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Abstract

Context: Chronic myeloid leukemia (CML) is a myeloproliferative disorder characterized by overproduction of immature and matured
myeloid cells in the peripheral blood, bone marrow and spleen.

Evidence Acquisition: A hallmark of CML is the presence of (9; 22) (q34; qi1) reciprocal translocation, which is cytogenetically visible
as Philadelphia chromosome (Ph) and results in the formation of BCR-ABLI fusion protein. This fusion protein is a constitutively active
tyrosine kinase which is necessary and sufficient for malignant transformation. The introduction of imatinib, a BCR-ABLI- targeting
tyrosine kinase inhibitor (TKI) has revolutionized CML therapy. Subsequently, two other TKIs with increased activity against BCR-ABLI1,
dasatinib and nilotinib, were developed and approved for CML patients. Nevertheless, CML therapy faces major challenges.

Results: The first is the development of resistance to BCR-ABL1 inhibitors in some patients, which can be due to BCR-ABL1 overexpression,
differences in cellular drug influx and efflux, activation of alternative signaling pathways, or emergence of BCR-ABLI kinase domain
mutations during TKI treatment. The second is the limited efficiency of BCR-ABLI-TKIs in blast crisis (BC) CML. The third is the insensitivity of
CML stem cells to BCR-ABL1 inhibitors. Conventional chemotherapeutics and BCR-ABL1 inhibitors which act by inhibiting cell proliferation
and inducing apoptosis, are ineffective against quiescent CML stem cells.

Conclusions: A better understanding of the mechanisms that underlie TKI resistance, progression to BC, genomic instability and stem

cell quiescence is essential to develop curative strategies for patients with CML.
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1. Context

Chronic myeloid leukemia (CML) is a myeloprolifera-
tive disorder characterized by overproduction of imma-
ture and mature myeloid cells in the peripheral blood,
bone marrow and spleen. In more than 90% of cases, the
disease is diagnosed during the initial chronic phase
(CML-CP), which is characterized by expansion of func-
tionally normal myeloid cells. If untreated, CML pro-
gresses to an initial accelerated phase (AP), and subse-
quently to a more aggressive blast phase (BP), with loss
of terminal differentiation capacity. A hallmark of CML
is the presence of (9; 22) (q34; qi1) reciprocal transloca-
tion, which is cytogenetically visible as Philadelphia
chromosome (Ph) and results in the formation of BCR-
ABLI fusion protein. This fusion protein is a constitu-
tively active tyrosine kinase which is necessary and suffi-
cient for malignant transformation (1). In vitro studies
have demonstrated that BCR-ABL1 is oncogenic, and
leads to leukemic cell proliferation and inhibition of
apoptosis (2). It is believed that BCR-ABL1 gene is initial-
ly generated in a single hematopoietic stem cell (HSC)
which gives it proliferative advantage over its normal

counterparts, eventually leading to an expanded my-
eloid compartment (3).

2. Evidence Acquisition

The introduction of imatinib, a BCR-ABLI- targeting
tyrosine kinase inhibitor (TKI) has revolutionized CML
therapy. Following the success of the pivotal IRIS (inter-
national randomized study of interferon and STI571) trial,
imatinib mesylate (Gleevec, Novartis, Basel, Switzerland)
- formerly known as STI571- rapidly became the preferred
first line treatment for patients with newly diagnosed
CML in chronic phase (4, 5). Subsequently, two other nov-
el TKIs with increased activity against BCR-ABL1 were de-
veloped, dasatinib (Sprycel, Bristol-Myers Squibb, Princ-
eton, NJ) and nilotinib (Novartis), which were approved
for newly diagnosed CML patients and those with previ-
ously treated CML (6, 7). Another BCR-ABL1 inhibitor is bo-
sutinib (Tasigna, Pfizer, New York, NY) which has been ap-
proved for the treatment of chronic, accelerated, or blast
phase of CML (8). Ponatinib (Iclusig, ARIAD, Cambridge,
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MA) is a potent multitargeted kinase inhibitor that has
been approved for the treatment of CML-CP, CML-AP, and
CML-BP (9). Nevertheless, CML therapy faces major chal-
lenges.

The first is the development of resistance to BCR-ABL1 in-
hibitors in some patients, which can be due to BCR-ABL1
overexpression, differences in cellular drug influx and
efflux, activation of alternative signaling pathways, or
emergence of BCR-ABL1 kinase domain mutations during
TKI treatment (10).

The second is the limited efficiency of BCR-ABL1-TKIs
in blast crisis (BC) CML (11). This can be due to genera-
tion of additional chromosomal and molecular chang-
es during transition from chronic phase to blast phase.
Therefore, these CML blast cells may not depend en-
tirely on BCR-ABL1 pathway for survival (12, 13). Target-
ing additional pathways may be necessary for treating
advanced CML.

The third is the insensitivity of CML stem cells to BCR-
ABL1 inhibitors (14, 15). CML is sustained by a population
of CD34*] BCR-ABLI" progenitor cells with stem cell prop-
erties. One of the characteristics of CML stem cells is that
they are quiescent. Therefore, conventional chemothera-
peutics and BCR-ABLI inhibitors which act by inhibiting
cell proliferation and inducing apoptosis, are ineffective
against these non-proliferating stem cells (16, 17). To reach
an ultimate cure, development of new and more effective
therapies involving elimination of CML stem cells is re-
quired.

3. Results

3.1. BCR-ABL1 Signaling Pathway

The breakpoints within the ABLI gene occurs either
upstream of exon 1b, downstream of exon 1a, or more
frequently, between exons 1b and 1a (Figure 1 A). In most
patients with CML, the breakpoints within the BCR gene
take place in a 5.8-kilobase area spanning exons 12 - 16, re-
ferred to as the major breakpoint cluster region (M-BCR)
(Figure 1B) (1).

The N-terminal coiled-coil domain of BCR-ABL1 has di-
merization and trans-autophosphorylation activity (18).
Autophosphorylation of tyrosine-177 of BCR-ABLI1 results
in formation of a complex between GRB2, GAB2, and SOS,
leading to activation of RAS and phosphatidylinositol 3-ki-
nase (PI3K) pathways (19). Signaling from RAS-RAF-MEK-
MAPK pathway enhances proliferation. PI3K activates the
serine-threonine kinase AKT, which results in: 1, promot-
ing survival by inhibiting FOXO transcription factors (20);
2, activation of mTOR which increases protein translation
(21); and 3, increasing the expression of SKP2, the recogni-
tion protein of SCF*™ E3 ubiquitin ligase, which degrades
p27 and results in enhanced proliferation (22). Another
crucial consequence of BCR-ABL activation is STAT5 activa-
tion, either through direct phosphorylation or indirectly
through phosphorylation by JAK2 or HCK (23). Lack of
STAT5 inhibits both myeloid and lymphoid leukemogen-
esis (24) (Figure 2).

Figure 1. Schematic Representation of ABL1 and BCR Genes
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1a, The ABL1 gene is located on chromosome 9q34 and spans more than 230 kb. It contains two alternative first exons, exon 1b and 1a, followed by exons
2 to 11. Exon 1b is approximately 200 kb upstream of exon 1a. The breakpoints that create the Philadelphia chromosome, are scattered over a large area
(more than 300 kb) at the 5" end of the gene, either upstream of alternative exon 1b, between alternative exons 1b and 1a, or between exons 1a and 2. The
BCR gene is located on chromosome 22q11 and spans approximately 135 kb. This gene contains 23 exons. In most patients with chronic myeloid leukemia,
the breakpoint is in the major breakpoint cluster region that spans exons 12 - 16.
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Figure 2. BCR-ABL1 Signaling Network
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Dimerization of BCR-ABL1 induces autophosphorylation and activation of the kinase, generating docking sites for adaptor proteins like GRB2. This signal-
ing pathway results in activation of multiple downstream targets, leading to increased proliferation, enhanced survival, and perturbation of cell adhe-

sion and migration.

3.2. Mechanism of Action of BCR-ABL Inhibitors

Imatinib, dasatinib, and nilotinib bind to the ATP-bind-
ing pocket of the ABL kinase domain and inhibit BCR-ABL
activity (25-27). Imatinib binds to the inactive conforma-
tion of BCR-ABL, and prevents conformational changes
needed for BCR-ABL activation (25). Nilotinib was devel-
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oped by changing the structure of imatinib and binds to
BCR-ABL with a higher affinity. Nilotinib is 10 to 50 times
more potent than imatinib for inhibiting BCR-ABL (26).
Dasatinib has a different chemical structure and binds to
a slightly different region of the ATP- binding pocket. Da-
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satinib binds to the active conformation of BCR-ABL and
is 325 fold more potent than imatinib and 16 fold more
potent than nilotinib (27).

3.3. Cytogenetic and Molecular Response During
CML Treatment

Several different methods are used to assess cytogenetic
or molecular response during CML treatment. Complete
hematologic response is assessed by analysis of periph-
eral blood counts. Conventional cytogenetic analysis
of bone marrow aspirates is performed by assessing Ph
positivity in at least 20 Giemsa- stained metaphase cells.
Complete cytogenetic response (CCyR) is defined as the
absence of detectable Ph* metaphase cells, which is a
clinically important prognostic marker in CML patients.
In patients without complete cytogenetic response, the
degree of cytogenetic response is classified as partial (1%
-35% Ph* metaphase cells), major (0% - 35% Ph* metaphase
cells), or minor (> 35% Ph* metaphase cells). A limitation
of cytogenetic testing is the need for an invasive bone
marrow biopsy to culture cells and obtain metaphase
spreads. Furthermore, the limit of detection of this meth-
od is relatively low, because a minimum of 20 metaphase
cells are analyzed (1:20 or 5%). However, cytogenetic test-
ing has the advantage of detecting, in addition to Phila-
delphia chromosome, other chromosomal abnormali-
ties which may have prognostic value (28).

A more sensitive detection method is to assess periph-
eral blood interphase cells with fluorescence in situ hy-
bridization (FISH), thereby analyzing a higher number of
cells in comparison with conventional cytogenetic test-
ing. Approximately, 100 to 500 interphase cells are usu-
ally assessed with FISH, so this method is more sensitive
(1:500 to 1:100, or 0.2% to 1%). However depending on the
probes used, FISH can have a false-positive rate of 1% to
10%. FISH method can be used for monitoring response
to therapy until FISH levels are less than 5% to 10%. This
method is not useful for analyzing further reduction in
Ph* metaphases (28).

Real-time quantitative PCR is an effective and clinically
validated method to quantify BCR-ABLI transcript levels
and assess molecular responses. Guidelines from nation-
al comprehensive cancer network (NCCN) and European
LeukemiaNet (ELN) recommend serial BCR-ABL1 RT-qPCR
assays at regular 3 to 6-month intervals for routine mini-
mal residual disease (MRD) monitoring of CML treat-
ment (28, 29). Molecular monitoring includes RNA ex-
traction from a bone marrow or peripheral blood sample
and subsequent RT-qPCR to measure the level of BCR-ABL1
transcripts relative to a reference gene. In comparison
with cytogenetic testing, PCR-based molecular monitor-
ing offers exquisite sensitivity, almost 100 to 1000 times
greater than FISH or conventional cytogenetic analysis.
It can assess bone marrow or peripheral blood samples,
and provides quantitative results with validated clinical
response thresholds (30, 31).
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3.4. Mechanisms of Resistance to TKI Inhibitors

A significant proportion of CML patients do not achieve
a satisfactory response to first-line TKI therapy, which is
mostly due to drug resistance. TKI resistance is classified
as primary (lack of initial response to TKI) or acquired
(loss of response). Primary imatinib resistance is defined
as failure to achieve any of the following criteria: a com-
plete hematologic response (CHR) within 3 to 6 months,
any cytogenetic response (CyR) by 6 months, a major cy-
togenetic response (MCyR) by 12 months or a complete cy-
togenetic response (CCyR) by 18 months on imatinib treat-
ment. Primary hematologic resistance is very rare in newly
diagnosed CML-CP patients, whereas primary cytogenetic
resistance is seen in 15% to 25% of patients. Suboptimal re-
sponse is defined as: no CyR at 3 months, less than MCyR at
6 months, less than CCyR at 12 months, or less than major
molecular response at 18 months. Suboptimal response
identifies patients at risk of imatinib resistance. Acquired
resistance is defined as loss of CHR or CCyR or progression
of CML at any time on treatment (28, 29, 32). It has been
shown that the risk of imatinib resistance varies depend-
ing on CML phase: the risk is lowest in CML-CP and highest
in CML-BP (4, 33).

Mutations in the ABL1 tyrosine kinase domain of BCR-
ABL1 are responsible for a substantial proportion of ima-
tinib resistance. BCR-ABL1 mutations have been detected
in 35% - 45% of CML patients with imatinib resistance (4,
34, 35). These mutations are more frequently found in
patients with acquired resistance rather than primary
resistance (36). Furthermore, BCR-ABL1 mutations occur
more often in patients with advanced CML compared to
CML-CP (37).

Less frequently, amplification of BCR-ABLI gene or in-
creased BCR-ABLI expression can also lead to TKI resis-
tance (34, 38). BCR-ABL1 independent mechanisms in-
clude activation of the SRC family of kinases, cytogenetic
clonal evolutions with emergence of additional chromo-
somal abnormalities in Ph* CML cells, or the presence of
quiescent stem cells may also contribute to TKI resistance
(34,39). Different mechanisms proposed to be involved in
TKI resistance are summarized in Table 1.

Table 1. Mechanisms of TKI Resistance

BCR-ABL1 Independent
Poor compliance

Poor intestinal absorption
Drug interactions
Heterogeneity of CML cells
Reduced drug influx
Increased drug efflux
Clonal evolution
Quiescent stem cells

BCR-ABL1 Dependent
Increased BCR-ABLI expression
ABL1 kinase domain mutations
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3.5. ABL1 Kinase Mutations

Point mutations in the ABL1 kinase domain are the most
frequent mechanism of TKI resistance. These mutations
impair drug binding by changing essential amino acids
for direct contact with the TKI or by preventing BCR-ABL1
from adopting the inactive conformation appropriate
for TKI binding. The T315] mutation is one of the most fre-
quent mutations detected in 4% to 19% of resistant cases
(37, 40). This mutation confers resistance to all BCR-ABL1
kinase inhibitors. Some investigators have suggested
that T3151 is associated with disease progression and poor
survival (40, 41)

Different mutations in the ABL1 kinase domain have been
classified into four categories: a, in the imatinib binding
site; b, in the P-loop (ATP binding site); ¢, in the catalytic do-
main; d, in the activation (A) loop. Mutations in the P-loop
(residues 244-255 of ABL1) accounts for about 48% of all mu-
tations in imatinib resistant cases, a worse prognosis re-
gardless of sensitivity to imatinib (42-44). Mutations in the
catalytic domain (residues 350 - 363 of ABL1) can also affect
imatinib binding. The activation loop is the major regula-
tory component of ABLI kinase domain and can adopt an
open-active or closed-inactive conformation. Mutations in
the activation loop impair adopting the inactive confor-
mation which is required for imatinib activity. Amino acid
substitutions at seven residues [M244V, G250E, Y253F/H,
E255K/V (P-loop), T3151 (imatinib binding site), M351T, and
F359V (catalytic domain)] account for 85% of all resistance

associated mutations (36, 45).

Although point mutations have more frequently been
detected in TKI resistant and advanced CML, they have
also been detected prior to TKI treatment. These find-
ings suggest that prior to TKI therapy; these mutations
do not confer a survival advantage (46). It is unclear
whether certain mutations are responsible for CML
progression or they are a consequence of genomic in-
stability in advanced disease (47). It seems that gain of
function mutations may contribute to CML progression,
whereas loss of function mutations are frequently sub-
ject to selective pressure by imatinib (48, 49).

Table 2 summarizes in vitro sensitivity of BCR-ABL1 ki-
nase domain mutations to imatinib, nilotinib and dasat-
inib. Although nilotinib and dasatinib inhibit most of
the clinically relevant ABL1 mutations, with the exception
of T3151 mutation, the presence of mutations after ima-
tinib failure as well as development of new mutations on
subsequent TKI treatment is a potential source of resis-
tance to successive TKI (50-53). It has been shown that in
imatinib-resistant patients, subsequently treated with an
alternative TKI, 83% of cases after an initial response are
associated with emergence of newly acquired mutations.
Patients already harboring imatinib-resistant kinase do-
main mutations, had higher likelihood of relapse associ-
ated with development of further mutations compared
to patients who did not have mutations (54).

Table 2. Sensitivity of BCR-ABL1 Kinase Domain Mutations to Imatinib, Nilotinib and Dasatinib

BCR-ABL1 Mutation Location Imatinib Nilotinib Dasatinib
L1248V P-loop Intermediate Intermediate Resistant
G250E P-loop Intermediate Sensitive Sensitive
Q252H P-loop Intermediate Intermediate Intermediate
Y253FH P-loop Resistant Intermediate Sensitive
E255K|V P-loop Resistant Intermediate Intermediate
V299L ATP binding region (Drug contact site) Sensitive Sensitive Resistant
F311L ATP binding region (Drug contact site) Sensitive Sensitive Sensitive
T3151 ATP binding region (Drug contact site) Resistant Resistant Resistant
F317V ATP binding region (Drug contact site) Sensitive Intermediate Intermediate
F317L ATP binding region (Drug contact site)  Intermediate Sensitive Intermediate
M351T Kinase domain Sensitive Sensitive Sensitive
F359V Kinase domain Intermediate Intermediate Sensitive
1384M A-loop Sensitive Sensitive Sensitive
L387M Aloop Sensitive Sensitive Sensitive
H396R A-loop Intermediate Sensitive Sensitive
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3.6. Clonal Evolution

The presence of additional chromosomal abnormalities
besides Ph chromosome is defined as clonal evolution and
is considered to be a feature of advanced CML (55). The
most frequent chromosomal abnormalities include, in or-
der, an additional Ph chromosome (38%), trisomy 8 (34%),
and isochromosome 17q (56); which have been associated
with BCR-ABL1 overexpression, MYC overexpression, and loss
of 17p, respectively (57, 58). Other aberrations, such as tri-
somy 19, trisomy 21, trisomy 17, and deletion of 7, have been
reported in less than 10% of patients with clonal evolution.
It has been reported that CML-CP patients harbor 0.47 copy
number alterations per case (range O - 8), but CML-BP pa-
tients carry 7.8 copy number alterations (range 0 - 28), sup-
porting the notion that multiple genomic alterations accu-
mulate during CML progression to BP phase (59).

Clonal evolution is associated with reduced response
to imatinib, increase in relapse of disease, and reduction
in overall survival (60, 61). It is proposed that clonal evo-
lution reflects the genomic instability of the highly pro-
liferative CML progenitor cells associated with disease
progression. The frequency of clonal evolution increases
with advancing stage, from 30% in accelerated phase to
80% in blast phase (55).

3.7. CML Stem Cells

CML stem cells originate from hematopoietic stem cells
(HSCs) by acquiring the BCR-ABL1 mutation. This fusion
oncoprotein can transform HSCs, but is not sufficient to
transform committed myeloid progenitors which lack
inherent self-renewal capability (62). CML stem cells are
CD34*| CD3# cells which have entered the GO phase of the
cell cycle and are therefore quiescent. These cells account
for less than 1% of CD34* cells present at diagnosis (15).
It is postulated that this quiescent fraction sustains the
disease with constant potential to aggravation. During
transition from chronic phase to blast phase, CML stem
cells acquire further genetic and/or epigenetic aberra-
tions that provide survival advantage and resistance to
programmed cell death.

The resistance of quiescent stem cells to TKI seems to be
multifactorial and include altered drug influx and efflux
(decreased expression of OCT1 and increased expression
of ABCBI and ABCG2) (63), increased BCR-ABLI transcript
level and decreased degradation of BCR-ABLI1 transcript
(15). CrkL phosphorylation is a downstream target of BCR-
ABL1 and dasatinib, contrary to imatinib, can inhibit its
phosphorylation in CD34* CD3% cells. Dasatinib can also
inhibit an earlier progenitor population, but is unable to
eradicate the most primitive quiescent stem cells (15, 64).
Nilotinib is also ineffective in inhibiting quiescent CML
stem cells (65).

4. Conclusions

Targeted molecular therapy has offered excellent clini-
cal responses in the majority of CML patients. The em-
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phasis is currently on overcoming imatinib resistance
and the development of alternative TKI engineered to
surmount this problem. Some studies have shown the
benefit of combination therapy over monotherapy. Com-
bination of TKIs and different targeting agents, including
those targeting self-renewal and those inducing apop-
tosis increases the efficacy of TKIs on CML cells. A better
understanding of the mechanisms that underlie TKI re-
sistance, progression to BP, genomic instability and stem
cell quiescence is essential to develop curative strategies
for patients with CML.

Acknowledgments

None declared.

Footnotes

Authors’ Contribution:Abolfazl Movafagh designed
the study. Sanaz Tabarestani did the literature review, and
wrote the manuscript.

Financial Support:None declared.

Financial Disclosure:None declared.

References

1. Quintas-Cardama A, Cortes ]. Molecular biology of bcr-abli-pos-
itive chronic myeloid leukemia. Blood. 2009;113(8):1619-30. doi:
10.1182/blood-2008-03-144790. [PubMed: 18827185]

2. Lugo TG, Pendergast AM, Muller A], Witte ON. Tyrosine kinase ac-
tivity and transformation potency of bcr-abl oncogene products.
Science.1990;247(4946):1079-82. [PubMed: 2408149]

3. Bruns], Czibere A, Fischer ]C, Roels F, Cadeddu RP, Buest S, et al.
The hematopoietic stem cell in chronic phase CML is character-
ized by a transcriptional profile resembling normal myeloid
progenitor cells and reflecting loss of quiescence. Leukemia.
2009;23(5):892-9. doi: 10.1038/leu.2008.392. [PubMed: 19158832]

4. DrukerBJ,GuilhotF,O'Brien SG, Gathmann I, Kantarjian H, Gatter-
mann N, et al. Five-year follow-up of patients receiving imatinib
for chronic myeloid leukemia. N Engl | Med. 2006;355(23):2408-
17. doi: 10.1056/NEJM0a062867. [PubMed: 17151364

5. Hochhaus A, O'Brien SG, Guilhot F, Druker BJ, Branford S, Fo-
roni L, et al. Six-year follow-up of patients receiving imatinib
for the first-line treatment of chronic myeloid leukemia. Leu-
kemia. 2009;23(6):1054-61. doi: 10.1038/leu.2009.38. [PubMed:
19282833]

6. Kantarjian H, Giles F, Wunderle L, Bhalla K, O'Brien S, Wassmann
B, et al. Nilotinib in imatinib-resistant CML and Philadelphia
chromosome-positive ALL. N Engl | Med. 2006;354(24):2542-51.
doi:10.1056/NEJM0a055104. [PubMed: 16775235]

7. Talpaz M, Shah NP, Kantarjian H, Donato N, Nicoll ], Paquette R,
et al. Dasatinib in imatinib-resistant Philadelphia chromosome-
positive leukemias. N Engl | Med. 2006;354(24):2531-41. doi:
10.1056/NEJM0a055229. [PubMed: 16775234]

8.  Cortes JE, Kantarjian HM, Brummendorf TH, Kim DW, Turkina AG,
Shen ZX, et al. Safety and efficacy of bosutinib (SKI-606) in chron-
ic phase Philadelphia chromosome-positive chronic myeloid
leukemia patients with resistance or intolerance to imatinib.
Blood. 2011;118(17):4567-76. doi: 10.1182/blood-2011-05-355594.
[PubMed: 21865346]

9. Cortes JE, Kim DW, Pinilla-Ibarz ], le Coutre P, Paquette R, Chuah
C, et al. A phase 2 trial of ponatinib in Philadelphia chromo-
some-positive leukemias. N Engl ] Med. 2013;369(19):1783-96. doi:
10.1056/NEJM0a1306494. [PubMed: 24180494]

10. Apperley JE Part I: Mechanisms of resistance to imatinib in
chronic myeloid leukaemia. The Lancet Oncology. 2007;8(11):1018-
29.doi:10.1016/s1470-2045(07)70342-x. [PubMed: 17976612]

1. Sawyers CL, Hochhaus A, Feldman E, Goldman JM, Miller CB,

Iran ] Cancer Prev. 2016; 9(1):e3961



Tabarestani S et al.

Ottmann OG, et al. Imatinib induces hematologic and cyto-
genetic responses in patients with chronic myelogenous leu-
kemia in myeloid blast crisis: results of a phase II study. Blood.

for the management of chronic myeloid leukemia: 2013. Blood.
2013;122(6):872-84. doi: 10.1182/blood-2013-05-501569. [PubMed:
23803709]

2002;99(10):3530-9. [PubMed: 11986204] 30. Akard LP, Wang YL. Translating trial-based molecular monitor-
12.  Perrotti D, Jamieson C, Goldman ], Skorski T. Chronic myeloid ing into clinical practice: importance of international standards
leukemia: mechanisms of blastic transformation. J Clin Invest. and practical considerations for community practitioners.
2010;120(7):2254-64. doi: 10.1172[]CI41246. [PubMed: 20592475] Clin Lymphoma Myeloma Leuk. 2011;11(5):385-95. doi: 10.1016/j.
13.  Skorski T. Genetic mechanisms of chronic myeloid leukemia cIml1.2011.01.001. [PubMed: 21723805]
blastic transformation. Curr Hematol Malig Rep. 2012;7(2):87-93. 31.  Press RD, Kamel-Reid S, Ang D. BCR-ABL1 RT-qPCR for monitoring
doi:10.1007/s11899-012-0114-5. [PubMed: 22328017] the molecular response to tyrosine kinase inhibitors in chronic
14.  Graham SM, Jorgensen HG, Allan E, Pearson C, Alcorn MJ, Rich- myeloid leukemia. ] Mol Diagn. 2013;15(5):565-76. doi: 10.1016/j.
mond L, et al. Primitive, quiescent, Philadelphia-positive stem jmoldx.2013.04.007. [PubMed: 23810242]
cells from patients with chronic myeloid leukemia are insensi- 32.  Hochhaus A, La Rosee P, Muller MC, Ernst T, Cross NC. Impact of
tive to STI571 in vitro. Blood. 2002;99(1):319-25. [PubMed: 11756187] BCR-ABL mutations on patients with chronic myeloid leukemia.
15. Copland M, Hamilton A, Elrick L], Baird JW, Allan EK, Jordanides Cell Cycle. 2011;10(2):250-60. [PubMed: 21220945]
N, et al. Dasatinib (BMS-354825) targets an earlier progenitor 33.  Silver RT, Cortes ], Waltzman R, Mone M, Kantarjian H. Sustained
population than imatinib in primary CML but does not elimi- durability of responses and improved progression-free and over-
nate the quiescent fraction. Blood. 2006;107(11):4532-9. doi: all survival with imatinib treatment for accelerated phase and
10.1182/blood-2005-07-2947. [PubMed: 16469872] blast crisis chronic myeloid leukemia: long-term follow-up of
16.  Elrick L], Jorgensen HG, Mountford ]JC, Holyoake TL. Punish the the STI571 0102 and 0109 trials. Haematologica. 2009;94(5):743-4.
parent not the progeny. Blood. 2005;105(5):1862-6. doi: 10.1182/ doi:10.3324/haematol.2009.006999. [PubMed: 19407320]
blood-2004-08-3373. [PubMed: 15528314] 34. Hochhaus A, Kreil S, Corbin AS, La Rosee P, Muller MC, Lahaye T,
17. Holtz MS, Forman SJ, Bhatia R. Nonproliferating CML CD34+ pro- et al. Molecular and chromosomal mechanisms of resistance
genitors are resistant to apoptosis induced by a wide range of to imatinib (STI571) therapy. Leukemia. 2002;16(11):2190-6. doi:
proapoptotic stimuli. Leukemia. 2005;19(6):1034-41. doi: 10.1038/ 10.1038/sj.leu.2402741. [PubMed: 12399961]
sj.leu.2403724. [PubMed: 15815728] 35. Lahaye T, Riehm B, Berger U, Paschka P, Muller MC, Kreil S, et al.
18.  Zhao X, Ghaffari S, Lodish H, Malashkevich VN, Kim PS. Structure Response and resistance in 300 patients with BCR-ABL-positive
of the Bcr-Abl oncoprotein oligomerization domain. Nat Struct leukemias treated with imatinib in a single center: a 4.5-year
Biol. 2002;9(2):117-20. doi: 10.1038/nsb747. [PubMed: 11780146 | follow-up. Cancer. 2005;103(8):1659-69. doi: 10.1002/cncr.20922.
19. Chus§, LiL, Singh H, Bhatia R. BCR-tyrosine 177 plays an essential [PubMed: 15747376]
role in Ras and Akt activation and in human hematopoietic pro- 36. Soverini S, Colarossi S, Gnani A, Rosti G, Castagnetti F, Poerio A,
genitor transformation in chronic myelogenous leukemia. Can- et al. Contribution of ABL kinase domain mutations to imatinib
cer Res. 2007;67(14):7045-53. doi: 10.1158/0008-5472.CAN-06-4312. resistance in different subsets of Philadelphia-positive patients:
[PubMed: 17638918] by the GIMEMA Working Party on Chronic Myeloid Leukemia.
20. Naka K, Hoshii T, Muraguchi T, Tadokoro Y, Ooshio T, Kondo Y, Clin Cancer Res. 2006;12(24):7374-9. doi: 10.1158/1078-0432.CCR-
et al. TGF-beta-FOXO signalling maintains leukaemia-initiating 06-1516. [PubMed: 17189410]
cells in chronic myeloid leukaemia. Nature. 2010;463(7281):676- 37. Jabbour E, Kantarjian H, Jones D, Talpaz M, Bekele N, O'Brien
80.doi:10.1038/nature08734. [PubMed: 20130650] S, et al. Frequency and clinical significance of BCR-ABL muta-
21.  LyC,Arechiga AF, Melo ]V, Walsh CM, Ong ST. Bcr-Abl kinase mod- tions in patients with chronic myeloid leukemia treated with
ulates the translation regulators ribosomal protein S6 and 4E- imatinib mesylate. Leukemia. 2006;20(10):1767-73. doi: 10.1038/
BP1 in chronic myelogenous leukemia cells via the mammalian sj.leu.2404318. [PubMed: 16855631]
target of rapamycin. Cancer Res. 2003;63(18):5716-22. [PubMed: 38. Gorre ME, Mohammed M, Ellwood K, Hsu N, Paquette R, Rao PN,
14522890]) et al. Clinical resistance to STI-571 cancer therapy caused by BCR-
22.  Agarwal A, Bumm TG, Corbin AS, O'Hare T, Loriaux M, VanDyke ABL gene mutation or amplification. Science. 2001;293(5531):876-
], et al. Absence of SKP2 expression attenuates BCR-ABL-induced 80. doi:10.1126/science.1062538. [PubMed: 11423618]
myeloproliferative disease. Blood. 2008;112(5):1960-70. doi: 39. Milojkovic D, Apperley ]. Mechanisms of Resistance to Imatinib
10.1182/blood-2007-09-113860. [PubMed: 18559973] and Second-Generation Tyrosine Inhibitors in Chronic Myeloid
23.  Klejman A, Schreiner S, Nieborowska-Skorska M, Slupianek A, Leukemia. Clin Cancer Res. 2009;15(24):7519-27. doi: 10.1158/1078-
Wilson M, Smithgall TE, et al. The Src family kinase Hck couples 0432.CCR-09-1068. [PubMed: 20008852]
BCR/ABL to STAT5 activation in myeloid leukemia cells. EMBO J. 40. Jabbour E, Kantarjian H, Jones D, Breeden M, Garcia-Manero G,
2002;21(21):5766-74. [PubMed: 12411494] O'Brien S, et al. Characteristics and outcomes of patients with
24. Hoelbl A, Schuster C, Kovacic B, Zhu B, Wickre M, Hoelzl MA, et chronic myeloid leukemia and T3151 mutation following failure
al. Stat5 is indispensable for the maintenance of bcr/abl-pos- of imatinib mesylate therapy. Blood. 2008;112(1):53-5. doi: 10.1182/
itive leukaemia. EMBO Mol Med. 2010;2(3):98-110. doi: 10.1002/ blood-2007-11-123950. [PubMed: 18403620]
emmm.201000062. [PubMed: 20201032] 41.  Nicolini FE, Hayette S, Corm S, Bachy E, Bories D, Tulliez M, et al.
25.  Schindler T, Bornmann W, Pellicena P, Miller WT, Clarkson B, Clinical outcome of 27 imatinib mesylate-resistant chronic my-
Kuriyan J. Structural mechanism for STI-571 inhibition of abel- elogenous leukemia patients harboring a T3151 BCR-ABL muta-
son tyrosine kinase. Science. 2000;289(5486):1938-42. [PubMed: tion. Haematologica. 2007;92(9):1238-41. [PubMed: 17768119
10988075] 42, Branford S, Rudzki Z, Walsh S, Parkinson I, Grigg A, Szer ], et al. De-
26. Tokarski]S, Newitt JA, Chang CY, Cheng JD, Wittekind M, Kiefer SE, tection of BCR-ABL mutations in patients with CML treated with
etal. The structure of Dasatinib (BMS-354825) bound to activated imatinib is virtually always accompanied by clinical resistance,
ABL kinase domain elucidates its inhibitory activity against ima- and mutations in the ATP phosphate-binding loop (P-loop) are
tinib-resistant ABL mutants. Cancer Res. 2006;66(11):5790-7. doi: associated with a poor prognosis. Blood. 2003;102(1):276-83. doi:
10.1158/0008-5472.CAN-05-4187. [PubMed: 16740718] 10.1182/blood-2002-09-2896. [PubMed: 12623848
27.  Weisberg E, Manley PW, Breitenstein W, Bruggen ], Cowan-Jacob 43.  Khorashad JS, de Lavallade H, Apperley JF, Milojkovic D, Reid AG,
SW, Ray A, et al. Characterization of AMN107, a selective inhibitor Bua M, et al. Finding of kinase domain mutations in patients
of native and mutant Bcr-Abl. Cancer Cell. 2005;7(2):129-41. doi: with chronic phase chronic myeloid leukemia responding to
10.1016/j.ccr.2005.01.007. [PubMed: 15710326] imatinib may identify those at high risk of disease progression.
28. National Comprehensive Cancer Network (NCCN) Clinical Prac- J Clin Oncol. 2008;26(29):4806-13. doi: 10.1200/]C0.2008.16.9953.
tice Guidelines in Oncology (NCCN Guidelines) . 2014. [PubMed: 18645191]
29. Baccarani M, Deininger MW, Rosti G, Hochhaus A, Soverini S, 44. Soverini S, Martinelli G, Rosti G, Bassi S, Amabile M, Poerio A, et al.
Apperley JF, et al. European LeukemiaNet recommendations ABL mutations in late chronic phase chronic myeloid leukemia
Iran ] Cancer Prev. 2016; 9(1):e3961 www.ijcancerprevention.com 7



Tabarestani S et al.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

patients with up-front cytogenetic resistance to imatinib are as-
sociated with a greater likelihood of progression to blast crisis
and shorter survival: a study by the GIMEMA Working Party on
Chronic Myeloid Leukemia. J Clin Oncol. 2005;23(18):4100-9. doi:
10.1200/JC0.2005.05.531. [PubMed: 15867198]

Rejali L, Poopak B, Hasanzad M, et al. Characterizing of Four Com-
mon BCR-ABL Kinase Domain Mutations (T315], Y253H, M351T
and E255K) in Iranian Chronic Myelogenous Leukemia Patients
With Imatinib Resistance. Iran ] Cancer Prev. 2015;8(3):e2334. doi:
10.17795(ijcp2334.

Roche-Lestienne C, Soenen-Cornu V, Grardel-Duflos N, Lai JL,
Philippe N, Facon T, et al. Several types of mutations of the Abl
gene can be found in chronic myeloid leukemia patients resis-
tant to STI571, and they can pre-exist to the onset of treatment.
Blood. 2002;100(3):1014-8. [PubMed: 12130516]

Khorashad ]S, Anand M, Marin D, Saunders S, Al-Jabary T, Igbal A, et
al. The presence of a BCR-ABL mutant allele in CML does not always
explain clinical resistance to imatinib. Leukemia. 2006;20(4):658-
63. doi:10.1038/sj.leu.2404137. [PubMed: 16467863]

Willis SG, Lange T, Demehri S, Otto S, Crossman L, Niederwieser D, et
al. High-sensitivity detection of BCR-ABL kinase domain mutations
in imatinib-naive patients: correlation with clonal cytogenetic evo-
lution but not response to therapy. Blood. 2005;106(6):2128-37. doi:
10.1182/blood-2005-03-1036. [PubMed: 15914554]

Griswold IJ, MacPartlin M, Bumm T, Goss VL, O'Hare T, Lee KA, et
al.Kinase domain mutants of Bcr-Abl exhibit altered transforma-
tion potency, kinase activity, and substrate utilization, irrespec-
tive of sensitivity to imatinib. Mol Cell Biol. 2006;26(16):6082-93.
doi: 10.1128/MCB.02202-05. [PubMed: 16880519

Shah NP, Skaggs BJ, Branford S, Hughes TP, Nicoll JM, Paquette
RL, et al. Sequential ABL kinase inhibitor therapy selects for com-
pound drug-resistant BCR-ABL mutations with altered oncogen-
ic potency. J Clin Invest. 2007;117(9):2562-9. doi: 10.1172[JCI30890.
[PubMed: 17710227]

Cortes ], Jabbour E, Kantarjian H, Yin CC, Shan J, O'Brien S, et al.
Dynamics of BCR-ABL kinase domain mutations in chronic my-
eloid leukemia after sequential treatment with multiple tyro-
sine kinase inhibitors. Blood. 2007;110(12):4005-11. doi: 10.1182/
blood-2007-03-080838. [PubMed: 17785585]

Khorashad ]S, Milojkovic D, Mehta P, Anand M, Ghorashian
S, Reid AG, et al. In vivo kinetics of kinase domain mutations
in CML patients treated with dasatinib after failing imatinib.
Blood. 2008;111(4):2378-81. doi: 10.1182/blood-2007-06-096396.
[PubMed: 17982022]

Stagno F, Stella S, Berretta S, Massimino M, Antolino A, Giustolisi
R,etal.Sequential mutations causing resistance to both Imatinib
Mesylate and Dasatinib in a chronic myeloid leukaemia patient
progressing to lymphoid blast crisis. Leuk Res. 2008;32(4):673-4.
doi: 10.1016/j.leukres.2007.08.008. [PubMed: 17889935]

Soverini S, Gnani A, Colarossi S, Castagnetti F, Abruzzese E, Paolini
S, et al. Philadelphia-positive patients who already harbor ima-
tinib-resistant Bcr-Abl kinase domain mutations have a higher

www.ijcancerprevention.com

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

likelihood of developing additional mutations associated with
resistance to second- or third-line tyrosine kinase inhibitors.
Blood. 2009;114(10):2168-71. doi: 10.1182/blood-2009-01-197186.
[PubMed: 19589924]

Cortes ], O'Dwyer ME. Clonal evolution in chronic myelogenous
leukemia. Hematol Oncol Clin North Am. 2004;18(3):671-84. doi:
10.1016/j.hoc.2004.03.012. [PubMed: 15271399

Johansson B, Fioretos T, Mitelman F. Cytogenetic and molecular
genetic evolution of chronic myeloid leukemia. Acta Haematol.
2002;107(2):76-94. [PubMed: 11919388]

Gaiger A, Henn T, Horth E, Geissler K, Mitterbauer G, Maier-Do-
bersberger T, et al. Increase of ber-abl chimeric mRNA expres-
sion in tumor cells of patients with chronic myeloid leukemia
precedes disease progression. Blood. 1995;86(6):2371-8. [PubMed:
7662984]

Calabretta B, Perrotti D. The biology of CML blast crisis. Blood.
2004;103(11):4010-22. doi: 10.1182/blood-2003-12-4111. [PubMed:
14982876]

Mullighan CG, Miller CB, Radtke I, Phillips LA, Dalton ], Ma J, et
al. BCR-ABL1 lymphoblastic leukaemia is characterized by the
deletion of Ikaros. Nature. 2008;453(7191):110-4. doi: 10.1038/na-
ture06866. [PubMed: 18408710]

O'Dwyer ME, Mauro MJ, Blasdel C, Farnsworth M, Kurilik G, Hsieh
YC, et al. Clonal evolution and lack of cytogenetic response are
adverse prognostic factors for hematologic relapse of chronic
phase CML patients treated with imatinib mesylate. Blood.
2004;103(2):451-5. doi: 10.1182/blood-2003-02-0371. [PubMed:
14512312]

Cortes JE, Talpaz M, Giles F, O'Brien S, Rios MB, Shan ], et al.
Prognostic significance of cytogenetic clonal evolution in
patients with chronic myelogenous leukemia on imatinib
mesylate therapy. Blood. 2003;101(10):3794-800. doi: 10.1182/
blood-2002-09-2790. [PubMed: 12560227]

Huntly BJ, Shigematsu H, Deguchi K, Lee BH, Mizuno S, Duclos
N, et al. MOZ-TIF2, but not BCR-ABL, confers properties of leuke-
mic stem cells to committed murine hematopoietic progeni-
tors. Cancer Cell. 2004;6(6):587-96. doi: 10.1016/j.ccr.2004.10.015.
[PubMed: 15607963]

Jiang X, Zhao Y, Smith C, Gasparetto M, Turhan A, Eaves A, et al.
Chronic myeloid leukemia stem cells possess multiple unique
features of resistance to BCR-ABL targeted therapies. Leukemia.
2007. doi:10.1038/sj.leu.2404609.

Konig H, Copland M, Chu S, Jove R, Holyoake TL, Bhatia R. Effects
of dasatinib on SRC kinase activity and downstream intracellular
signaling in primitive chronic myelogenous leukemia hemato-
poietic cells. Cancer Res. 2008;68(23):9624-33. doi: 10.1158/0008-
5472.CAN-08-1131. [PubMed: 19047139 ]

Jorgensen HG, Allan EK, Jordanides NE, Mountford ]C, Holyoake
TL. Nilotinib exerts equipotent antiproliferative effects to ima-
tinib and does not induce apoptosis in CD34+ CML cells. Blood.
2007;109(9):4016-9. doi: 10.1182/blood-2006-11-057521. [PubMed:
17213283]

Iran ] Cancer Prev. 2016; 9(1):e3961



