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Abstract

Most newly diagnosed CML patients in the Chronic Phase (CP), when treated with 
imatinib, achieve durable responses. However, a small percentage of these patients 
as well as most advanced-phase patients relapse on imatinib therapy. Among several 
resistant mechanisms, “point mutation within the BCR-ABL kinase domain” that interferes 
with imatinib binding is most important. To overcome imatinib-resistance, four second 
generation ABL Tyrosine Kinase Inhibitors (TKIs) such as dasatinib, nilotinib, bosutinib 
and bafetinib were developed.  Since there are slight differences in the strong and 
weak points for each mutation among each TKI, it is very important to identify the type 
of bcr-abl mutationpresent in ABL TKI-resistant patients. Unfortunately, none of second 
generation BCR-ABL TKIs can inhibit T315I clone. Thus, a third-generation BCR-ABL 
TKI, ponatinib was developed and had been already used in clinic. Furthermore, a lot 
of novel agents which can override BCR-ABL KD mutations including T315I are being 
developed.
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Single Nucleotide Polymorphism; A-loop: Activation-Loop; 
P-loop: Phosphate Binding-Loop; C-loop: Catalytic-Loop; DS: 
Direct Sequencing; ASO: Allele-Specific Oligonucleotide; PNA: 
Peptide Nucleic Acid; QP: Guanine-Quenching Probes; MBP: 
Mutation-Biased PCR; UDS: Ultradeep Sequencing; SFKs: SRC 
Family Kinases; FDA: Food and Drug Administration; HHT: 
Homoharringtonine

Introduction
Philadelphia (Ph) chromosome results from a reciprocal 

translocation between chromosomes 9 and 22 and generates 
the fusion bcr-abl chimericgene (Figure 1A), the cause of Chronic 
Myeloid Leukemia (CML) and Ph positive acute lymphoblastic 
leukemia (Ph+ALL) [1]. Chemotherapy and interferon-αcould not 
prolong significantly the survival of CML and Ph+ALL patients. 
Imatinib mesylate (GleevecTM, GlivecTM) specifically inhibits the 
autophosphorylation of ABL Tyrosine Kinase (TK) (Figure 1B) 
and is not only highly efficacious in treating these diseases but 
also generally produces only mild side effects [2]. Within a few 
years of its introduction to the clinic, imatinib dramatically altered 
the first line therapy for CML and prolonged survival of CML 
patient (Figure 2) [3]. Most newly diagnosed CML patients in the 
Chronic Phase (CP), when treated with imatinib, achieve durable 
responses. However,a small percentage of these patients as well 
as most advanced-phase patients relapse on imatinib therapy 
[4,5]. Among several resistant mechanisms, “point mutation 

within the BCR-ABL Kinase Domain (KD)”that interferes with 
imatinib binding is most important. Currently, more than 100 
mutations were found in imatinib-resistant CML patients [6-9]. 

To overcome imatinib-resistance, four second generation 
ABL Tyrosine Kinase Inhibitors (TKIs) (dasatinib (SprycelTM) 
[10], nilotinib (TasignaTM)[11], bosutinib (BosulifTM) [12] and 
bafetinib [13]) were developed.Since there are slight differences 
in the strong and weak points for each mutation among each 
TKI, [14-16], it is very important to identify the type of bcr-abl 
mutationpresent in ABL TKI-resistant patients.

Unfortunately, none of second generation BCR-ABL TKIs 
can inhibit a point mutation of threonine 315 to isoleucine 
(T315I).Thus, a third-generation BCR-ABL TKI ponatinib was 
developed and had been already used in clinic [17]. Furthermore, 
a lot of novel agents which can override BCR-ABL KD mutations 
including T315I are being developed. This review will focus on 
the mechanisms of resistance by mutations, methods of mutation 
detection and novel agents which are developed to override 
mutations.

Imatinib and mutations

Mechanisms of imatinib resistance: According to the results 
in the 8th year of the IRIS study, the administration of imatinib 
could not be continued over a long period in about one third of 
patients with CML-CP due to resistance or intolerance [18]. As 
causes of imatinib-resistance, point mutation of the ATP-binding 
region in the BCR-ABL KD, which is the binding site of imatinib 
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Figure 1 Philadelphia chromosome and the action of imatinib.
(A) Reciprocal translocation between chromosome 9 and chromosome 22 forms an extra-long chromosome 9 and the Philadelphia chromosome 
containing the fused bcr-abl gene. Fused bcr-abl gene is translated to BCR-ABL chimera protein that causes CML and Ph+ALL, (B) The BCR-ABL 
tyrosine kinase (TK) is a constitutively active kinase that functions by binding ATP and transferring phosphate from ATP to tyrosine residues on 
various substrates. This causes excess proliferation of leukemia cells characteristic of CML and Ph+ALL. Imatinib functions by blocking the binding 
of ATP to the BCR-ABL TK, inhibiting its activity. In the absence of TK activity, substrates required for BCR-ABL function cannot be phosphorylated, 
and subsequent cellular events are abrogated.

[6], amplification of the bcr-abl gene and an increase in the 
number of mRNA copies [6],emergence of multi-drug resistance 
genes [19], activation of other oncogenes (SRC, LYN, etc.)[20], 
and low expression of the drug transporter Oct-1 [21], have been 
reported. BIM which is a molecule for the induction of apoptosis, 
had already been reported to be important for the effects of 
imatinib [22], and it was recently reported that deletion-type 
polymorphism in an intron of a gene coding for BIM is involved 
in the poor response to TKIs [23]. Although French group did 

not found mutations with amino-acid change in the BIM coding 
sequence, observed a silent single nucleotide polymorphism 
(SNP) c465C>T (rs724710). T allele frequency was higher in non-
responsive patients than in the reference population [24].

Imatinib-resistant mutations: Among above resistant 
mechanisms, point mutation within the BCR-ABL KD is most 
important. Indeed, 60~80 % of the cases of imatinib resistance 
are due to this point-mutation mechanism. Four main point 
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Figure 2 Survival of patients with CML.
Curves show overall survival for patients with CML treated with imatinib, interferon or conventional chemotherapy. Conventional chemotherapy 
delivers only a minimal effect on survival compared with no treatment [3].

mutations sites that result in imatinib resistance have been 
reported: i) the direct binding site, ii) the phosphate binding-loop 
(P-loop), iii) the activation-loop (A-loop) and iv) the catalytic-
loop (C-loop) (Figure 3) [25]. i) The direct binding site T315 
is essential for hydrogen bonding between imatinib and ABL; 
thus, a point mutation of threonine 315 to isoleucine (T315I) 
interferes with this hydrogen bond. Furthermore, the T315I 
mutation induces a conformational change in several amino 
acid residues, which are important for the binding of imatinib 
and BCR-ABL (the allosteric effect). Accordingly, T315I yields 
imatinib resistance more strongly than other point mutations 
(Figure 4)[25]. ii) P-loop is called the induced fit site because of 
its conformational change accompanied by imatinib binding [26]. 
This induced-fit enables imatinib to make a hydrogen bond with 
tyrosine 253 (Y253) that is intensified by other hydrophobic 
amino acids surrounding it. Therefore, the point mutations at 
Y253 including Y253F and Y253H interfere with imatinib binding 
to Y253. iii) Imatinib can only bind to inactive ABL which kinase-
active site is closed by the activation-loop (A-loop); this loop is 
involved in ABL specificity and resistance.iv) Mutations within 
the C-loop such as M351T also induce a conformational change 
of active ABL, while mutations within the A-loop prompt ABL to 
form a more active conformation [25]. 

Among these mutations, Y253H, E255K, T315I, and M315T 
are observed more frequently. Also, multiple mutations causing 
imatinib resistance may be detected simultaneously. When 
multiple mutations are detected, mutations may be present in 
different BCR-ABL molecules (polyclonal mutation) or in a single 
BCR-ABL molecule (compound mutation) (Figure 5). Compound 
mutations have been reported to often cause stronger resistance 
to TKIs [27]. 

Other than the ATP-binding site, mutation of the SH3-SH2 
domain of BCR-ABL (T212R) has been reported to be involved 
in resistance [28].   Alternatively spliced BCR-ABL mRNA with 
a 35-bp insertion (35INS) between ABL kinase domain exons 8 

was also reported in imatinib-resistant patients which insertion 
resulted in a frame shift leading to the addition of 10 residues 
and truncation of 653 residues due to early termination [29]. 
However, it was also reported that this 35INS insertion/
truncation mutant is kinase-inactive and does not contribute to 
tyrosine kinase inhibitor resistance in CML [30].

Pre-existing mutation: BCR-ABL KD mutations can exist 
in the newly diagnosed CML-CP patients and may affect the 
outcome of imatinib treatment. There are limited data available 
from imatinib-naive patients in CML-CP regarding the incidence 
of BCR-ABL KD mutations, and the correlation of these mutations 
with the therapeutic response in unselected patients has not been 
established [31]. To clarify the meaning of pre-existing mutaions 
in CML patients, the examination of mutation on CML stem cell 
may be useful. Previous studies indicated that a small population 
of CD34+ CML (stem/progenitor) cells are less responsive to 
imatinib and other TKIs, and act as a reservoir for the emergence 
of imatinib-resistant subclones [32]. Pre-existing ABL kinase 
domain mutations in CD34+ cells examined by multiplex allele-
specific PCR were detected in 32/100 patients and included 
F311L, M351T, and T315I and all patients with pre-existing BCR-
ABL mutations exhibited imatinib resistance [33].

Methods for detection ofBCR-ABL KD mutation

As mentioned above, mutation testing should be performed 
to ensure the successful therapeutic management of CML and 
Ph+ALL patients when they showed resistance to imatinib. 
Various techniques have been developed to detect mutations. 
Direct Sequencing (DS) is widely used but is cumbersome, time-
consuming and of low sensitivity which may be insufficient for 
optimal treatment of CML and Ph+ALL patients (detection limit 
is around 25%) [34]. Several alternative methods have been 
reported, such as D-HPLC [35], allele-specific oligonucleotide 
PCR (ASO-PCR) [36], pyrosequencing [37], peptide nucleic acid 
(PNA)-based PCR clamping [38] and four-channel asymmetric 
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Figure 3 Proposed mechanisms of action of imatinib-resistant mutations based upon the crystal structure of ABL complexed with imatinib.
Ribbon representation of the kinase domain of ABL complexed to imatinib, depicting resistant mutations. Imatinib is shown in gold. Positions 
1–3 (red) are mutations that directly affect imatinib binding. All other positions are those that likely affect the ability of the kinase to achieve the 
conformation required to bind imatinib, including those in the P loop (4–8; green) and those in the vicinity of the activation loop (9–13; cyan). The 
activation loop is colored purple. The positions of amino acids found mutated are depicted by spheres: 1, F317; 2, T315; 3, F359; 4, M244; 5, G250; 
6, Q252; 7, Y253; 8, E255; 9, M351; 10, E355; 11, V379; 12, L387; 13, H396 [25].

Figure 4 The structures of threonine and isoleucine. 
When the amino acid (aa) at 315 is substituted to isoleucine from threonine, hydrogen bonding between threonine at aa315 and imatinib is lost. 
Moreover, the bigger side chain of isoleucine (red dotted circle) becomes an obstacle for the binding of imatinib to the ATP binding pocket.

real-time PCR hybridization probe assay[39]. Although these 
methods are more sensitive than the conventional DS, they are 
not easily automated. Thus, we developed an automatic method 
utilizing guanine-Quenching Probes (QP) to detect 17 kinds of 
mutations frequently observed in imatinib-resistance. Results 
were obtained from 100 µL of whole blood within 90 minutes 
by this method with high sensitivity at 3%. Furthermore, we 
developed a more sensitive method, mutation-biased PCR-QP 

(MBP-QP), which is 10 times more sensitive than the original QP 
method, in order to specifically detect the T315I clone [40]. 

Recently, ultradeep sequencing (UDS) was used to 
quantitatively and qualitatively evaluate mutations in patients 
with CML and Ph+ALL [41]. Compared with conventional DS, UDS 
detected additional “minor” mutations in 55% of samples tested. 
Additionally, UDS was able to uncover a high degree of complexity 
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Figure 5 Polyclonal versus compound mutations.
In a subset of patients who develop clinical resistance to ABL TKIs, two or more point mutations in the kinase domain of BCR-ABL are detectable by 
direct sequencing. In the case of polyclonal mutations, these BCR-ABL mutations (○ and △; top panel) exist separately in different clones. In contrast, 
BCR-ABL compound mutants exhibit two mutations within the same BCR-ABL1 molecule (○ and △; bottom panel).

associated with the presence of multiple mutations. Soverini et al 
suggested that the high degree of complexity uncovered by UDS 
indicates that conventional DS might be an inadequate tool to 
assess BCR-ABL kinase domain mutation status, which currently 
represents an important component of the therapeutic decision 
algorithms. 

Development of novel agents to override imatinib-
resistant mutations

In order to override these imatinib resistance mechanisms, 
high-dose imatinib therapy [42] or combination treatment 
with other agents [43-45] has been performed. Imatinib has 
no therapeutic efficacy against patients harboring ABL point 
mutations; therefore, a novel agent that can also bind to mutated 
ABL has been vigorously developed. 

Second generation ABL TKIs and mutations

Dasatinib: Affinity of dasatinib for ABL is about 325-fold 
stronger than that of imatinib. It inhibits more than 50 kinases 
including eight SRC Family Kinases (SFKs) as well as BCR-ABL, 
resulting that its specificity is relatively low [46]. Dasatinib is 
effective for most mutant BCR-ABLs including Y253F/H and 
F359C/V, which cannot be eliminated by nilotinib, its effects on 
T315I/A, F317L/V, V299L, Q252H are limited [10,15]. 

Nilotinib: With the structural modification of imatinib, 
nilotinib acquired about a 30-fold stronger anti-CML activity. It is 
effective against many mutant BCR-ABLs except T315I. Nilotinib 
suppresses ABL, PDGFR, and c-KIT activities but does not 
suppress SFKs, indicating higher specificity than dasatinib [11]. 

Dasatinib and nilotinib were approved by Food and Drug 

Administration (FDA) for second-line treatment of CML in 
2006 and 2007, respectively, and both were approved for first-
line treatment in 2010 based on efficacy and safety in phase III 
clinical studies. Based on the preclinical (Table 1, Table 2) [14-
15] and clinical trials, imatinib-resistant/intolerant patients are 
treated with either dasatinib or nilotinib selectively according to 
the mutation type and patients’ backgrounds (Figure 6) [47]. The 
incidence of resistance to front-line TKI treatment is generally 
lower with nilotinib and dasatinib than with imatinib, although 
up to 20% of patients may still be affected [48,49].

Bosutinib: Bosutinib has about a 50-fold stronger activity 
against ABL compared with imatinib and a characteristically 
weak inhibitory activity against c-KIT or PDGFR, which is a cause 
of side effects in imatinib. Although bosutinib is also effective 
against most mutant BCR-ABLs, it is not effective against T315I 
and V299Lsame as dasatinib [12]. Bosutinib was approved by the 
FDA in September 2012. In a Phase I/II, nonrandomized clinical 
trial, similar responses were observed across all BCR-ABL KD 
mutations when compared with wild-type BCR-ABL, with the 
exception of the highly resistant T315I mutation. Patients with 
the bosutinib-resistant V299L mutation were not included in the 
study [50].

Bafetinib (formerly INNO-406): Bafetinib is 55 times 
more effective than imatinib. Bafetinib can suppress 12 out 
of 13 mutated forms of BCR-ABL, with the exception of T315I. 
Furthermore, bafetinib inhibits LYN activity at the enzyme level 
without affecting the phosphorylation of SRC, BLK and YES [13]. 
In an in vivo investigation, bafetinib prolonged the survival 
phase of leukemic model mice inoculated with Ba/F3 cell lines 
derived from murine pro-B cells expressing either wild type 
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Table 1 Sensitivity of Bcr-Abl kinase domain mutants to Abl kinase inhibitors.
Imatinib: sensitive (≤1000 nM), intermediate (≤3000 nM), insensitive (>3000 nM). Nilotinib: sensitive (≤50 nM), intermediate (≤500 nM), insensitive 
(>500 nM). Dasatinib: sensitive (≤3 nM), intermediate (≤60 nM), insensitive (>60 nM) [14].

imatinib dasatinib nilotinib bafetinib

Ba/F3/wt 1712.0 87.6 642.3 152.9

Ba/F3/M244V >2,000 93.1 891.4 874.2

Ba/F3/G250E >2,000 27.2 866.0 852.0

Ba/F3/Q252H >2,000 62.3 895.5 888.1

Ba/F3/Y253F >2,000 16.8 975.3 490.8

Ba/F3/T315I >2,000 >2,000 >2,000 >2,000

Ba/F3/T315A >2,000 >2,000 949.2 422.5

Ba/F3/F317L >2,000 >2,000 929.8 293.5

Ba/F3/F317V 1053.7 >2,000 286.9 284.0

Ba/F3/M351T >2,000 88.0 580.4 582.9

Ba/F3/H396P >2,000 8.9 986.9 280.1

Table 2: Imatinib, dasatinib, nilotinib and bafetinib IC50 values (nM) for cellular proliferation [15].

BCR-ABL or mutated BCR-ABL including M244V, G250E, Q252H, 
Y253F, E255K, M351T and H396P, except T315I [51]. Bafetinib 
can inhibit T315A and F317L/V, while dasatinib was ineffective 
against the mutated ABL at amino acids 315 and 317 [15]. In 

a phase I study, bafetinibhad anti-CML efficacy in a heavily 
pretreated study population [52]. Interestingly, we recently 
reported the possibility that bafetinib is effective not only CML 
but also Parkinson’s disease [53].
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Type and Number of BCR-ABL Kinase Domain 
Mutation status does not always predict the response of 

patients to second-line treatment except for a small number 
of mutations for which clinical experience has confirmed a 
correlation between in vitro data and response in patients [54]. 
As shown in Table 3 some patients harboring mutations that 
are considered “nilotinib-insensitive” (eg, E255K) or “dasatinib-
insensitive” (eg, F317L) and “multi-TKI–insensitive” (ie, T315I) 
can show clinical response to nilotinib, dasatinib, and more than 
one TKI, respectively, albeit at a rate lower than that seen with 
the agents not associated with resistance to these mutations.

Agents for T315I

It is irony for T315I which is firstly discovered [6] to remain 
troublesome even with any second generation ABL TKIs. Thus, 
the T315I mutation is considered a clinically significant mutation 
because until recently, patients harboring this mutation had very 
few treatment options. Very recently, some novel agents can be 
used now in clinic.

Ponatinib (IclusigTM): Ponatinib is a third-generation BCR-
ABL TKI. It is effective against most mutant BCR-ABLs including 
T315I. It can avoid the conformational effect of T315I because of 
a long and flexible carbon-carbon triple bond (Figure 7) [55,56]. 
Ponatinib is presently the only clinically available ABL TKI 
effective against T315I. However, caution is needed as it may be 

ineffective against compound mutations [27]. The FDA approved 
ponatinib in December 2012. 

In the PACE study, with a median of 12 months’ follow-up, 
45 (70%) of 64 patients with CML-CP and the T315I mutation 
achieved MCyR on ponatinib [57]. In a subanalysis of the PACE 
trial, MCyR was achieved regardless of baseline mutation status. 
Responses were also observed in patients with mutations other 
than T315I (eg, E255V, F359V, Y253H). 

PF-114: PF-114 is an orally available novel selective pan 
BCR-ABL inhibitor targets the T315I and suppresses models of 
advanced Ph+ALL. PF-114 is more selective than dasatinib or 
ponatinib. It efficiently inhibited all tested BCR-ABL mutants 
in cellular and biochemical assays at dosages of 10-100nM and 
like ponatinib it suppressed the up-coming of new resistance 
mutations in a mutation assay in Ba/F3 cells [58]. At present 
(March 2014), clinical trials of PF-114 have not started yet. 

Omacetaxicine (SynriboTM): Homoharringtonine (HHT), a 
cephalotaxine ester inhibits protein synthesis and induces cell 
differentiation and apoptosis. The absence of cross-resistance 
between HHT and imatinib in imatinib-resistant leukemic cell 
lines has been demonstrated, and even a possible synergy 
between the two compounds has been observed in vitro. Clinical 
outcomes for CML patients who acquired the T315I mutation 
while on imatinib were reported. Omacetaxine is a treatment 
option for patients with the T315I mutation for whom ponatinib 

Figure 6 Treatment approach for patients with chronic myeloid leukemia in chronic phase (CML-CP). 
CyR, cytogenetic response; CCyR, complete cytogenetic response; CHR, complete hematological response; COPD, chronic obstructive pulmonary 
disease; MCyR, major cytogenetic response; minCyR, minor cytogenetic response; TKI, tyrosine kinase inhibitor [47].
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Table 3 Summary of response to second-line TKI therapy in patients with resistance to first-line imatinib, by ABL kinase domain mutation [54].
Abbreviations: -: mutations not dected, not analyzed, or not reported; CHE: Complete Hematologic Response; MCYR: Major Cytogenetic Respose; 
NA= Not applicable.
aResponse by mutations has not been reported for second-line ponatinib therapy.
bData were reported only for mutations that were detected in 2 or more patients in the study.
csome patients may have had more than one mutation.
dResponse data for one patient with E450K were not reported.
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Figure 7 Structure of ponatinib.
(A) Ponatinib (shown as blue and yellow space-filling spheres) displays an optimal fit to the binding cavity of AVL-T315I (indicated by a mesh 
pattern), (B) Triple bond (yellow) is a unique structural feature of ponatinib (blue) that allows it to evade the mutant gatekeeper residue I315 (red 
space-filling spheres) [56].

is not suitable [54]. In a study involving 62 patients with CML-
CP who were harboring the T315I mutation after  ≥ 1 TKI that 
included imatinib, treatment with omacetaxine resulted in CHR 
in 77%, MCyR in 23%, and CCyR in 16% of patients [59].

Other novel agents: The above agents other than ponatinib 
and omacetaxine mepesuccinate are ineffective against CML 
cells and CML stem cells with T315I, and efforts to develop novel 
agents are being made to overcome this weakness. Aurora kinase 
is a serine/threonine kinase closely involved in cell division. 
Danusertib (PHA-739358) [60], AT9283 [61], and XL228are its 
variations with inhibitory activities against wild and various 
mutant BCR-ABLs. Also, drugs called switch pocket inhibitors 
are being developed and undergoing clinical trials. As drugs that 
directly act on CML stem cells, there are hedgehog inhibitors 
[62], histone deacetylase inhibitors [63], heat shock protein 
90 inhibitors [64], and vaccines such as WT1 peptide [65] and 
K562/GM-CSF vaccines [66]. 

Conclusion
Although mutation at ABL KD is not only mechanism of ABL 

TKIs resistance, it could be most important. To detect it and treat 
CML patients according to the mutation is essential for using ABL 
TKIs and other novel agents properly.
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