L

22

5.7

4.4

A

C

E355G

16

4.1

3.2

A

A

Q252H

15

3.9

3.0

B

B

E255V

14

3.6

2.8

C

B

E459K

14

3.6

2.8

A

A

F486S

13

3.4

2.6

A

A

L248V

10

2.6

2.0

A

A

D276G

10

2.6

2.0

A

A

E279K

10

2.6

2.0

A

A

Y253F

6

1.6

1.2

B

A

F359C

6

1.6

1.2

C

A

F359I

6

1.6

1.2

B

A

Mutation

*Class A indicates currently no compelling clinical evidence to suggest that the mutation would not respond to the inhibitor. Class B, In vitro assessment consistently
indicates that the mutation may confer intermediate insensitivity38/resistance39 to the inhibitor, or clinical evidence may be suggestive of reduced sensitivity. At this stage, the
presence of these mutations should have no impact on clinical decisions and additional clinical assessment is required before an alternative inhibitor would be recommended.
Class C, Compelling clinical evidence to recommend an alternative inhibitor; V299L, which is very rarely detected in imatinib-treated patients, is a dasatinib class C mutation.
Class D, No role for SGI therapy.

irrespective of the disease phase at imatinib start.5-7,9,12 Therefore,
the higher rate of detection of these mutations in patients who
progressed to advanced phases in our study is highly consistent.
However, there are some inconsistencies in our mutation frequency. In AP, some mutation frequencies were intermediate
between CP and BC (Figure 2), which could be associated with
transition between the phases. However, F359V was the most
frequent mutation detected in AP but detected at a relatively low
frequency in BC. The frequencies of individual mutations in
specific disease phases should be considered with caution, and
validation is required.
The differences evident in BC phenotype, if validated, raise
several questions. Why were these particular mutations related to
either a lymphoid or myeloid phenotype? Could the BCR-ABL
mutant genotype drive the lineage phenotype in some cases or vice
versa? A known genetic determinant of LBC is homozygous
deletion of the p16INK4A/p19ARF gene locus that occurs in a
substantial proportion of LBC patients, but not MBC.70-74 It was
postulated that p16INK4A and/or p19ARF mutations could induce the
selective expansion of B-cell progenitors by favoring their cell
cycle entry, rather than myeloid progenitors.75
In the case of BCR-ABL mutations, in vitro transformation
assays have demonstrated a gain or loss of function relative to
unmutated BCR-ABL.61,62 Mutations can alter the substrates that
bind to BCR-ABL and activate alternate signal transduction
pathways that influence disease progression. Interestingly, E255K
and Y253F mutations showed a pronounced increase of transformation potency in primary B-lymphoid progenitor cells.62 However,
the transformation potency of these mutations was not significantly
increased over unmutated BCR-ABL in the myeloid lineage. In our
cohort, the frequency of E255K was markedly increased in
LBC/Ph⫹ ALL (19.2%) compared with MBC (2.0%). However,
Y253F was detected at a low frequency in all disease phases. The
SRC kinases, LYN, HCK, and FGR, have also been implicated in
the molecular pathogenesis of Ph⫹ ALL76 and are critical for

transition of CML to LBC.77 Whether BCR-ABL mutations that are
characteristic of BCR-ABL⫹ lymphoid leukemia in our cohort
enhance the activation of SRC kinases and hence the transition to a
lymphoid phenotype is unknown.
Frequency of mutations that would influence the therapeutic
decision

In our cohort of patients with mutations, 166 of 386 (43%) had one
or more SGI clinically relevant mutations. T315I was detected in
53 of 386 patients (14%). In 110 of 386 patients (28%), one or more
of their mutations were clinically relevant for either nilotinib or
dasatinib, but not to both. For these patients, there may be an
advantage for one or other inhibitor. The remaining 3 of 386
patients (0.8%) had 2 mutations, one of which was clinically
relevant for dasatinib and the other for nilotinib (neither was
T315I).
Among the disease phases, there were significant differences in
frequency of SGI clinically relevant mutations: 63% LBC/Ph⫹
ALL, 32% MBC, 49% AP, and 35% CP (P ⫽ .001, 2; Figure 3).
When patients with LBC/Ph⫹ ALL were subdivided, the frequency
was 59% for LBC and 67% for Ph⫹ ALL.
Our analysis was performed in patients with detectable mutations; and from this, we can estimate the percentage of patients with
an SGI clinically relevant mutation among all imatinib-resistant
patients. For imatinib-resistant CP patients commencing nilotinib
or dasatinib, 48% to 55% had a mutation.36,37 Similarly, for
imatinib-resistant patients in AP who commenced nilotinib or
dasatinib, the frequency of mutations was 62% to 64%.27,53
Mutations in patients with LBC/Ph⫹ ALL were detected in 62% to
83%9,28,78 and up to 75% of patients with MBC.9 From these
mutation frequencies, the estimated percentage of all imatinibresistant patients with an SGI clinically relevant mutation is 18%
for CP, 31% for AP, up to 29% for MBC, and 39% to 52% for
LBC/Ph⫹ ALL. For imatinib-intolerant CP patients, the frequency
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Table 2. Most frequent mutations detected at a single institution, which accounted for 88% of all mutations
Mutation class for therapeutic decision*
No. detected

Percentage of patients with mutations (n ⴝ 386)

Percentage of all mutations (n ⴝ 503)
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T315I
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A
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C
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4.1

3.2

A

A
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B
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B
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Mutation

*Class A indicates currently no compelling clinical evidence to suggest that the mutation would not respond to the inhibitor. Class B, In vitro assessment consistently
indicates that the mutation may confer intermediate insensitivity38/resistance39 to the inhibitor, or clinical evidence may be suggestive of reduced sensitivity. At this stage, the
presence of these mutations should have no impact on clinical decisions and additional clinical assessment is required before an alternative inhibitor would be recommended.
Class C, Compelling clinical evidence to recommend an alternative inhibitor; V299L, which is very rarely detected in imatinib-treated patients, is a dasatinib class C mutation.
Class D, No role for SGI therapy.

irrespective of the disease phase at imatinib start.5-7,9,12 Therefore,
the higher rate of detection of these mutations in patients who
progressed to advanced phases in our study is highly consistent.
However, there are some inconsistencies in our mutation frequency. In AP, some mutation frequencies were intermediate
between CP and BC (Figure 2), which could be associated with
transition between the phases. However, F359V was the most
frequent mutation detected in AP but detected at a relatively low
frequency in BC. The frequencies of individual mutations in
specific disease phases should be considered with caution, and
validation is required.
The differences evident in BC phenotype, if validated, raise
several questions. Why were these particular mutations related to
either a lymphoid or myeloid phenotype? Could the BCR-ABL
mutant genotype drive the lineage phenotype in some cases or vice
versa? A known genetic determinant of LBC is homozygous
deletion of the p16INK4A/p19ARF gene locus that occurs in a
substantial proportion of LBC patients, but not MBC.70-74 It was
postulated that p16INK4A and/or p19ARF mutations could induce the
selective expansion of B-cell progenitors by favoring their cell
cycle entry, rather than myeloid progenitors.75
In the case of BCR-ABL mutations, in vitro transformation
assays have demonstrated a gain or loss of function relative to
unmutated BCR-ABL.61,62 Mutations can alter the substrates that
bind to BCR-ABL and activate alternate signal transduction
pathways that influence disease progression. Interestingly, E255K
and Y253F mutations showed a pronounced increase of transformation potency in primary B-lymphoid progenitor cells.62 However,
the transformation potency of these mutations was not significantly
increased over unmutated BCR-ABL in the myeloid lineage. In our
cohort, the frequency of E255K was markedly increased in
LBC/Ph⫹ ALL (19.2%) compared with MBC (2.0%). However,
Y253F was detected at a low frequency in all disease phases. The
SRC kinases, LYN, HCK, and FGR, have also been implicated in
the molecular pathogenesis of Ph⫹ ALL76 and are critical for

transition of CML to LBC.77 Whether BCR-ABL mutations that are
characteristic of BCR-ABL⫹ lymphoid leukemia in our cohort
enhance the activation of SRC kinases and hence the transition to a
lymphoid phenotype is unknown.
Frequency of mutations that would influence the therapeutic
decision

In our cohort of patients with mutations, 166 of 386 (43%) had one
or more SGI clinically relevant mutations. T315I was detected in
53 of 386 patients (14%). In 110 of 386 patients (28%), one or more
of their mutations were clinically relevant for either nilotinib or
dasatinib, but not to both. For these patients, there may be an
advantage for one or other inhibitor. The remaining 3 of 386
patients (0.8%) had 2 mutations, one of which was clinically
relevant for dasatinib and the other for nilotinib (neither was
T315I).
Among the disease phases, there were significant differences in
frequency of SGI clinically relevant mutations: 63% LBC/Ph⫹
ALL, 32% MBC, 49% AP, and 35% CP (P ⫽ .001, 2; Figure 3).
When patients with LBC/Ph⫹ ALL were subdivided, the frequency
was 59% for LBC and 67% for Ph⫹ ALL.
Our analysis was performed in patients with detectable mutations; and from this, we can estimate the percentage of patients with
an SGI clinically relevant mutation among all imatinib-resistant
patients. For imatinib-resistant CP patients commencing nilotinib
or dasatinib, 48% to 55% had a mutation.36,37 Similarly, for
imatinib-resistant patients in AP who commenced nilotinib or
dasatinib, the frequency of mutations was 62% to 64%.27,53
Mutations in patients with LBC/Ph⫹ ALL were detected in 62% to
83%9,28,78 and up to 75% of patients with MBC.9 From these
mutation frequencies, the estimated percentage of all imatinibresistant patients with an SGI clinically relevant mutation is 18%
for CP, 31% for AP, up to 29% for MBC, and 39% to 52% for
LBC/Ph⫹ ALL. For imatinib-intolerant CP patients, the frequency
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Establishment of a new Philadelphia chromosomepositive acute
lymphoblastic leukemia cell line (SK-9) with T315I mutation
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Objective. The BCR-ABL mutation, T315I, is a common mutation and is resistant to both
imatinib and second-generation Abl kinase inhibitors. Although strategies to overcome
resistance-mediated T315I mutation may improve the survival of BCR-ABLLpositive
leukemia patients, there is little information on cell-based studies.
Materials and Methods. We established a new human BCR-ABLLpositive acute lymphoblastic leukemia (ALL) cell line, SK-9 with the T315I mutation, from the peripheral blood
of a 36-year-old female patient.
Results. Growth kinetic studies revealed an approximate population doubling time of 48 hours.
The common B-cell phenotype is a feature of the SK-9 cell line. Cells have the Philadelphia
chromosome (Ph) with many structural abnormalities, as well as the T315I mutation in the
BCR-ABL gene. Insertion of SK-9 cells into athymic nude mice induced the formation of
tumors in the lymph node that infiltrated into the spleen and bone marrow. We examined the
drug sensitivity of imatinib, dasatinib, and nilotinib using a cell proliferation assay and an
immunoblot assay. Cell proliferation did not decrease after imatinib, dasatinib, or nilotinib
treatment as compared to the BCR-ABLLpositive chronic myeloid leukemia cell line K562.
Because phosphorylation of BCR-ABL and Crk-L did not decrease after imatinib and dasatinib
treatment, it is suggested that SK-9 is resistant to imatinib, dasatinib, and nilotinib.
Conclusion. This cell line may provide a useful model for in vitro and in vivo cellular and
molecular studies of BCR-ABLLpositive ALL with T315I mutation. Ó 2010 ISEH - Society
for Hematology and Stem Cells. Published by Elsevier Inc.

Acute lymphoblastic leukemia (ALL) is a malignant
disorder that originates from a B- or T-lymphocyte progenitor [1]. The complete remission rate of adult ALL ranges
from 70% to 90%, but the 5-year overall survival is
!30% due to a high relapse rate [2]. The frequencies of
genetically defined ALL subtypes have been reported.
The Philadelphia chromosome (Ph) is the most frequent
cytogenetic abnormality in adult ALL [3]. The BCR-ABL
fusion gene codes for BCR-ABL transcription, and this
fusion protein has unusual tyrosine kinase activity [4,5].
The Ph chromosome can be detected in 2% to 5% of children and 20% to 40% of adults with ALL [6]. In particular,
Ph-positive ALL is considered to have poor prognosis [7].
Imatinib is an oral potent competitive Abl kinase inhibitor.
The combination of imatinib with chemotherapy has led to
improved and durable treatment responses in Ph-positive
Offprint requests to: Seiichi Okabe, M.D., Ph.D., First Department of
Internal Medicine, Tokyo Medical University, 6-7-1 Nishi-shinjuku,
Shinjuku-ku, Tokyo 160-0023, Japan; E-mail: okabe@tokyo-med.ac.jp

ALL patients [8]. Although imatinib is effective for Phpositive ALL, the rate of transplantation and 3-year survival
were similar with or without imatinib therapy and the overall
survival of the imatinib-treated group is 23% at 3 years [9].
The mechanism of resistance to imatinib has been extensively studied in chronic myeloid leukemia (CML) patients.
As in the case of CML, secondary resistance in Ph-positive
ALL is frequently associated with point mutation in the
BCR-ABL tyrosine kinase domain [10]. The common
BCR-ABL mutation T315I is resistant to both imatinib
and second-generation Abl kinase inhibitors [4]. Therefore,
strategies to overcome resistance-mediated T315I mutation
may improve the survival of patients with BCR-ABL–positive leukemia. However, there is limited available information on the BCR-ABL mutation and very few cell-based
studies have been carried out.
We established a new human Ph-positive ALL cell line
(SK-9) with the T315I mutation. In this article, we
discuss its morphology, biological characteristics, and in
vivo tumorigenicity. This cell line may provide a useful
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Figure 3. Histopathology of SK-9 in nude mice. Hematoxylin and eosin
staining of the lymph node (A), spleen (B), and bone marrow (C). Original
magnification 1,000 (A, B) and 400 (C). These results are representative of two separate experiments.
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Discussion
In this study, we reported a new Ph-positive ALL with
T315I mutation cell line. Some surface antigens, such as
CD20, CD21, CD34, CD38, and CD13 are slightly different.
However, we demonstrated that minor BCR-ABL rearrangement could be detected by RT-PCR analysis and
that the morphological features and immunocytochemical
staining of the SK-9 cells were consistent with the original
patient sample. Additional chromosomal abnormalities
have been reported in Ph-positive ALL patients [19]. In
chromosomal analysis, this cell line was Ph-positive with
complex cytogenetic abnormalities, such as double Phpositive and monosomy 7. However, we demonstrated
that SK-9 cells were BCR-ABLdependent by performing
siRNA transfection experiments. Tumorigenicity heterotransplanted to the all nude mice (n 5 5) was generally
recognized as a criterion of malignancy.
Tyrosine phosphorylation of BCR-ABL is a useful indicator of the BCR-ABL mutation. The adaptor molecule
Crk-L is also a potent target of BCR-ABL, and its tyrosine
phosphorylation has been a useful marker of BCR-ABL tyrosine kinase activity [20–22]. Phospho-Crk-L monitoring has
been recognized as a clinically prognostic parameter [23].
We demonstrated that phosphorylation of BCR-ABL and
Crk-L of the SK-9 cells did not decrease 24 hours after imatinib, dasatinib, and nilotinib treatment. In contrast, BCRABL and Crk-L phosphorylation significantly decreased in
the K562 cells. We also demonstrated that Crk-L phosphorylation did not decrease by imatinib, dasatinib, and nilotinib
treatment in the BCR-ABLnegative cell line, MV4;11.
These results indicate that SK-9 cells with the T315I mutation are resistant to imatinib and the second-generation Abl
tyrosine kinase inhibitors dasatinib and nilotinib.
The most commonly identified mechanism of imatinib
resistance is related to point mutations in the ABL kinase
[24]. BCR-ABL mutations have been reported in patients
with secondary resistance at a frequency ranging from
42% to 90%, suggesting that the Abl kinase point mutation
is an important mechanism in imatinib resistance [25]. The
T315I mutation, in particular, is emerging as one common
reason for failure of second-generation Abl kinase inhibitors, such as nilotinib and dasatinib [26]. These results
suggest that therapeutic strategies against BCR-ABL
mutations are very important in order to improve the prognosis of BCR-ABLpositive patients. In this study, we
demonstrated that SK-9 cells have the T315I mutation in
the BCR-ABL domain. Because this T315I mutation is
resistant to all currently known small-molecule inhibitors,
clinical trials in developmental therapeutics are now
concentrating on third-generation tyrosine kinase inhibitors
that target specific Abl tyrosine kinase domain mutations
[27]. SK-9 cells were of the BCR-ABLdependent cell
line with a T315I mutation. Koldehoff et al. [28] reported
that siRNA against BCR-ABL transcripts sensitized
T315I cells to nilotinib [28]. In this study, we also found
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Abstract Tyrosine kinase inhibitors (TKIs) are the
mainstay for treatment of chronic myelogenous leukemia
(CML). Imatinib was the first TKI approved for use in
CML, but resistance to this therapy has emerged as a significant issue, and second-line options are often necessary.
Increased-dose imatinib may elicit responses in some
patients, but clinical evidence suggests only a minority
experience sustained benefit. The second-generation TKIs,
dasatinib and nilotinib, have demonstrated efficacy in
patients resistant or intolerant to imatinib. Changes in
therapy, with the aim of inducing durable response, should
occur promptly after imatinib failure is identified as all
agents are more effective in chronic phase disease than in
later stages. Selection of second-line agents should be driven by efficacy and safety: dasatinib may be more effective
in patients with P-loop or F359C mutations; nilotinib may
be more effective in those with F317L mutations.
Keywords Dasatinib  Imatinib  Nilotinib  CML 
Philadelphia chromosome  BCR-ABL

Introduction
Chronic myelogenous leukemia (CML) is characterized by
the presence of the Philadelphia (Ph) chromosome which
encodes the BCR-ABL fusion protein, the causative
molecular aberration in the pathogenesis of the disease [1].
CML is usually diagnosed in the chronic phase (CP), and,
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if left untreated, the disease will progress to an accelerated
phase (AP) and, ultimately, to a terminal blast phase (BP)
within 3–5 years [2] (Table 1). Ph is also present in a
subpopulation of patients with acute lymphoblastic leukemia (Ph?ALL).
Tyrosine kinase inhibitors (TKIs) which target BCRABL are the mainstay for treatment of CML. Imatinib was
the first approved BCR-ABL-targeted therapy for use in
CML, and has substantially changed the treatment and
outcomes associated with this disease. Before the introduction of such TKIs, 5-year survival rates with interferon
treatment or chemotherapy were 57 and 42%, respectively
[6]. Imatinib therapy is associated with a 5-year overall
survival rate of 89% [7]. Nonetheless, resistance has also
emerged as a significant clinical issue with this agent and
effective second-line and beyond treatments continue to be
needed and developed. Two second-generation TKIs have
been approved for the treatment of patients with imatinib
resistance or intolerance. Dasatinib was approved for the
treatment of patients with CML that have resistance or
intolerance to imatinib. Nilotinib was approved for the
treatment of patients with CP or AP CML who have failed
prior treatment. In the age of targeted TKI therapy, it is key
to select the appropriate agent at the appropriate juncture
for each patient, the aim being to achieve long-term,
durable responses with minimal toxicity. Here, we discuss
the current treatment options for patients with CML that
have failed imatinib and evaluate the important considerations when designing treatment algorithms.

First-line imatinib
In the pivotal phase III International Randomized Study of
Interferon and STI571 (IRIS) trial, imatinib (400 mg/day)
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estimated 5% of patients failed to achieve a complete
hematologic response (CHR) at 3 months, 22% failed to
achieve any cytogenetic response at 6 months, 23% failed
to achieve at least a partial cytogenetic response (PCyR;
Table 2) at 12 months, and 24% failed to achieve a CCyR at
18 months [7, 9, 14]. Secondary resistance was also evident.
After 60 months of follow-up, the estimated relapse rate
was 17% and progression to AP or BP occurred in 7% of
patients [7]. In a second study, intent-to-treat analysis
revealed that the probability of remaining in MCyR at
5 years is 63% (i.e., 37% of patients required alternative
treatment within 5 years of diagnosis) [15]. Similarly, a
large retrospective analysis revealed resistance or intolerance to imatinib in 45% of patients [16]. Therefore, there is
a strong clinical need for further treatment options.
Several mechanisms are likely to underlie the development of imatinib resistance. One of the most established
causes of imatinib resistance is the acquisition of point
mutations in the kinase domain of BCR-ABL [10].
BCR-ABL mutations have been reported at a frequency in
the range of 42–90% among patients with secondary
imatinib resistance [17–19]. Mutations emerge more frequently among patients with advanced disease compared
with those with CP disease, and the frequency increases
with disease duration [20]. Furthermore, the presence of
point mutations at baseline has been shown to predict loss
of CCyR on imatinib therapy [15].
Over 40 different imatinib-resistant mutations have been
identified to date [21]. These generally fall within four
regions of the ABL kinase domain, including the ATP
binding loop (P-loop), the contact site (e.g., T315 and
F317), the SH2 binding site (e.g., M351), and the A-loop
[22]. The different BCR-ABL mutations emerge at varying
frequencies which can differ according to the stage of the
disease [21]. The most frequently occurring mutations
(30–40%) are within the P-loop. P-loop mutations confer
high levels of resistance to imatinib and are associated with
poor prognosis [23]. The second most frequently observed
mutation is T315I [23]. This single amino acid substitution
renders BCR-ABL-expressing cells insensitive to imatinib
as well as other clinically available tyrosine kinase inhibitors [24]. Of note, these mutations decrease the efficacy of
TKIs in CML, but do not necessarily predict an increase in
the aggressiveness of the clone, and patients with mutations
may have an indolent course [25].
A more recently implicated cause of imatinib resistance
is the constitutive activation of downstream signaling
molecules (e.g., SRC family kinases or SFKs). SFKmediated phosphorylation (i.e., activation) of BCR-ABL is
required for full oncogenic activity [26]. Transfection of
myeloid leukemia cells with kinase-defective HCK has
been shown to block BCR-ABL-related cellular transformation [27].
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Further studies indicate that SFK activation is present in
imatinib-resistant CML and that such activation may be
targeted therapeutically. Overexpression of the SFKs, LYN
and HCK, have been reported in CML cell lines exhibiting
BCR-ABL-independent imatinib resistance, and SFK
inhibition in these cells resulted in growth inhibition [28,
29]. A recent report has shown that FYN (another SFK) is
up-regulated by BCR-ABL and that FYN expression correlated to the stage of the disease, being significantly
increased in blast crisis cells compared with chronic phase
cells [30]. It is unclear to what degree and with how much
hetero- or homo-geneity CML is addicted to these additional pathways.
Other proposed mechanisms affecting imatinib sensitivity include altered expression of drug influx and efflux
proteins (i.e., Pgp and OCT-1) [31, 32], BCR-ABL gene
amplification, and overexpression of BCR-ABL [33, 34].
In addition, many patients that develop imatinib resistance
will not have a cause identified.

Response-based indicators of imatinib resistance
To ensure effective patient care in CML, the response to
imatinib therapy is monitored frequently according to formally defined standards (Table 3) [35]. In this manner,
resistance may be detected promptly and treatment changed, if appropriate. The National Comprehensive Cancer
Network (NCCN) 2008 guidelines for CML recommend
time-based landmark responses to treatment that should be
met if the patient is to continue receiving the same imatinib
schedule: a CHR should be achieved within 3 months, at
least a minor cytogenetic response (Table 2) within
6 months, at least a MCyR within 12 months, and a CCyR
within 18 months of treatment. If these landmarks are not
met then a treatment change should be considered [35].
Results from the IRIS study underscore the importance
of achieving such landmark responses. A retrospective
analysis of outcomes of patients treated with imatinib in this
trial, and those treated with interferon-a plus low-dose
cytarabine in the CML91 trial demonstrated a significant
survival advantage among patients who achieved a MCyR
by 12 months, irrespective of the treatment administered
[36]. Similarly, CCyR was found to be an independent
predictor of survival and the key prognostic indicator in
CML [8, 36, 37]. There are a number of prerequisites for
gaining a CCyR. A hematologic response is a prerequisite
for attaining a CCyR and also for long-term survival [38].
The degree of preceding cytogenetic response is also crucial. In the IRIS trial, the probability of eventually
achieving a CCyR was only 15% if the karyotype at
6 months was [95% Ph chromosome-positive. Furthermore, if the response after 12 months of treatment was less
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Abstract
Chronic myeloid leukemia is defined by the acquired genetic mutation, t(9;22), which leads to the fusion-protein BCR-ABL.
Prior to the development of imatinib mesylate (Gleevec), treatment was limited and provided only limited survival benefit.
Imatinib has dramatically changed the course of the disease and has led to the significantly prolonged survival in the majority
of patients. However, there is growing concern for resistance to imatinib and to subsequent second generation tyrosine kinase
inhibitors (dasatinib and nilotinib) due to the T315I mutation. With no currently approved effective treatment for TKIresistant CML with the T315I mutation, molecularly-based, targeted drug development has focused on several strategies to
overcome resistance. In this review, we describe agents which overcome the T315I mutation, as well as native BCR-ABL, via
several mechanisms, including increased degradation of BCR-ABL, optimization of direct inhibition of the BCR-ABL
kinase, inhibition of BCR-ABL-mediated cell growth via interruption of the BCR-ABL-mediated transcription, protein
synthesis or post-translational modification, all of which lead to decreased proliferation and malignant cell death.

Keywords: Leukemic progenitor cells, stem and primitive progenitor cells, chemotherapeutic approaches, myeloid leukemias and
dysplasias, signaling therapies, pharmacotherapeutics

Introduction
Chronic myeloid leukemia (CML) was the first
malignancy defined by an acquired genetic mutation
when Peter Nowell and David Hungerford noticed the
recurrence of a specific chromosomal rearrangement in
1960 [1]. This aberration was found to be
t(9;22)(q34;q11), and was named the Philadelphia
chromosome [2]. The consequent fusion protein was
soon after described as the BCR-ABL tyrosine kinase
[3]. As formation of this tyrosine kinase is the necessary
mutation for clonal proliferation in CML, it has become
the subject of intense investigation and the ideal target
for the development of directed molecular therapies.
When left untreated, CML typically follows an
indolent course, termed chronic phase (CP), lasting
between 3 and 6 years. This is followed by a
transformation to accelerated phase, and then
blast crisis (collectively termed ‘advanced disease’)
which is phenotypically indistinguishable from acute

leukemia. Treatment is largely directed toward
patients in CP, as patients who have progressed to
advanced disease have a poor response to therapy,
and radically diminished survival [4]. Historically,
cytotoxic agents (busulfan and hydroxyurea) have
been used with limited success in CP CML [5].
Allogeneic hematopoietic stem cell transplant
(HSCT) was the only therapy to lead to extended
disease free and overall survival [6]. In the 1980s,
immunologic therapy with interferon-alpha (IFN-a)
was introduced for the treatment of CP CML and
was found to be at least as effective as hydroxyurea
for these patients [7]. It was later combined with
cytosine arabinoside with continued improvement in
achieving cytogenetic remissions [8]. However,
median survival remained 56 years, leaving allogeneic HSCT as the sole option for long-term
survival.
Imatinib mesylate (Gleevec, Novartis), the first
available inhibitor of BCR-ABL tyrosine kinase,
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was initially successful in patients with CP CML
previously treated with IFN-a [9]. However, it was
not until the IRIS trial [International Randomized
Study of Interferon Alpha þ cytarabine versus STI571
(imatinib mesylate)] that imatinib was used in patients
with newly diagnosed CML. In this cross-over design
study, 93% of the patients who received imatinib
remain free from progression of disease, and 86%
have survived with over 6 years of follow-up [10,11].
Imatinib has revolutionized the treatment for
CML, yet there is always concern for the development of resistance to tyrosine kinase inhibitor (TKI)
therapy. Although it occurs more commonly in
advanced disease, patients in CP do occasionally
develop disease progression despite adequate binding
of the imatinib to the BCR-ABL tyrosine kinase. This
BCR-ABL independent resistance can be caused by a
variety of compensatory mechanisms developed by
the clone. These may include drug efflux and
deactivation, or increased aberrant pro-growth signaling in the presence of crescendoing genetic
instability negating the pro-apoptoic effects of imatinib [12,13]. For example, downstream mutations
can lead to over-expression of c-Myc and other
dominant oncogenes which are capable of driving
pro-survival signaling independent of BCR-ABL. By
contrast, BCR-ABL-dependent resistance in CML is
most frequently due to point mutations within the
kinase domain which lead to suboptimal binding or
complete blockade of imatinib from its binding site
[14]. (There are nearly 100 described mutations of
the fusion BCR-ABL tyrosine kinase) [15,16]. Given
the presence of resistance to imatinib, second
generation TKIs such as dasatinib (Sprycel, BristolMyers), a dual SRC kinase and ABL kinase inhibitor
that binds to the ABL kinase in both its active and
inactive confirmations,[17] and nilotinib (Tasigna,
Norvartis), a high-affinity ABL kinase inhibitor, have
become essential agents in the treatment of resistant
and advanced CML [18,19]. Nonetheless, neither of
these drugs has significant clinical efficacy in the
setting of the T315I mutation [20].
The T315I mutation occurs with substitution of
threonine by a bulky isoleucine at the highly conserved
‘gatekeeper’ residue within the kinase domain. This
substitution inhibits TKIs from access to their target,
which is located deep in the hydrophobic pocket of the
ABL kinase active site [15]. This mutation, which has
been described in 4–15% of patients with imatinib
resistance [21,22], is most frequently detected in
patients with CML who progress to advanced disease
while on imatinib, and may likely convey a poor
outcome and inferior survival [23].
As the T315I mutation leads to resistance to all
currently approved TKIs, several strategies have been
devised to overcome this resistance. These include

optimization of direct inhibition of the BCR-ABL
kinase, increased degradation of the BCR-ABL oncoprotein, and inhibition of BCR-ABL protein formation
via interruption of transcription, protein synthesis or
post-translational modification of this tyrosine kinase.
Here, we review currently available agents in clinical
trials, as well as new targets in drug development for the
treatment of patients with refractory or resistant CML
or intolerance to standard TKIs.
Direct inhibition of BCR-ABL kinase
The human aurora proteins (A, B, and C) are serine/
threonine kinases that regulate cell division via control of
centrosomes driving prophase of mitosis, and attachment of mitotic spindles to the centromeres. These
proteins are often over-expressed in leukemia, and new
aurora kinase inhibitors (AKIs) have been found to
inhibit not only AK but also both BCR-ABLwt and BCRABLT315I [24]. The AKIs are able to overcome resistance to BCR-ABLT315I as they do not bind as deep in
the hydrophobic pocket of the BCR-ABL tyrosine kinase
as do the currently available TKIs, such as imatinib. In
this fashion, they are able to avoid the steric hindrance
caused by the substitution of the isoleucine residue at the
‘gatekeeper’ site in BCR-ABLT315I [22].
There are several AK inhibitors that have activity
against T315I mutated CML cell lines, and this
preclinical activity has led to early studies in humans
(Table I). MK-0457 is a small molecule AK/Janus
kinase 2 (JAK-2) inhibitor, which was one of the first
described molecules with clinical activity against the
T315I mutation. A recent Phase I/II study including
three patients with BCR-ABLT315I showed one
complete hematologic response, and another who
was reduced to CP [25]. PHA-739358 is a pan-AKI
currently being studied in an ongoing multicenter
Phase II trial for patients who have relapsed while on
TKI therapy, and two of seven patients treated have
achieved durable responses (one complete cytogenetic response at 6 months, and the other complete
hematologic response at 9 months) [26]. XL-228 is a
specific aurora kinase-A inhibitor which has been
found to have in vitro activity against CML and Phþ
Acute lymphocytic leukemia (ALL) cell lines. A
Phase I study testing of XL-228 in patients who have
failed imatinib and dasatinib or had BCR-ABLT315I
revealed safe administration and preliminary clinical
response rates of 40% at doses of 3.6 mg/kg [27].
There are several other direct BCR-ABL TKIs,
which are in pre-clinical development. AP24534 is
a non-aurora multi-kinase inhibitor, which has both
in vitro and in vivo activities against BCR-ABLwt and
BCR-ABLT315I in a mouse model [28]. This
compound has a longer half-life than currently
available TKIs, and Phase I trials are underway.

