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ABSTRACT  
 
Although imatinib (IM) has revolutionalised CML management, 30 to 40% patients fail IM therapy. Many 
of these patients can be rescued with second generation tyrosine kinase inhibitors (TKI), dasatinib, 
nilotinib and bosutinib. This research elucidates the dasatinib cellular transport pathways and its role in 
mediating dasatinib resistance. It also assesses dynamics of Bcr-Abl kinase inhibition and apoptosis in 
CML lines and CML-CD34+ progenitors. Lastly it addresses the role of cytokines in mediating TKI 
resistance and possible combination therapy to circumvent cytokine mediated TKI resistance. 
 
The organic cation transporter (OCT-1) mediates IM influx and low OCT-1 activity is a major contributor 
to suboptimal response in CML patients treated with IM. In the current study the relevance of OCT-1 
activity and efflux pumps in determining intracellular concentration (IUR) of dasatinib were assessed. In 
contrast to IM, dasatinib cellular uptake is not significantly affected by OCT-1 activity, so that expression 
and function of OCT-1 is unlikely to affect response to dasatinib. Dasatinib is a substrate of efflux 
proteins, ABCB1 and ABCG2. Overexpression of these proteins can mediate dasatinib resistance. 
There is increasing evidence that nilotinib is an ABCB1 inhibitor. These different interactions of 
dasatinib and nilotinib with ABCB1 were exploited for combination therapy. Nilotinib increased 14C-
Dasatinib IUR and had synergistic effect in inducing cell death in ABCB1 overexpressing cells. These 
data suggest that combinations of these two TKI can overcome ABCB1 mediated dasatinib resistance 
and may allow the use of lower concentrations of each drug. 
 
In contrast to IM, dasatinib cellular influx is predominantly passive and maximum intracellular 
concentration is achieved within a few minutes. This was further confirmed by the observation of 
maximum Bcr-Abl kinase inhibition within 30 minutes of culture with dasatinib. Despite reactivation of 
Bcr-Abl kinase within 30 minutes of drug washout, short-term (30 minutes) intense (>90%) Bcr-Abl 
kinase inhibition with dasatinib triggers apoptosis in CML cell lines. This is in contrast to the previously 
established paradigm that continuous kinase inhibition is required for optimal response to IM. These 
results were further supported by a recently published dasatinib dose optimisation study. Further work in 
this thesis demonstrated that although Bcr-Abl kinase reactivates within 30 minutes of drug washout, 
the prosurvival proteins Erk, AKT and STAT5 dephosphorylated rapidly while the apoptotic proteins 
remained phosphorylated. This differential degradation of prosurvival and apoptotic proteins might be 
responsible for a state of “oncogenic-shock”, as described by Sharma et al. 
 
Subsequent studies demonstrated that in the absence of cytokines, short-term intense Bcr-Abl kinase 
inhibition with therapeutically achievable concentration of dasatinib (100 nM dasatinib) eliminated 70 to 



 ix

80% of CML-CD34+ progenitors. However, in the presence of cytokines despite >90% Bcr-Abl kinase 
inhibition it did not trigger cell death in CML progenitors. These results suggest that intense Bcr-Abl 
kinase inhibition alone may not be adequate to trigger cell death in CML progenitors. Further studies 
demonstrated that cytokines mediate TKI resistance by activating JAK2-STAT5 pathway and that the 
combination of JAK2 inhibitor and TKI can circumvent cytokine mediated TKI resistance.  
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1 Chapter 1 

1.1 Introduction 

1.1.1 History of CML 

Chronic myeloid leukaemia (CML) is a clonal expansion of primitive haematopoietic stem cells 

transformed by the BCR-ABL1 translocation. It involves myeloid, monocytic, erythroid, megakaryocytic, 

B lymphoid and occasionally T-lymphoid lineages. In 1845, John Bennett [1] and Rudolf Virchow [2] 

almost simultaneously described a condition which is now called CML. Almost 100 years after the first 

description of the condition, in 1960 Peter Nowell and David Hungerford described the presence of an 

abnormally small acrocentric chromosome in two male patients with chronic granulocytic leukaemia and 

speculated that this abnormal chromosome is causally associated with CML [3]. This was the first 

consistent cytogenetic abnormality in human cancer and this abnormal chromosome was named as 

Philadelphia chromosome. Another important milestone in CML history was established in 1973, when 

Janet Rowley observed that the Ph chromosome resulted from a reciprocal translocation between 

chromosomes 9 and 22, this abnormality is now designated t(9;22)(q34;q11) [4]. After these major 

breakthroughs subsequent understanding of molecular biology and improvement in therapy occurred 

rapidly. The human homolog of Abelson murine leukaemia virus gene was mapped to chromosome 9 

[5-9] and the break point cluster region (Bcr) was mapped on chromosome 22 [4, 10, 11]. In the early 

1980s, the BCR-ABL1 fusion gene that expressed a p210 oncoprotein was identified [6, 12-16]. 

Subsequently the transforming ability of this BCR-ABL1 fusion gene was demonstrated [17-19]. Daley 

and colleague [20] induced CML-like disease in mice, following a retroviral infection of haematopoietic 

stem cells with p210BCR-ABL. These findings were further confirmed by others [19, 21, 22] and the notion 

of the BCR-ABL1 oncogene as the sole event capable of inducing leukaemia was generally accepted.  
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1.2 Clinical features 

The incidence of CML is 1 to 2 cases per 100,000 per year; it accounts for 15% of adult and <5% of all 

childhood leukaemia. The median age of patients at presentation is 45 to 55 years. There are no known 

obvious predisposing factors apart from exposure to high dose irradiation, as occurred in survivors of 

Hiroshima and Nagasaki in Japan following atomic bomb explosion in 1945 [23]. Most cases (85%) of 

CML are diagnosed in the chronic phase with about 50% of cases being diagnosed by routine blood 

tests. Common findings at presentation are fatigue (33 to 60%), weight loss (20 to 30%), abdominal 

fullness (18 to 20%), fever and sweats (15 to 25%), bleeding (20 to 25%), bone pain (<10%), 

splenomegaly (75%), leukocytosis (95 to 100%), anaemia (60%) and thrombocytosis (50 to 60%). 

Peripheral blood leukocytosis is due to increased in myeloid series cells at different stages of 

maturation, with peaks in the myelocytes and neutrophils. Basophilia is almost always present and 

some patients have eosinophilia. Bone marrow is hypercellular with predominantly myeloid hyperplasia; 

blasts are generally <5%. Erythropoiesis is relatively suppressed; megakaryocytes are increased in 

numbers, are smaller and have hypolobated nuclei. Bone marrow trephine is also hypercellular with 

predominantly myeloid hyperplasia. In some cases the paratrabecular cuff of immature cells is 5-10 cells 

thick, in contrast to 2-3 cells in normal BM. Reticulin is increased in up to 40% of patients and 

sometimes it is marked. An increase in reticulin fibres in BM is generally associated with large spleen, 

increased megakaryocytes and more severe degree of anaemia.  

 

The diagnosis of CML is confirmed in 95% of cases by demonstrating the Ph chromosome on 

conventional marrow cytogenetics. The remainder are diagnosed by the presence of BCR-ABL1 gene 

by FISH or by polymerase chain reaction. The messenger RNA (mRNA) molecules transcribed from 

BCR-ABL1 hybrid gene usually contain one of the two transcripts e13a2 (formerly b2a2), e14a2 (or 

b3a2). Sometimes the transcripts could be e1a2 or e19a2. The e13a2 and e14a2 translate into p210 

chimeric protein, e1a2 translate into p190 chimeric protein and e19a2 translate into p230 chimeric 

protein. It is always useful to perform real time quantitative PCR (RQ-PCR) for BCR-ABL1 at diagnosis 

to demonstrate that patient has measureable transcripts which can be used for follow up. 
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1.3 Disease course and prognosis 

Although CML is characterised by a unique translocation, the prognosis amongst CML-CP patients 

differs significantly. The Sokal and Hasford scores are prognostic measures which help in predicting 

response in CML patients. Sokal score is based on the patient’s age, spleen size, blast cell count and 

platelet count at diagnosis [24]. The mathematical equation used to derive the score is =Expo 0.0116 

(age-43.4) + 0.0445 (spleen -7.51) +0.188[(Platelet/700)2-0.563+ 0.0887(blasts-2.10).  

 

According to the Sokal score, patients were divided into low risk group (<0.8), intermediate risk group 

(0.8 to 1.2) and high risk group (>1.2). At diagnosis, 39%, 38% and 28% patients were classified as low, 

intermediate and high Sokal risk groups and their median survival in pre-IM era was 5, 3.7 and 2.5 years 

respectively [24]. The Hasford score is based on age of patient, spleen size, platelet counts, blast cells, 

basophil and eosinophil numbers. Hasford score divide patients into three categories low risk (score 

<780), intermediate (781-1480) and high risk (>1480) [25] 

 

Most of the CML patients are diagnosed in CP and if left untreated would remain in CP for 3 to 6 years. 

About half of the CP patients transform directly into the blast crisis (BC) and the remainder do so 

following a period of accelerated phase (AP). World Health Organization (WHO), International Bone 

Marrow Transplant Registry (IBMTR) [26, 27] and MD Anderson Cancer Center (MDACC) criteria for 

diagnosing AP differ and are summarized in Table 1. Clonal evolution (CE), defined as the appearance 

of additional chromosomal abnormality in the leukaemic clone, is one of the criteria to define AP. CE 

occurs in 20 to 40% of AP patients [27-30] and common chromosomal abnormalities include trisomy 8 

(30 to 40%), isochromosome 17i (17q, 15-20%), additional Philadelphia chromosome (20-30%) [27]. 

Patients who were diagnosed as AP on the basis of CE have much better outcome compared to 

patients who have other criteria of AP [30]. 

 

BC is characterized by the presence of >30% blasts in the peripheral blood or bone marrow or by the 

presence of extramedullary disease [31]. However WHO diagnostic criteria for BC are different and are 



 
 
Table 1: Comparison of WHO, IBMTR and MDACC diagnostic criteria for accelerated phase. 

 
Criteria 

 
WHO€ 

 
IBMTR¥ 

 
MDACC∞ 
 

BM or PB blasts (%) 10 to 19% ≥10% 15  to 29% 

Blasts + promyelocytes (%) NA >20% >30% 

PB or BM Basophils (%) ≥20% ≥20% ≥20% 

Platelets (x109/L) Persistent platelets <100 
x 109/L unrelated to 
therapy or  ≥1000x109/L 
unresponsive to therapy 
 

Persistent platelets <100 
x 109/L unrelated to 
therapy or  ≥1000x109/L 
unresponsive to therapy 
 

Persistent platelets 
<100 x 109/L 
unrelated to therapy  

Cytogenetic 
 

Clonal evolution 
occurring after the initial 
diagnostic karyotype  

Clonal evolution 
occurring after the initial 
diagnostic karyotype 

Clonal evolution 
occurring after the 
initial diagnostic 
karyotype 

WBC Increasing WBC 
unresponsive  to therapy 
 

WBC difficult to control 
or doubling <5 days 

NA 

Splenomegaly Increasing spleen size Increasing spleen size NA 

 
According to WHO: Megakaryocytic proliferation that occurs in sizeable sheets and clusters, associated 
with marked reticulin or collagen fibrosis, and or severe granulocytic dysplasia, should be considered as 
suggestive of CML-AP only in association with other findings 
€WHO: World health Organisation 
¥IBMTR: International Bone marrow Transplant Registry 
∞MDACC: M.D. Anderson Cancer Center 
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summarised in Table 2. The overall prognosis for BC patients is poor, with median survival of 3 to 12 

months. With effective front line therapy for CP, fewer patients will progress to AP or BC. Approximately 

50% of BC patients have myeloid phenotype (MBC), 25% have lymphoid phenotype (LBC) and 25% 

have an undifferentiated phenotype [32]. Patients who have LBC tend to be younger than patients with 

MBC. The median survival of LBC patients is 12 months, which is somewhat longer than MBC (3 to 6 

months) patients [33, 34]. Other features that are associated with adverse prognosis include CE, bone 

marrow blast >50%, and platelet count <50x109/L [34]. Nearly two-thirds of patients in BC have CE and 

common chromosomal abnormalities include trisomy 8 (33%), isochromosome 17i(17q, 20%), trisomy 

19 (12%) additional Philadelphia chromosome (30%), trisomy 21(7%), and monosomy 7 (5%) [35]. The 

mechanism of transformation to BC is not entirely understood. Differentiation arrest, genomic instability, 

telomere shortening and loss of tumour-suppressor functions are involved in transformation.  

1.4 Molecular biology of CML 

The ABL gene is located on chromosome 9q34 and contains 11 exons which translate into a 145-kd 

nonreceptor tyrosine kinase (Fig.1) [6, 9, 36-39]. Abl protein is ubiquitously expressed in haematopoietic 

cells and decreases with myeloid maturation [40]. The BCR gene is located on the long arm of 

chromosome 22 (22q11) which spans 130 kb and contains 23 exons, it encodes a p160 kd and p130 kd 

protein (Fig.1) [6, 10, 41-44]. The BCR gene is ubiquitously expressed in the brain and haematopoietic 

cells [40, 45, 46]. Bcr protein is expressed primarily in the early stages of myeloid differentiation, and 

levels are reduced significantly as cells mature to polymorphonuclear leukocytes [40].  

 

The breakpoint in ABL gene occurs within an intronic sequence, most frequently between exon 1a and 

1b but it can be upstream of exon Ia or downstream of exon Ib [5, 10, 37, 47, 48]. Hence BCR-ABL1 

fusion gene may contain both exons 1b and 1a or exon 1a alone or neither (Fig 1). Regardless, BCR-

ABL1 mRNA lacks ABL exon 1 and the BCR exon fuses to ABL exon a2. The breakpoint in the BCR 

gene occurs in one of the three defined regions [10]. In 95% of CML cases and one third of Ph+ ALL 

cases it occurs in the major break point cluster region [10, 42]. Within this region there are five exons 

initially named as b1 to b5, but now referred to as e12 to e16. Most breakpoints occur within introns 



 

 
Table 2: Comparison of diagnostic criteria for blast crisis 
 

 
CML-Blast crisis (one or more of the following) 
 

 

WHO€ criteria 

 

MDACC∞ and IBMTR¥ criteria 

• Bone marrow and/or PB# Blast ≥20% 

• Extramedullary blast proliferation or 

• Large foci or clusters of blast in the bone marrow 

biopsy 

• Bone marrow and/or PB# Blast ≥30% 

• Extramedullary infiltrates of leukemic cells 

outside liver or spleen 

 
# PB: peripheral blood 
€WHO: World health Organisation 
¥IBMTR: International Bone marrow Transplant Registry 
∞MDACC: M.D. Anderson Cancer Center 
 



Fig.1: Schematic representation of BCR, ABL and BCR-ABL1 genes and the 
proteins they encodes. Number refers to exon. In the BCR gene, exons 1’ and 2’ are 
alternative exons combined with the first intron. The ABL gene has two alternative first 
exon denoted 1b and 1a. A series of different protein products are described based on 
the fusion transcripts that have been identified. The predicted proteins are illustrated in 
the right hand column (Laurent E et al; Cancer Research 61, 2343–2355, March 15, 
2001)

a1172507
Text Box
                         NOTE:     This figure is included in the print copy of the thesis held in the University of Adelaide Library.
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immediately downstream of exon 13 or exon 14 [42]. Hence hybrid transcripts produced have either 

e13a2 or an e14a2 junction. In both cases the mRNA consists of 8.5 kb sequence and translates into 

p210 Bcr-Abl. In rare cases of CML and two thirds of Ph+ ALL cases the break point occurs upstream of 

the major breakpoint cluster region known as minor breakpoint cluster region [49-55]. The hybrid 7.0 kb 

mRNA generated from this breakpoint has an e1a2 junction, which translates into the p190 Bcr-Abl 

oncoprotein [51-53, 56, 57]. The third defined breakpoint cluster region within BCR gene was named as 

the “micro” breakpoint cluster region. The breaks occur between exons e19 and e20 and chimeric 

mRNA have e19a2 BCR-ABL1 transcripts which encodes a p230 Bcr-Abl oncoprotein [58-64]. Several 

other rare BCR-ABL1 fusion transcripts with different junctions are described. The BCR breakpoint may 

occur outside the recognised breakpoint cluster region or in an exon. Similarly ABL breakpoints may 

occur downstream of exon a2 [65-67]. Occasionally there may be insertion of sequence between BCR 

and ABL [68, 69]. The fusion of BCR and ABL1 on the Ph+ chromosome occurs in a head-to-tail 

manner, with the 3’end of ABL1 joined to the 5’ end of BCR. This configuration places the fusion gene 

under the control of the BCR promoter [42].  

 

Normal Abl kinase activity is well regulated and controlled (Fig.2). However in the Bcr-Abl oncoprotein 

the “cap” region of Abl is replaced by Bcr sequence which constitutively activates the tyrosine kinase, 

actin-binding and transforming functions of Abl. The tyrosine kinase encoded by the SRC-homology 1 

(SH1) domain of the Abl component of Bcr-Abl is undoubtedly the critical domain for oncogenic 

transformation [14, 15, 70]. Other important motifs in the Abl portion are the protein-interaction SRC-

homology 2 (SH2) and the C-terminal actin-binding domains. Similarly multiple motifs on Bcr are 

essential for transforming activity of Bcr-Abl (Fig.2). A tyrosine at position 177 of Bcr is crucial for the 

binding of adaptor proteins such as GRB2 and phosphorylation of Tyr177 is essential for Bcr-Abl 

mediated leukemogenesis [71-77]. 

 

Bcr-Abl activates numerous downstream signaling pathways which results in increased cellular 

proliferation, reduced apoptosis and decreased cellular adherence to bone marrow stroma.  



Fig. 2 Physiologic regulation by the normal Abl protein and deregulation by Bcr- 
Abl of key cellular processes such as proliferation, adherence and apoptosis: 
The tyrosine kinase activity of normal Abl protein, encoded by SRC-homology domain 1 
(SH1), is kept under tight control, probably by the intramolecular binding of an N- 
terminal cap region encompassed by the first exon (1b or 1a) and the first part of exon 
a2. In the Bcr-Abl fusion protein, lack of Abl cap region and a dimerization domain 
encoded by the first exon of BCR are responsible for constitutive activation of the Abl 
SH1 domain, resulting in uncontrolled signal transduction and an abnormal cellular 
phenotype (Goldman et al; N Engl J Med 2003;349:1451-64)

a1172507
Text Box
                        NOTE:     This figure is included in the print copy of the thesis held in the University of Adelaide Library.
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1.5 Signalling pathway downstream of Bcr-Abl kinase 

1.5.1 RAS-MAP kinase pathway 

The importance of Ras pathways in Bcr-Abl oncogenesis is strengthened by experiments in the 1980’s 

demonstrating that Ras activation is necessary for transformation by both p210 Bcr-Abl and p190 Bcr-Abl 

(Fig.3) [78, 79]. Phosphorylation of Tyr177 residue of Bcr-Abl is essential for activation of Ras pathway 

and inducing a CML/MPD phenotype [73, 77]. Autophosphorylation of the Tyr177 residue of Bcr-Abl 

provides a high affinity docking site for the SH2 domain of growth-factor-receptor-bound 2 (GRB2) [75]. 

The SH3 domain of GRB2 binds to Son of Sevenless (SOS), a guanine-nucleotide exchanger of RAS. 

SOS converts inactive GDP RAS to active GTP bound RAS [80]. RAS is also activated by two other 

substrates of Bcr-Abl, Shc and Crkl [81, 82]. Activated RAS binds to the serine threonine kinase Raf-1, 

recruiting it to the plasma membrane where it is activated by tyrosine phosphorylation [83]. Thus Bcr-Abl 

activates the Ras-Raf-Mek-Erk signaling pathway (Fig.2) [84]. Bcr-Abl also activates different types of 

mitogen–activated protein kinases, including extracellular signal-related kinases (ERK1/2) and JNK or 

stress activated protein kinase [84, 85]. Ultimately these pathways regulate gene transcription.  

 

1.5.2 Phosphatidylinositol 3 kinase (PI-3K) pathway 

The PI-3K pathway plays an important role in cell survival, proliferation, differentiation, metabolism and 

motility in a variety of cell types. It has been known for a long time that phosphoinositide kinase (PI3K) 

is activated in BCR-ABL1+ cells (Fig.3) and is necessary for the leukemogenic potential of BCR-ABL1 

[86-90]. The exact mechanism of Bcr-Abl induced PI3K activation is debatable. Grb2 adaptor protein 

binds through its SH2 domain to the phosphorylated Y177 residue of Bcr-Abl [75, 91]. Grb2 in turn 

creates scaffold for Gab2 to bind via its SH3 domain [91]. Bcr-Abl kinase phosphorylates Gab2 on 

tyrosine within its YXXM motifs, which then act as docking sites for the SH2 domain of the Class IA PI3K 

regulatory subunit [91].  

 

Activated class IA PI3K converts phosphatidylinositol-4, 5-biphosphate to phosphatidylinositol-3, 4, 5,-

triphosphate (PIP3), an important second messenger [84, 85]. PIP3 and other PI3K lipid products on the 



Fig.3 Signal transduction pathways affected by BCR-ABL1: The cellular effects of 
Bcr-Abl are exerted through interactions with various proteins that transduce the 
oncogenic signals responsible for the activation or repression of gene transcription, of 
mitochondrial processing of apoptotic response and degradation of inhibitory proteins. 
The keys pathways implicated are RAS, mitogen-activated protein kinases (MAPK), 
signal transducers and activators of transcription (STAT), phosphatidylinositol 3-kinase 
(PI3K), and MYC. Most of the interactions are mediated through tyrosine 
phosphorylation and require the binding of Bcr-Abl to adaptor proteins such as growth 
factor receptor-bound protein 2 (GRB-2), DOK, CRK, CRK-like (CRKL), Src homology- 
containing proteins (SHC) and casitas-B lineage lymphoma protein (CBL) (Goldman et 
al; N Engl J Med 2003;349:1451-64).

a1172507
Text Box
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inner leaflet of the membrane create docking site for kinases/proteins that contain pleckstrin homology 

domain such as phosphoinositide-dependent kinase-1 (PDK-1) and Akt (protein kinase B) [92]. 

Activated Akt has many downstream substrates that regulate cell cycle, growth, metabolism and survival 

[93-95]. Downstream substrates of Akt include transcription factors forkhead family, pro-apoptotic 

proteins BAD, Glycogen synthase kinase 3h (GSK3h), p53 modulator Mdm2 and mammalian target of 

rapamycin (mTOR). The importance of Akt is strengthened by expression of dominant-negative (kinase-

inactive) Akt which greatly diminishes Bcr-Abl dependent myeloid colony formation and leukemogenesis 

[89, 96]. 

 

1.6 Role of JAK- STAT pathway in CML pathogenesis  

JANUS KINASES (JAKs) are a family (JAK1, JAK2, JAK3, Tyk2) of non receptor tyrosine kinases which 

are constitutively associated with cytokine receptors including IL-2, IL-3, IL-4, IL-5, IL-6, GM-CSF, G-

CSF, erythropoietin and thrombopoietin [97-102]. On ligand binding, JAKs are activated and 

subsequently phosphorylate a number of substrates including cytokine receptors. The phosphorylated 

receptors provide docking sites for the SH-2 domain containing STAT transcription factor family (signal 

transducers and activators of transcription) [103]. Subsequently, STATs are phosphorylated on a single 

tyrosine residue by the JAKs, after which the STATs dimerize, migrate into the nucleus, and regulate 

gene transcription. There are at least nine different STATs (STAT1a, STAT1b, STAT2, STAT3, STAT3b, 

STAT4, STAT5A, STAT5B, and STAT6) all with different DNA binding and transactivation properties 

which allow cellular specificity in this signaling pathway (reviewed by Horvath) [104].  

 

Deregulation of the JAK-STAT pathway in CML has been described previously; p-STAT5 is 

constitutively phosphorylated in BCR-ABL1+ cell lines [105-109] and primary cells [109]. Although 

STAT5 has pleiotropic functions and regulates cell differentiation, proliferation and apoptosis, [110] in 

BCR-ABL1+ cells it has mainly anti-apoptotic functions mediated by activation of Bcl-XL [111, 112]. Even 

though there is strong agreement between studies regarding the constitutive phosphorylation status of 

STAT5 in CML cells (Fig.3), the exact mechanism of STAT5 phosphorylation by Bcr-Abl is unclear. Bcr-
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Abl activates STAT5 through the Src homogly 2 (SH2) and SH3 domains [113]. Deletion of both the 

SH3 and the SH2 domains completely abolished the ability to activate STAT5 [113]. However studies 

failed to demonstrate the direct interaction of Bcr-Abl and STAT5 [105, 113]. Another possibility is that 

Bcr-Abl activates JAK2 [105, 109, 114-118] which in turn phosphorylates STAT5. Researchers from MD 

Anderson Institute reported direct interaction between Bcr-Abl and JAK2 [114, 115, 118, 119]. They 

reported that JAK2 binds to the C terminal end of Bcr-Abl [119]. While for this interaction active Bcr-Abl 

kinase is not required, for optimal phosphorylation of JAK2, the Bcr-Abl SH2 domain was required [119]. 

However, other studies failed to demonstrate tyrosyl phosphorylation of JAK1 and JAK2 by Bcr-Abl and 

could not demonstrate direct interaction between Bcr-Abl and JAK2 [105, 106, 109, 113]. Moreover, a 

dominant negative mutant of JAK2 did not block STAT5 phosphorylation in BCR-ABL1+ cells [105]. 

Another possible mechanism of STAT5 activation in CML cells is by autocrine secretion of IL-3, however 

it seems to be less likely.  

 

Although STAT5 is constitutively activated in BCR-ABL1+ cells, its role in CML pathogenesis is 

controversial. Retroviral transduction of BCR-ABL1 into STAT5A and STAT5B deficient (STAT5A/B-/-) 

mouse BM cells were still capable of generating fatal leukaemia, suggesting that STAT5 is not essential 

for pathogenesis of BCR-ABL1 induced leukaemia [120]. However other studies demonstrated that 

STAT5 is essential to maintain CML-like disease in a murine model [121-123]. In 32D cells, expression 

of a BCR-ABL1 mutant defective in STAT5 activation reduced leukemogenesis in immunodeficient mice. 

Similarly co-expression of dominant-negative STAT5 with wild-type p210-Bcr-Abl also inhibited 

leukemogenesis, colony forming capacity of K562 cells [124] and reduced p210-Bcr-Abl dependent 

transformation of primary murine bone marrow (BM) cells [123]. siRNA against STAT5 reduced STAT5 

expression and colony forming capacity of CML-CD34+ cells but not normal CD34+ cells [125]. More 

recently, when p210-transduced STAT5-/- bone marrow cells were transplanted in STAT5+/+ mice only 

21% of mice developed CML like disease. In contrast to 80-100% p210 Bcr-Abl-STAT5+/+ and p210 Bcr-

Abl-STAT5+/- reconstituted mice developed CML like disease [121]. The remainder of the P210/STAT5-/- 

reconstituted mice developed ALL (32%) or ALL/CML mix (47%). Similarly, transplantation of mice with 
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BM cells coexpressing p210 and dominant negative p-STAT5 reduced the incidence of CML without 

affecting the incidence of ALL [121]. These studies indicate that STAT5 plays an important role in the 

pathogenesis of the CML-like disease in mice, however for induction of ALL it may not be essential. 

1.7 Haematopoietic cytokines and their role in CML pathogenesis  

1.7.1 Haematopoietic cytokines 

Cytokines are family of polypeptides which control haematopoietic cell differentiation and proliferation. 

Interleukins (ILs), interferons (IFNs) and colony stimulating factors (GM-CSF, G-CSF, SCF, 

erythropoietin and thrombopoietin) belong to the cytokine family. Most of the cytokines function through 

their ligation to the members of the cytokine receptor superfamily. Haematopoietic cytokine receptors 

are transmembrane glycoproteins, composed of an extracellular ligand-binding domain as well as 

transmembrane and intracellular domains. Cytokine receptors are classified into two major groups, type 

I and type II. Type I cytokine receptors are characterised by the presence of four conserved cysteine 

residues and a tryptophan-serine-x-serine-tryptophan motif, while type II receptors lack these 

tryptophan-serine-x-serine-tryptophan motif. Type I cytokine receptors are further classified as 

homodimers [dimers of single receptor chain, such as receptors (R) of G-CSF, EPO, TPO (c-MPL)] and 

heterodimers (two different chains). The heterodimeric receptors have a common signalling unit and a 

unique ligand-binding chain. The heterodimeric receptors can be grouped into those receptors that 

share common beta chain (GM-CSFRα, IL-3Rα, IL-5Rα), those that share the gp130 receptor (IL-6Rα, 

IL-11Rα etc.), and those that share common γ-chain (IL-2Rα, IL-2Rβ, IL-4Rα, IL-7Rα, IL-9Rα, IL-13Rα, 

etc) [126](reviewed by Robb et al). 

 

In normal cells in the absence of ligand, these cytokine receptors are un-phosphorylated, monomeric 

and the conformation of their kinase is inactive. This could be to due to an inhibitory effect of the 

juxtamembrane domain. On binding of ligand, these cytokine receptors undergo oligomerization and 

disruption of autoinhibitory juxtamembrane interaction. This leads to intermolecular autophosphorylation, 

generation of binding sites for downstream signalling moieties, recruitment of signalling proteins to the 
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membranes and activation of downstream signalling pathways. These signalling proteins link to various 

downstream signalling pathways such as the JAK/STAT, Ras/raf/Mek/MAPK, or PI3/AKT/mTOR 

pathways. IL-3 and GM-CSF activate STAT5, STAT1 and STAT6 predominantly through activation of 

JAK2. SCF also activates the JAK2-STAT5 and JAK2-STAT1 pathways. G-CSF activates STAT1, 

STAT3 and STAT5 through JAK1 or JAK2; and TPO signal through Tyk-JAK2-STAT5/1/3. 

1.7.2 Role of cytokines in CML pathogenesis 

The role of cytokines in CML pathogenesis has been studied extensively; however its role in leukaemic 

pathogenesis and TKI resistance remains elusive. The introduction of a retrovirus vector expressing 

p210-Bcr-Abl into factor-dependent cell lines [127, 128], mouse bone marrow [129, 130] and normal 

human cord blood CD34+ cells [131] efficiently rendered them factor independent. Acquisition of their 

growth factor independence could be due to autocrine production of IL-3 [21, 127-131], GM-CSF [21, 

127, 129-131] and G-CSF [129, 130], and activation of the JAK/STAT pathway. Transplantation of BCR-

ABL1 transfected cells produce CML-like disease in mice and leukaemic cells express high levels of IL-

3 and GM-CSF in the diseased mice [21]. These studies demonstrate that transfection of BCR-ABL1 

leads to autocrine secretion of IL-3, GM-CSF and G-CSF. Whether these cytokines are critical in the 

pathogenesis of CML is debatable. Using mice with homozygous inactivation of IL-3, GM-CSF or both, 

Van Etten and colleagues demonstrated that neither IL-3 nor GM-CSF was required for induction of 

CML like disease [132]. However, studies from Connie Eaves laboratory demonstrated that transfection 

of BCR-ABL1 in IL3-/- mice bone marrow cells lack leukemogenic potential in vivo. Although these 

transfected cells demonstrated factor independence in vitro, it is short lived and for maintenance beyond 

4-6 weeks rescue with IL-3 transgene was required [130]. Together these studies suggest that cytokines 

influence the oncogenic potential of BCR-ABL1. The role of IL-3 and G-CSF in CML was further 

substantiated by demonstrating that purified populations of primitive CD34+ cells from CML patients can 

survive and proliferate in vitro even in the absence of exogenous growth factor, whereas analogous 

normal cells die rapidly under same conditions [133-135]. This could be due to significantly higher IL-3 

and G-CSF transcript levels in CML-CD34+ compared to normal CD34+ cells [136]. This selective 

autocrine production of IL-3 may lead to phosphorylation of STAT5 in CML-CD34+ leukaemic cells [137]. 
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When CML-CD34+ progenitors differentiate into CD34- cells in vivo, IL-3 and G-CSF production declines 

and the cells concomitantly lose their capacity for autonomous growth in vitro despite their continued 

expression of BCR-ABL1 [137].  

 

1.8 Treatment 

1.8.1 Cytotoxic chemotherapeutic agents 

Heinrich Lissauer (1865) and Arthur Conan Doyle (1882) described the use of arsenic in patients with 

leukaemia. However, arsenic use was largely replaced by the use of radiotherapy to provide 

symptomatic relief from splenomegaly [138, 139]. In early 1950, Osgood and colleagues treated CML 

patients with radioactive phosphorus [140]. Subsequently in 1953, David Galton used the alkylating 

agent busulfan (1, 4-dimethane-sulfonyl-oxybutane) [141]. Subsequently prospective comparison of 

busulfan and radiation demonstrated the substantial benefit with busulfan and became the preferred 

treatment for all patients with CML [142]. However busulfan treatment was associated with severe 

toxicities such as prolonged myelosupression. In early 1960, hydroxyurea, a ribonucleotide reductase 

inhibitor was introduced and gradually it became the treatment of choice [143]. It controlled WBC count 

rapidly in most of the patients without influencing the disease biology significantly. Randomised studies 

confirmed the superiority of hydroxyurea over buslufan [144-146], but none of the drugs reduced the 

proportion of Philadelphia chromosomes in bone marrow nor improved overall survival significantly. 

1.8.2 Interferon-alfa 

Interferon therapy was the next major development in CML management. Talpaz and colleagues 

treated CML patients with interferon-alpha (IFN) [147-149]. A subsequent prospective randomised study 

comparing IFN with hydroxyurea and busulfan demonstrated the superiority of the IFN with 1-2 year 

improvement in survival [146]. A metaanalysis of randomised studies demonstrated the 5 year survival 

of 57% in IFN treated patients compared to 42% in the cytotoxic treated group (p<0.0001) [150]. 

According to one study, combination of interferon plus cytarabine was more effective than interferon 

alone (41% vs. 24% major cytogenetic response) [151]. Until the advent of imatinib mesylate (IM, 
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Glivec®, ST 571, Novartis Pharmaceutical, Basel, Switzerland), interferon plus cytarabine was the 

treatment of choice for patients not undergoing stem cell transplantation. IFN induced complete 

haematological responses (CHR) in 50-80% of previously untreated CML-CP patients. Major 

cytogenetic response (MCR, ≤35% of Ph+ cells) and CCR were achieved in 10-40% and 5-30% of CML-

CP patients [150]. The combination of cytarabine and IFN-α demonstrated higher efficacy, CCR was 

achieved in 35% of CML-CP patients and 5 year OS was 68 to 70% [151, 152]. The patients who 

achieved CCR with IFN-α treatment had a 78% probability of survival at 10 years, compared with 39% 

and 25% in patients achieving partial cytogenetic response (PCyR) and minor or no response 

respectively [153]. Approximately 30% of patients with CCR had undetectable BCR-ABL1 transcript by 

polymerase chain reaction (complete molecular response) and none of them relapsed after 10 years 

[153].  

 

However IFN-α had limited activity in accelerated phase and blast crisis. IFN-alpha treatment was 

associated with multiple adverse effects including flu-like symptoms, fever, chills, myalgias, fatigue, 

depression, neuropathy, diarrhoea, memory loss, immune mediated complications, and 

myelosupression. 

1.8.3 Stem cell transplantation 

Allogeneic SCT from human leukocyte antigen (HLA)-matched donors is potentially curative treatment 

for CML and prior to IM it was the 1st line treatment for eligible patients with available donors. However 

since the advent of IM, the rate of SCT has diminished significantly [154, 155]. Important limitation of 

SCT is availability of a suitable donor and patient age. Only 15–20% of CML patients have a matched 

sibling donor and meet the criteria for SCT. With the availability of matched unrelated donors (MUD), 

>30% of CML patients have suitable donors. Other limitations of allogeneic stem cell transplantation are 

the risk of graft versus host disease (GVHD), infection and transplant related mortality (TRM) of 30 to 

40% depending upon risk factors. The 5-year survival of CML-CP1 patients following SCT ranges from 

45 to 80%, depending on patient’s age and other risk factors. The European bone marrow transplant 

(EBMT) risk score (Gratwohl score) is commonly used to predict the TRM. It is based on the five 
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independent prognostic variables including age, interval from diagnosis to SCT, disease phase, donor-

recipient sex match and donor type [156]. Following allogeneic SCT, 5 year overall survival (OS) of 

patients with 0-1, 2, 3, 4, 5-7 total risk score is 69-72%, 62-63%, 44-48%, 26-40%, and 11-22% 

respectively [156].  

 

1.9 Tyrosine kinase inhibitors 

Following the establishment of the central role of BCR-ABL1 in CML in 1990, efforts were made to 

develop a small molecule that could inhibit the deregulated tyrosine kinase activity of the Bcr-Abl 

oncoprotein.  

1.9.1 Preclinical studies of IM 

Zimmerman and colleagues reported a novel class of selective protein kinase C inhibitors, phenylamino-

pyrimidines [157]. Subsequent studies by their group led to development of CGP57148 (STI571, 

imatinib, Novartis), inhibitor of the Abl and platelet-derived growth factors (PDGFR) receptor protein-

kinases which has inhibitory effect on BCR-ABL1+ cells in vitro and in vivo [158]. Studies using in vitro 

kinase assay demonstrated that CGP57148 potently inhibited all the Abl tyrosine kinases including 

cellular Abl, viral Abl (v-Abl) and Bcr-Abl [158-160]. The results of kinase assays were confirmed not 

only in cell lines transduced with v-ABL, p210 Bcr-Abl, p185 Bcr-Abl but also in cell lines derived from CML 

patients and Ph+ ALL patients [159-165]. 

 

This in vitro data was further confirmed by the in vivo studies, Druker et al demonstrated that CGP57148 

inhibited the cellular proliferation and tumour formation by BCR-ABL1 expressing cells [160]. Using 

another murine model of CML, Wolff et al demonstrated the antitumor effect of IM. In their study, 80% of 

the STI571-treated mice were alive on day 74, with marked reductions in peripheral white blood counts 

and splenomegaly.[166]. In a dose and duration optimisation study Le Coutre et al reported that 20-21 

hours of exposure in vitro to 1 µM IM was required to induce cell death and inhibit proliferation of BCR-

ABL1+ KU812 and MC3 cell lines [167], while shorter exposure was not adequate to trigger cell death. 
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Similarly, murine studies also demonstrated that continuous Bcr-Abl kinase inhibition with IM was 

required to achieve maximal antitumor effect and increase progression free survival [167]. 

1.9.2 Clinical studies of IM 

A phase I study demonstrated safety and efficacy of IM in CML-CP patients [168]. A phase II study 

demonstrated the efficacy of 400 mg IM in CML-CP patients and that CHR, MCR and CCR were 

achieved in 95%, 60% and 41% of patients respectively [169]. The IRIS study (International 

Randomized Study of Interferon and STI-571) confirmed the effectiveness of IM as front line therapy for 

CML-chronic phase (CP) patients [170]. At 60 months the estimated major cytogenetic response (MCR) 

and complete cytogenetic response (CCR) were achieved in 92% and 87% of patients treated with IM 

respectively [170]. Estimated overall (OS) and progression free survival (PFS, progression to 

accelerated and blast crisis phase) after 8 years was 89% and 93% respectively in the IM arm [170].  

Recent follow up studies demonstrated the long-term efficacy of IM in CML-CP patients. At 96 months, 

the estimated EFS, PFS and OS were 81%, 92% and 85% respectively (Fig 4) [171]. In sub group 

analysis of patients who were monitored by BCR-ABL1 RQ-PCR, the rate of major molecular response 

(MMR) increased from 24% at 6 months to 39% at 12 months and 86% at 96 months [171]. However at 

8 years, only 304 (55%) patients continued IM therapy while 45% patients discontinued treatment due to 

adverse events (6%), unsatisfactory therapeutic outcome (16%), stem cell transplant (3%), death (3%) 

or other reasons (17%) [171].  

1.10 IM resistance 

The response to IM in newly diagnosed CML-CP patients varies considerably both in the speed and 

depth of response (degree of reduction of leukaemic burden). Landmark analysis of the IRIS study 

demonstrated that patients who achieved major molecular response (MMR, ≥3 log reduction in BCR-

ABL1 transcripts from the standardised baseline) by 12 months have 100% progression free survival at 

60 months (disease progression was defined by any of the following events: death, accelerated-phase 

or blast-crisis CML, loss of complete haematological response or loss of major cytogenetic response). 

This compares favourably to patients who achieved CCR or MCR by 12 months [170]. This 



Fig 4: Eight years follow up data of IRIS study: At eight years overall survival is 85% 
and 93% considering CML related death (Deininger M et al, Blood ASH Annual Meeting 
Abstracts 2009 114: Abstract 1126)

a1172507
Text Box
                        NOTE:     This figure is included in the print copy of the thesis held in the University of Adelaide Library.
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demonstrates that the risk of developing progressive disease is related to the depth of early molecular 

response achieved. Hence it is important to closely monitor the patients on IM and identify patients who 

are not responding well. Recently an Expert panel on behalf of European Leukaemia Net revised 

guidelines for monitoring response [172].  

 

IM failure could be due to IM resistance, poor compliance, toxicity leading to dose interruption, and drug 

interaction. IM resistance can be divided into two broad categories, primary and secondary. Primary 

resistance to IM is defined as an inability to achieve a landmark response whereas secondary 

resistance is defined as loss of an established response [173]. IM resistance can be further subdivided 

into haematological, cytogenetic and molecular resistance. Failure to achieve CHR (normalization of 

peripheral blood counts, the differential leukocyte counts and spleen size) by 3 months despite 

therapeutic dose of IM is quite rare (2 to 4%) in newly diagnosed CML-CP patients [170]. A more 

commonly encountered problem is cytogenetic resistance (15 to 25% of patients) which includes failure 

to achieve any cytogenetic response after 6 months of treatment, MCR (< 35% of Ph+ chromosome) at 

12 months and CCR at 18 months [170].  

 

Data from correlative studies suggest that primary resistance is linked to the inability of the drug to 

effectively inhibit Bcr-Abl kinase. IC50imatinib is defined as the concentration of IM needed in vitro to 

inhibit phosphorylation of Crkl (a surrogate marker of Bcr-Abl kinase activity) by 50%. White et al have 

demonstrated that 47% of patients with low in vitro IC50imatinib (<0.6 µM IM) achieved MMR by 12 

months compared to 23% of patients with high IC50imatinib [174]. This was further strengthened by in vivo 

kinase inhibition within the first 28 days, which predicted the molecular response at 24 months. All 

patients who achieved ≥50% kinase inhibition within the first month achieved MMR by 24 months 

compared to only 50% of patients who had <50% kinase inhibition [175]. Patients treated with high 

doses of IM (600 to 800 mg daily) achieved an earlier cytogenetic response compared to standard dose 

IM [176]. Similarly some patients resistant to standard dose IM were rescued by high dose IM [177]. 

Therefore primary IM resistance is most likely due to inadequate inhibition of Bcr-Abl kinase activity. 
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Inadequate in vivo Bcr-Abl kinase inhibition can be multifactorial and early detection of these patients is 

crucial to optimise the therapy. 

 

IM plasma concentration is determined by drug absorption and metabolism, as well as actual dose 

received. Subanalysis of the IRIS study demonstrated that at 12 months CCR was achieved in 73%, 

71% and 59% of patients with trough plasma IM of >1170 ng/ml, ≥647 to 1170 ng/ml and <647 ng/ml 

respectively [178]. Moreover CCR was more durable in patients with high plasma trough IM level 

compared to patients with low plasma trough IM level (13% vs. 24% of patients lost CCR) [178]. While 

plasma concentration of IM is important, more recent studies demonstrated that intracellular IM 

concentration influences the depth of Bcr-Abl of kinase inhibition [179, 180]. 

1.10.1 Role of organic cation transporter (OCT-1) in IM resistance  

The solute carrier (SLC) superfamily is by far the largest superfamily of transporters, consisting of about 

225 members in humans [181]. Among the SLC superfamily, two families (SLC21 and 22) with 

polyspecific members have been identified. In humans, the SLC22 family includes organic cation 

transporters (OCT1–OCT3), organic anion transporters (OAT1–OAT4), one urate transporter (URAT1), 

transporters of carnitine and/or cations (OCTN1, OCTN2 and CT2; reviewed by Sweet et al) [182]. First 

member of the SLC22 family, OCT1, was cloned from rats in 1994 [183]. Like most members of the 

SLC22 family, OCT1, OCT2 and OCT3 have 12 α helical transmembrane domains (TMDs), a large 

glycosylated extracellular loop between TMDs 1 and 2, and a large intracellular loop that contains 

phosphorylation sites between 6 and 7 TMD [184, 185]. The human genes for OCT1 localize in a cluster 

on chromosome 6 (q26 27) [185, 186]. OCT1, 2, and 3 all mediate the transport of a broad range of 

structurally diverse organic cations, and they have extensively overlapping substrate specificities [185, 

187]. Most OCT substrates are organic cations and weak bases, but some non charged compounds 

and anions are also transported, indicating that a positive charge is not a absolute prerequisite for OCT 

substrates. In humans, OCT1 is expressed mainly in the liver, but also in the heart, skeletal muscle, 

kidney, placenta and small intestine. OCT1 mediates the first step in hepatic excretion of many cationic 

drugs (i.e. their uptake into hepatocytes across the sinusoidal membrane) [185]. OCT2 is expressed 
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mainly in the kidney, but is also found in placenta, thymus adrenal gland,neurons and choroid plexus 

[185, 188-192]. OCT3 is expressed in brain cortex, heart, liver, aorta, skeletal muscle, prostate, kidney, 

adrenal gland, intestine, spleen, salivary gland, term placenta, and foetal lung [185, 190, 192-195].  The 

substrate and inhibitor specificities of OCT1, OCT2 and OCT3 overlap extensively, but there are distinct 

differences in affinity and maximal transport rates between OCT subtypes and species. 

 

Thomas et al initially reported IM is actively transported into cells by hOCT1 [196]. White et al 

demonstrated that the variation in in vitro IC50imatinib is predominantly due to variation in intracellular IM 

cellular uptake and retention (IUR) [180]. In their study, OCT-1 activity was defined as the difference in 

IM intracellular concentration with or without prazosin [180]. Patients with high OCT-1 activity have low 

IC50imatinib presumably because at a given IM concentration they achieve higher intracellular drug 

concentrations [180]. White et al also demonstrated that low OCT-1 activity is the major determinant of 

suboptimal response to IM: 85% patients with high OCT-1 activity achieved MMR by 24 months versus 

45% with low OCT-1 activity [179]. Clark and colleagues recently reported that patients with high OCT-1 

mRNA expression prior to treatment had higher response compared to patients with low OCT-1 mRNA 

expression [197]. Similarly Crossman et al also demonstrated that OCT-1 expression determines the 

response to IM therapy [198] 

1.10.2 CML-disease phase and IM resistance 

The probability of primary IM resistance also depends on the duration of disease prior to starting IM and 

response to previous treatment. MCR and CCR were achieved in 67% and 57% of late CP patients who 

failed interferon therapy [199], compared to 92% and 87% of newly diagnosed CML-CP patients [170]. 

IM failure is also more common in advanced phase patients’ 76% of patients in accelerated phase (AP) 

and 84% of patients in blast crisis (BC) failed to achieve MCR [200, 201]. As multiple mechanisms may 

contribute to primary resistance, the best management will be to identify patients who may be 

susceptible to IM resistance and tailor the treatment accordingly.  
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1.10.3 Bcr-Abl kinase domain mutations and IM resistance 

Secondary resistance to IM could either be due to a recurrence of Bcr-Abl kinase activity or Bcr-Abl 

independent causes. In most cases there is reactivation of Bcr-Abl kinase activity within leukaemic cells 

despite the presence of IM [202]. We now know that at least 50-60% of patients who develop IM 

resistance have Bcr-Abl kinase domain mutations [202-211]. Mutations that cause IM resistance are 

usually those that lead to a Bcr-Abl protein with a functional Abl tyrosine kinase domain, but impaired 

drug binding. More than 100 mutations have been identified in association with resistance and they are 

located throughout the kinase domain, including the ATP binding loop (P loop), IM binding sites, 

activation loop (A loop), catalytic domain and the carboxy terminal. However 15 common mutations 

account for >90% of all mutations. These common mutations include T315I, Y253F/H, E255D/K/R/V, 

M351T, G250A/E, F359C/L/V and H396P/R [212]. T315I was most frequent mutation accounting for 

14% of all mutations [211, 212]. However the type and frequency of mutations also varies according to 

the disease phase at the time of IM resistance. Q252H and F486S were more frequently observed in 

CML-myeloid blast crisis (22%) compared to lymphoid blast crisis (LBC)/Ph+ ALL (3.8%) [213], while 

Y253F/H and E255K/V was evident in CML-LBC/Ph+ ALL (42%) compared to MBC (12%) [213]. Other 

studies also reported different type of mutations according to disease phase [212, 214, 215].  The 

frequency of mutations in patients with IM resistance varies according to disease phase prior to 

commencing second generation TKI, 48 to 55% of CML-CP [210, 211], 62 to 64% of CML-AP [216] and 

62% to 83% of CML-BC [209, 217, 218] patients had baseline mutations.  

1.10.4 Other mechanism of IM resistance 

Other proposed mechanisms of acquired IM resistance include overexpression and amplification of the 

BCR-ABL1 gene [202, 203], activation of BCR-ABL1 independent pathways such as members of the 

Src kinase family [219], cytokine mediated TKI resistance [220], binding of IM to serum alpha-1 acid 

glycoprotein [221] and increased drug efflux through the multidrug resistance proteins [196, 222]. The 

src-family kinases (SFKs), Lyn and Hck are highly activated by Bcr-Abl in leukaemic cells and they are 

substrates and essential mediators of Bcr-Abl signal transduction and transformation. Donato and 

colleagues have shown that SFK activation is mediated by Bcr-Abl in IM responsive cells but these 
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kinases escape control by Bcr-Abl in CML patients that develop IM resistance in the absence of point 

mutation [219, 223-225]. The role of cytokines in CML pathogenesis is discussed in the previous section 

and their role in TKI resistance will be discussed in Chapter 5. 

 

Treatment options for patients who have lost previously achieved response (secondary resistance) but 

remained in CP include high dose IM, dasatinib or nilotinib second line TKI, and allogeneic stem cell 

transplantation. 

1.10.5 Role of high dose IM in patients with IM resistance 

High dose IM (300 to 400 mg BID) achieved CHR, MCR and CCR in 45%, 56% and 18% of evaluable 

CML-CP who were resistant to lower doses of IM (300 to 400 mg daily) [177]. These findings were 

supported by another randomised study comparing high dose IM with dasatinib in patients resistant to 

standard dose of IM. In this study although high dose IM induced CHR, MCR, CCR and MMR in 82%, 

33%, 16% and 4% of these patients respectively [226], responses were superior with dasatinib. 

Dasatinib resulted in significantly higher CHR (93% vs. 82%), CCR (40% vs. 16%) and MMR (16% vs. 

4%) compared to high dose IM. Significantly more patients discontinued high dose IM than dasatinib 

(82% vs. 28%, p<0.0001) and most of the discontinuations (61%) in the high dose IM group were due to 

lack of response or disease progression [226]. As the toxicity of high dose IM is greater than standard 

dose IM, it is not a viable option for many patients particularly those who could not tolerate standard 

dose IM. With availability of second generation TKIs, role of high dose IM in IM resistance patients is 

limited.  

1.10.6 Role of dasatinib in IM resistance patients 

Dasatinib is a second generation tyrosine kinase inhibitor 325 times more potent than IM in vitro and 

active against most of the IM resistant mutation except T315I, F317L. It inhibits Bcr-Abl kinase, Src 

kinase family and other kinases such as PDGFR and c-Kit. Dasatinib is chemically different from IM and 

requires fewer critical binding residues within Bcr-Abl. Moreover, interaction with the P-loop appears 
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less important for dasatinib than IM. Unlike IM, dasatinib can bind to both the catalytically active and 

inactive Bcr-Abl protein. Hence dasatinib was predicted to be effective for most IM resistant mutations. 

 

In a phase I study of dasatinib, 92%, 45% and 35% of IM resistant/intolerant CML-CP patients achieved 

CHR, MCR and CCR respectively. These promising results were further confirmed in a phase II study, 

90%, 55% and 40% of IM resistant patients (n=288) achieved CHR, MCR and CCR respectively [227]. 

The MCR were similar in patients with and without baseline mutations (59% vs. 58%) [227, 228]. 

Estimated OS and PFS at 24 months was 94% and 80% respectively [227]. In a phase III dose 

optimisation study, IM resistant/intolerant CML-CP (n=670) patients were treated with four different 

schedules of dasatinib including 100 mg daily, 50 mg BID, 140 mg daily and 70 mg BID. Comparable 

CHR (86% to 90%), MCR (54% to 59%) and CCR (41% to 45%) were achieved in all four groups. Time 

to and duration of cytogenetic responses were similar in all 4 groups. Compared to the 70 mg BID 

regimen, dasatinib 100 mg daily resulted in significantly lower rates of pleural effusions (16% vs. 7%), 

grade 3 to 4 thrombocytopenia (37% vs. 22%) and fewer patients required dose interruption (68% vs. 

51%), reduction (55% vs. 30%) or discontinuation (23% vs. 16%) [229].  

 

A recent report of more than 1000 patients demonstrates that dasatinib is associated with favourable 

response rates in patients who failed to respond to IM therapy [210]. In this report IM resistant (n=805) 

and IM intolerant (n=238) CML-CP patients treated with dasatinib were analysed [210]. In this analysis 

63 different mutations were detected affecting 49 amino acids. Most frequently affected amino acids 

were G250, M351, M244, F359, H396, Y253, E255, and T315 [210]. Among patients with IM resistance 

or suboptimal response, MCR (55% vs. 58%) and CCR (43% vs. 47%) were similar irrespective of 

presence or absence of baseline mutations [210]. Similarly at 24 months, PFS (86% vs. 90%) and OS 

(88% vs. 92%) were similar in patients with or without mutations. However further analysis delineated 

the importance of baseline mutations. MCR (61% vs. 46%), CCR (53% vs. 32%) and MMR (38% vs. 

23%) were higher in patients harbouring mutations with low IC50 (<3 nM; n=176) compared to patients 

with intermediate sensitivity (IC50 >3 nM; n=121) [210]. The responses were particularly poor in patients 



 21

harbouring F317L (7%) and V299L (0%) mutations. Other studies also demonstrated lower response 

rates with dasatinib in patients with F317L [230, 231]. Overall, these data indicate that dasatinib has a 

similar efficacy in the majority of patients with IM resistance (with or without a BCR-ABL1 mutation). 

However alternative treatment options should be considered for patients harbouring T315I, F317L, and 

V299L mutations.  

1.10.7 Role of nilotinib in IM resistance patients 

Nilotinib, a phenylamino-pyrimidine derivative of IM is 30 times more potent than IM in vitro as an Abl 

inhibitor (IC50=25 nM), but is more selective, having activity similar to IM against c-kit (IC50=90 nM) and 

PDGFRβ (IC50=72 nM) receptor kinases [232]. Like IM, nilotinib binds the inactive conformation of Abl. 

However unlike IM, it does not need to distort the kinase domain as much to achieve good binding. 

 

In a phase I study of nilotinib, 92%, 17% and 17% of IM resistant CML-CP patients achieved CHR, MCR 

and CCR respectively [233]. A recent report of the phase II nilotinib registration study demonstrated the 

efficacy of nilotinib in IM resistant and intolerant patients. In this study of 321 patients, baseline mutation 

data was available in 281 patients [211]. Baseline mutation was detected in 55% of IM resistant 

patients. After 12 months of therapy, MCR (49% vs. 60%; P=0.1), CCR (32% vs. 40%; p=0.2) and MMR 

(22% vs. 29%; P=0.3) were not significantly different in patients with or without baseline mutations [211]. 

However when response was analysed according to individual mutations, patients harbouring T315I, 

Y253H, E255V/K, and F359V/C (n=31; 11%) had less favourable response. None of these patients 

achieved CCR by 12 months in contrast to 43% of patients with other mutations. Similarly, the MCR rate 

was also lower in these patients and only 13%, 43% and 9% of Y253H, E255V/K, and F359V/C patients 

achieved MCR respectively [211]. Similarly, patients who failed nilotinib therapy displayed frequent 

mutations at 253, 255, 359 and 311 residues [234]. Thus for most IM resistant patients, nilotinib is 

effective. However for patients harbouring T315I, Y253H, E255V/K, and F359V/C alternative therapy will 

be appropriate.   

 



 22

1.11 Leukaemic stem cells (LSC) 

1.11.1 Definition of LSC 

In an AACR workshop, cancer stem cells (CSC) were defined as the cells within tumour which possess 

capacity to self-renew and produce tumour cells of its origin [235]. Although the proliferation and 

differentiation capacity of tumour or HSC can be assessed in vitro, self renewal capacity can only be 

assessed in vivo. Currently the gold standard assay to demonstrate self-renewal capacity is the serial 

transplantation in a murine model. In transplantation assays cancer tumour cells are injected into 

immnuocompormised NOD/SCID mice. To demonstrate the self renewal capacity cells from engrafted 

tumour must be transplanted in another animal. Weissman and colleagues were the first to use 

NOD/SCID system to demonstrate the engraftment capacity of human haematopoietic stem cells [236]. 

In 1997, John Dick and colleagues first demonstrated that the self renewal potential of most human 

acute myelogenous leukaemia (AML) cells resides exclusively within the CD34+CD38- population of 

cells when transplanted into immunocompromised NOD/SCID mice [237, 238]. This was the first 

characterisation of putative CSC. Subsequently CSC have been identified in a number of other 

haematopoietic and solid tumours including breast [239], brain [240], colon [241, 242], head [243] and 

neck [243], pancreas [244], lung [245], skin [246] and liver. The frequency of CSC is very low, Park and 

colleagues observed that 1 in 100 to 1in 10,000 murine myeloma cells had the ability to form colonies in 

vitro [247]. 

1.12  CML stem cells: Changing stem cell compartment 

In 1977, seminal observations of Fialkow suggested that CML is a clonal disorder. In G6PD 

heterozygous women, in contrast to non-leukaemia granulocytes, single G6PD enzyme was found in 

CML granulocytes [248, 249]. The same G6PD enzyme was also detected in erythrocytes, platelets, B 

lymphocytes and cultured macrophages. This suggested that BCR-ABL1 translocation occurs in 

putative stem cells which have potential to differentiate into different subtype of cells [248-251]. 

Subsequently Connie Eaves’ group performed single cell PCR analysis on different subsets of CML-

CD34+ cells and demonstrated that BCR-ABL1 transcripts were present in all subsets of CD34+ cells 
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including CD34+CD71-CD38- and CD34+ CD71+CD38+ cells. CD34+CD71-CD38- cells were the most 

primitive cells and were enriched for LTC-IC, while CD34+ CD71+CD38+ cells were enriched for CFC. 

LTC-IC and CFC formation are the functional proprieties of HSC stem cells and progenitor cells 

respectively. Together these data further support that BCR-ABL1 translocation occurs in HSC [252]. 

Subsequent demonstration of self-renewal capacity in a murine model further favoured that Ph+ HSCs 

are CML stem cells. 

 

Bone marrow and peripheral blood cells from CML-CP patients could achieve engraftment in SCID mice 

and NOD/SCID mice [253, 254]. Transplantation of cells from CML-CP patients resulted in engraftment 

of both normal and LSC [255]. In contrast, only LSC engrafted when cells from blast crisis patients were 

transplanted into SCID mice [253, 255]. Furthermore engraftment of LSC in mice resulted in an 

aggressive leukaemia phenotype recapitulating the clinical nature of the disease [253]. Subsequent 

studies using CML-CD34+ cells also confirmed the efficient engraftment potential of these cells in 

NOD/SCID mice [255]. The CD34+ cell dose required for successful engraftment was 7 to 10 x 106 cells; 

however CD34- cells failed to engraft at cell doses of 1.2 to 5 x 107 cells [255]. Subsequent studies 

demonstrated that both subsets of CML-CD34+ cells (CD34+/CD38- and CD34+/CD38+) engraft in 

NOD/SCID mice. CML-CD34+/CD38+ cells produced short-term engraftment while the CD34+/CD38- 

subset produced more sustained engraftment [256]. Thus CML clones also appear to contain subsets of 

CD34+/CD38- and CD34+/CD38+ cells with different durability of in vivo repopulation. Holyoake and 

colleagues also demonstrated that G0 or quiescent cells are capable of engraftment in NOD/SCID mice 

at low cell dose compared to their cycling counterparts [257].  

 

Recently, work of Jamieson and colleagues suggests that the CML stem-cell compartment might be 

dynamic and change as disease progresses to blast crisis [258]. In contrast to GMP from normal and 

CML-CP patients which lack self-renewal capacity, GMP from CML-blast crisis demonstrate self renewal 

capacity (Fig. 5). Furthermore, CML-BC GMP demonstrated serial leukaemic transplantation potential in 

immunocompromised mice and in vitro high replating clonogenic potential [258]. This suggests that the 



Fig 5: Evolution of leukemic stem cells in CML disease progression: In normal 
haematopoiesis, the haematopoietic stem cells (HSCs) undergo self renewal and 
differentiate into mature haematopoietic cells. In CML chronic phase (CP) patients, 
expression of BCR-ABL1 in the HSC compartment increases the proliferation and 
reduced apoptosis resulting in an abnormal number of mature granulocytes. The HSC 
likely functions as the leukemia initiating cell during CML-CP. Transition to blast crisis 
(BC) involves additional genetic and epigenetic alterations leading to the accumulation 
of immature blasts. Progression to blast crisis also results in the acquisition of self 
renewal potential by a GMP population with elevated beta-catenin activity. GMP from 
CML-BC patients also initiate leukemia when transformed into immunocompromised 
mice. Arrows mark critical events in the disease progression and self renewal potential. 
Dotted circle indicates BCR-ABL positive cells (HS, haematopoietic stem cells, CMP, 
common myeloid progenitor; GMP granulocyte macrophage progenitors, Gr 
granulocytes, Mac macrophage) [Adapted from Stuart et al Cell Cycle 8:9, 1338-1343; 
1 May 2009]

a1172507
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CML-BC GMP population is enriched for leukaemia stem cells. Inappropriate activation of the Wnt/beta-

catenin signaling pathway in CML-BC GMP might be imparting self-renewal capacity on these cells 

[258]. In CML-CP, β-catenin activity was restricted to the HSC fraction, but in patients with blast crisis, 

β-catenin activation was detected in the GMP population. In addition, in CML-CP, BCR-ABL1 transcripts 

were more numerous in stem cells than progenitors, but this pattern was reversed with progression to 

BC. These studies demonstrate that the CML-stem cell compartment is dynamic and as disease 

progress to BC, GMP also behaves as stem cells. 

1.13 Refractoriness of CML-LSC to TKI 

Although 87% of CML-CP patients treated with IM achieve CCR at 7 years, very few patients achieve 

complete molecular response [170]. Patients who remained in CCR for up to 5 years and continue IM 

therapy still have persistent CML progenitor cells [259-261]. Moreover 50% of patients who were in 

complete molecular response for two years relapsed within 6 months of stopping IM therapy [262]. 

Together these data suggest that TKIs alone can not eradicate CML-LSC in most CML-CP patients. 

This is further supported by a mathematical model which predicted biphasic exponential decline of 

leukaemic cells in patients treated with IM. The first slope of 0.05 per day represents the turnover rate of 

the differentiated leukaemic cell, while the second slope of 0.008 per day represents the turnover rate of 

leukaemic progenitors. The model suggests that IM is a potent inhibitor of the production of 

differentiated leukaemic cells, but does not deplete LSC [263]. In addition to this, various in vitro studies 

demonstrated that TKIs have an anti-proliferative effect but do not induce cell death in CML quiescent 

LSC.  

1.14 Mechanism of refractoriness of CML-LSC to TKI 

There are multiple mechanisms which can lead to refractoriness of LSC to TKI therapy. These include 

Bcr-Abl dependent and independent mechanisms. The Bcr-Abl dependent mechanisms include 

inadequate Bcr-Abl kinase inhibition in LSC and the quiescent nature of LSC. However Bcr-Abl 

independent mechanisms include cytokine mediated TKI resistance, Src kinase overexpression and 

survival signals provided by stroma and microenvironment. 
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1.14.1 Quiescent leukaemic cells 

Studies from Holyoake’s laboratory defined the CML-quiescent cell population using two different 

assays. They demonstrated that Hoechstlow/Pyroninlow (Hstlo/Pylo) CML-CD34+ were Ki-67 and D cyclin 

negative and thus exhibited the quiescent or G0 phenotype [257]. These cells demonstrate in vitro 

progenitor activity and were capable of engraftment in immunodeficient mice [257]. They also defined 

quiescent cells by using another approach; CML-CD34+ cells were stained with carboxyfluorescein 

diacetate succinimidyl diester (CFSE) and stimulated maximally by a combination of cytokines. CML-

CD34+ cells which remained viable but did not divide despite maximal cytokines stimulation were 

defined as quiescent cells [257]. The frequency of these quiescent cells is 0.5% of total CD34+ cells 

which is very close to that measured by Hstlo/Pylo or cells expressing CD34+CD38-. Most of the 

quiescent cells (G0) are CD34+, CD38-, CD45A-, CD71-, and HLA-DRlo. These quiescent cells form 

large colonies compared to their cycling counterparts and are able to proliferate and differentiate in the 

absence of added growth factors, which is most likely mediated by autocrine secretion of IL-3 and G-

CSF [257]. Although most cycling CD34+ cells express IL-3 and G-CSF transcripts only few of the G0 or 

quiescent cells express these transcripts. However quiescence is a reversible phenomenon with 

upregulation of IL-3 when cells enter the cycling phase. Subsequent in vitro studies in their laboratory 

demonstrated that high dose IM induced cell death in cycling CML-CD34+ cells. However quiescent cells 

were not eliminated by the high concentration of IM even after intermittent or continuous exposure [264, 

265]. These quiescent cells were also resistant to cytosine arabinoside, arsenic with or without IM [266]. 

Recently these cells were found to be refractory to second generation TKIs such as dasatinib [267, 268] 

and nilotinib [269, 270]. All three TKIs increased the percentage of quiescent cells compared to no drug 

control, suggesting that these TKIs have an antiproliferative effect on these cells but are not able to 

eradicate them. Similarly other studies also demonstrated that CD34+CD38- cells which are enriched for 

LSC are less sensitive to IM, dasatinib and nilotinib compared to CD34+CD38+.[136, 267] Together this 

may suggest that refractoriness of these quiescent cells may be responsible for residual disease, 

disease progression and relapses. 
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1.14.2 Inadequate Bcr-Abl kinase inhibition 

Inadequate Bcr-Abl kinase inhibition could be due to increased oncogenic protein in LSC compared to 

their mature counterparts. Another possible mechanism could be lower intracellular concentration of TKI 

in LSC compared to their mature counterparts. At present it is impossible to determine the exact role 

BCR-ABL1 plays in causing the primary refractoriness of CML-LSC. An emerging theme is that the most 

primitive stem cells express certain genes at significantly higher levels than in more mature progenitors. 

Although primitive CML cells generally have only single-copy BCR-ABL1 they express significantly 

higher BCR-ABL1 transcript levels and Bcr-Abl protein compared to more mature CML cells [136, 258, 

267]. BCR-ABL1 transcripts levels were also significantly higher in G0 cells compared to G1/S/G2/M 

cells [136]. In addition to BCR-ABL1 transcript, p210 Bcr-Abl oncoprotein is also significantly higher in lin-

CD34+CD38- cells compared to lin-CD34+CD38+ cells. Crkl phosphorylation was also higher in the 

primitive CD34+CD38- than in the total CD34+ population [136, 267]. This most likely reflects dynamic 

changes in transcription which are linked to differentiation. This differential expression pattern might 

render these LSC more refractory to TKI. This notion was further supported by the cell line data in which 

IM sensitivity was inversely proportional to Bcr-Abl oncoprotein expression [136, 271]. In vitro IM was 

not able to inhibit p-Crkl in CML-CD34+/CD38- and did not trigger apoptosis in these cells [136, 267]. 

Although more potent TKI dasatinib and nilotinib inhibited p-Crkl in CD34+/CD38-, it could not induce 

apoptosis in these LSC enriched cell population [267-270]. Together these results suggest that although 

increased expression of BCR-ABL1 transcripts, oncoprotein and oncogenic activity in CML-CD34+CD38- 

cells could contribute to TKI resistance, it is not the sole mechanism of TKI refractoriness in these cells. 

 

Inadequate Bcr-Abl kinase inhibition could be due to lower intracellular concentration of TKI in LSC 

compared to their more mature counterparts. Intracellular concentration of TKI is determined by 

expression of cellular influx and efflux proteins.  

1.14.3 Expression of organic cation transporters on CML-progenitors 

As  discussed  in  the  previous  sections  OCT-1  activity  is  the  major  determinant of IM intracellular 

concentration in CML-MNC. Patients with high OCT-1 activity achieve superior response compared  to 
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patients with lower OCT-1 activity [179]. More recently Jane Engler from our laboratory demonstrated 

that IM intracellular concentration is lower in CML-CD34+ compared to more mature counterparts [272]. 

Similarly using different assay another group also reported that IM concentration is lower in CML-

CD34+CD38- cells [273]. Lower IM intracellular concentration in CML-CD34+ cells could be due to lower 

OCT-1 activity in CML-CD34+ cells compared to mature counterparts [272, 274]. Similarly Jiang et al 

also demonstrated that OCT1 transcript levels were highest in the most mature lin+CD34- cells and 

relatively lower (>100 fold) in the lin-CD34+CD38- compartment [136]. The above data suggest that 

OCT-1 activity is the major determinant of intracellular concentration of imatinib in early progenitors and 

probably in stem cells. This lower concentration might result in inadequate Bcr-Abl kinase inhibition 

which might contribute to IM resistance. 

1.14.4 Expression of cellular efflux proteins ABCB1 and ABCG2 on CML-progenitors and LSC 

Overexpression of members of the ATP binding cassette (ABC) transporter superfamily is a well known 

mechanism of chemotherapy resistance in cancer cells. The ABC transporters are the largest family of 

transmembrane proteins, consist of 48 members and are sub-classified into seven subfamilies 

designated as A to G, on the basis of sequence and structural homology. ABCB1, ABCG2 along with 

ABCC1 are three principal multidrug resistance genes identified in the tumour cells. By using the energy 

of ATP hydrolysis, these transporters actively efflux drugs from cells, serving to protect them cytotoxic 

agents. ABCB1 expression is higher in normal CD34+CD38- cells and is the major determinant of 

Rhodamine-123 dull phenotype. Expression of ABCB1 in CML-LSC and its role in TKI-refractoriness of 

CML-LSC is not clear. A study from Conie Eaves’ laboratory suggests that CML-CD34+CD38- cells 

overexpress ABCB1 mRNA as compared to more mature counterparts [136]. 

 

Moreover, CML lin-CD34+CD38- , lin-CD34+CD38+, lin+CD34- cells exhibit higher ABCB1 overexpression 

compared to their normal counterparts [136]. Engler et al also reported increased ABCB1 mRNA 

expression in CML-CD34+ cells compared to CML-MNC [272]. All these studies assessed the ABCB1 

mRNA expression rather than ABCB1 protein expression and activity. A group from the UK reported that 

ABCB1 expression and activity is lower in CML CD34+ cells compared to their normal counterpart [273, 
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275]. In their in vitro study the ABCB1 inhibitor PSC-833 (10 µM) did not increase the sensitivity of 

CML-CD34+ cells to IM [273, 275]. Several studies including our own demonstrated that IM is an ABCB1 

substrate [180, 196, 222, 276-279]. Although in vitro studies suggest that IM is an ABCB1 substrate, the 

contribution of this transporter in refractoriness of CML-LSC is debatable. Mice transplanted with BCR-

ABL1+ Mdr1a/1b-null bone marrow and BCR-ABL1 transduced wild type BM demonstrate similar 

sensitivity to IM [280]. In the absence of MDR1, the incidence or latency of disease in secondary 

recipients was not changed in IM treated mice, relative to wild type controls [280]. This study may 

suggest that ABCB1 expression in HSC does not significantly contribute to IM resistance in CML. 

Similarly, the expression level of ABCG2, ABCB1 and ABCA2 in CML patients did not correlate with 

their response to IM [198]. However in this study the mRNA expression was studied in CML-MNC rather 

than in stem cells, since LSC comprise a very small subset of CML-MNC such studies might lack 

sensistivity [198]. Thus expression of ABCB1 in CML-LSC and its role in refractoriness of CML-

laeukemic stem cells to TKI remains unresolved.  

 

ABCG2 expression and its role in refractoriness of CML-LSC to TKI is largely unknown and is an area of 

active research. ABCG2 expression is higher on CML-CD34+ cells compared to normal CD34+ cells 

[275, 281]. Similarly there was increased efflux of Bodipy-prazosin (an ABCG2 substrate) from CML-

CD34+ cells [281]. More recently Jiang and colleagues also demonstrated higher expression of ABCG2 

on CMLCD34+CD38- and the expression reduces as cells differentiate. They also demonstrated that 

ABCG2 expression is higher on CML-CD34+CD38-, CD34+CD38+ and Lin+CD34- compared to their 

normal counterparts [136]. These result suggest that overexpression of ABCG2 might contribute to 

CML-LSC TKI resistance. There are a number of convincing but contradictory reports on the interaction 

of IM with ABCG2. Burger et al reported that IM is an ABCG2 substrate [282]. Similarly work from 

Douglas Ross’ laboratory suggests that IM is an ABCG2 substrate, however they also suggested that 

BCR-ABL1 regulates BCRP expression [283]. In contrast Houghton et al reported that IM intracellular  

accumulation and efflux is not altered by ABCG2 expression or ATP depletion [284]. Moreover 

overexpression of ABCG2 does not confer resistance to IM. This may suggest that IM is an ABCG2 
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inhibitor but not an ABCG2 substrate [284]. Other studies also reported that that IM is an ABCG2 

inhibitor [281, 285, 286] and ABCG2 substrate [286]. Together these findings suggest ABCG2 is over-

expressed on CML and normal progenitors and LSC and might contribute in TKI resistance. IM may be 

an inhibitor or substrate of ABCG2 depending on its concentration, but in CD34+ cells, at concentrations 

above clinical trough plasma values (1.2 µM), it is an inhibitor [281]. Interaction of nilotinib with ABCG2 

is equally controversial, some studies suggesting it as a ABCG2 substrate [286, 287] while other 

suggest it may be an inhibitor [275, 286, 288]. 

1.15 Summary and project aims 

This chapter focuses on the advances in CML-CP management and summarises the mechanism of IM 

resistance. Bcr-Abl kinase domain mutations are responsible for IM resistance in approximately 50% of 

patients. However the mechanism of IM resistance in remaining 50% patients is not clear. OCT-1 

protein plays an important role in cellular influx of IM and lower OCT-1 activity results in IM resistance. 

The role of cellular efflux protein in IM resistance is debatable.  

 

It is also clear that although IM induces CCR in many CML-CP patients it does not eradicate LSC in 

most patients. The refractoriness of LSC could be due to inadequate Bcr-Abl kinase inhibition or it can 

be Bcr-Abl independent. This chapter also discusses the role of cellular membrane influx and efflux 

transport proteins in refractoriness of LSC. Bcr-Abl independent mechanisms of TKI resistance could be 

mediated by cytokines, microenvironment, activation of Src kinases or activation of the JAK-STAT 

pathways. 

 

Publications and contributions of co-authors 

Two invited reviews for the book were written, which are attached in appendix. Devendra Hiwase 

critically reviewed the literature and wrote the manuscript. Prof. Timothy Hughes critically edited the 

chapters. 
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Current research focuses on  

• The role of cellular transport protein in dasatinib cellular influx and efflux 

• The role of combination of TKI in overcoming IM resistance 

• Dynamics of Bcr-Abl kinase inhibition and apoptosis in BCR-ABL1+ cell lines and primary CML-

CD34+ progenitors 

• Cytokine mediated TKI resistance in primary CML progenitors 

• Potential of combination therapy in inducing cell death in CML progenitors  
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2 Chapter 2: Material and Methods 
 

2.1 Commonly used reagents and their suppliers 

Table 1 summarises the commonly used reagents and their suppliers. Other commonly used reagents, 
techniques are summarised as below.  
 
Cell culture media for cell lines 
RPMI 1640 Medium 500 ml supplemented with  
1% L-Glutamine(200mM) 5ml 
Pen 5000 U/mL / Streptomycin Sulphate 5000 μ g/mL 5 ml  
10% Foetal Bovine Serum (FBS) 50 ml 
Stored at 40C and warmed to 370C in a waterbath prior to use 
 
Cell culture media for primary CML-CD34+ cells 
CML-CD34+ cells were cultured in serum deprived media (SDM), which contains 
Iscove Modification of Dulbecco Medium (IMDM) supplemented with  
1% bovine serum albumin (BSA) 
1 U/mL insulin (Actrapid) 
200 µg/mL transferrin  
10 µg/mL low-density lipoproteins  
0.1 µM 2-mercaptoethanol  
 
In some experiments SDM was further supplemented with a 6 growth factors (6-GFs) cocktail, GM-CSF 
alone or G-CFS alone. 
 
6GF cocktail contains following cytokines: 
10 ng/mL of Flt3-ligand  
10 ng/mL stem cell factor (SCF),  
10 ng/mL IL-3,  
10 ng/mL IL-6, 
10 ng/mL granulocyte-colony stimulating factor (G-CSF)  
10 ng/mL thrombopoietin (TPO). 
 



Table 1: Commonly used reagents and their supplier 
Reagents Supplier Catalogue Number 
Acetic acid  Asia Pacific Speciality 

Chmocals Ltd 
2789 

Acrylamide Solution Bio Rad 161-0148 

Albumin bovine serum Sigma A1470 

Alkaline-phosphatase-conjugated 
anti-rabbit immunoglobulin 

SantaCruz SC2007 

Amantidine Sigma A1260-100G 

7-Aminoactinomycin D (7-AAD) Invitrogen A-1310 

Anticoagulant Citrate Dextrose Acid (ACD; 
5%) 

Aurora Bioscences AHB7898 

Annexin-V Becton Dickinson 556421 

Anti-Crkl antibody C20Ab Santa Cruz SC-319 

β-Mercaptoethanol Sigma M-6250 

Bcl-xl Cell Signaling #2762 

Bcl-2 Cell Signaling #2870 

Bim Cell Signaling #2933 

Bovine serum albumin Sigma A9418-100G 

Corticosterone Sigma C2505-500 mg 

CD34PE BD bioscience  

Chloroform Merck 100776B 

CD34 (negative Control, Mouse IgG1 RPE-
conjugated) 

Dako Cytomation 
Denmark  
 

# x0928 

CD34 (8G12) PE  Becton Dickinson USA  # 348057 

D-Glucose Sigma G7528-250G 

DEPC water MP Biomedicals inc 821739 

dNTP set (N = A, C, G, T) Amersham  27-2035-02 

Dimethyl suphoxide (DMSO) Merck 102952-2500 

0.1 M DTT Initrogen 18064-014 

ECF substrate Attaphos  Amersham Biosciences  RPN5785 

Erk Cell Signalling #9102 



Ethylene Diamine Tetra-Acetic acid (EDTA) Asia Pacific speciality 
chemicals 

180-500 G 

Ethanol Merck 6-10107-2511 

Ficoll-Hypaque (Lymphoprep) Axis-shield Poc Oslo, 
Norway 

 

Foetal Bovine serum (FCS) JRH bioscience 12103-500ml 

40% w/v Formaldehyde 5.0mL BDH 10113 

Glucose Sigma  

Hanks Balanced Salt Solution 
(HBSS) Ca++ and Mg++ free. 

JRH Biosciences USA  #55021 500mls 

Isopropanol  
 

Merck  6-10224.2511 

IL-3 Peprotech 200-03 

IL-6 Peprotech 200-06 

L Glutamine 200mM  Sigma  G-709 

Low density Lipoprotein   

Methocult Stem cell technology H4230 

MACS CD34 MicroBeads Miltenyi Biotec 
Germany 

# 130-046-702 

FcR Blocking Reagent Miltenyi Biotec 
Germany 

# 130-046-702 

Methocult-4230 Stem cell technology). 04230 

Mcl1 BD Pharmingen 559027 

Membrane blocking agent  Amersham Biosciences  RPN 2125 

MICROSCINT-20 scintillation fluid PerkinElmer #6013621 

Anti-human Bcrp1/ABCG2-PE R&D Systems # FAB995P 

Monoclonal antibody for Flow 
P-glycoprotein (MDR-1) PE 

Immunotech : France  
 

2370 

Negative Control Antibody for Flow, 
Mouse IgG1 FITC-conjugated 

Dako Cytomation 
Denmark 
 

x0927 
 

Negative Control Antibody for Flow, 
Mouse IgG1 RPE-conjugated 

Dako Cytomation  
 

# x0928 



N-Methyl nicotinamide Sigma-Aldrich M4752-5G 

Penicillin G (5000 U/ml)/Streptomycin 
sulphate (5000 ug/ml) 

Sigma biosciences P4458 
 

Phosphate Buffered Saline (0.5% Bovine) PBS; SAFC 
Biosciences USA 

#59331 – 500mls 

Phospho p-38 (MAPK) Cell signaling #9211 

Phospho-Erk  Cell signaling 9101 

p-Akt Cell Signaling #9271 

p-STAT5 Cell Signaling #9359 

Prazosin, (Prazosin Hydrochloride, 
MW=419.9) 

Sigma P7791-250MG 

Procainamide Hydrochloride Sigma P9391-100MG 

Progesterone Sigma P-6149 

Protein Markers Benchmark Invitrogen 10748-010 

RPMI Medium w/o L-Glutamine. 
Ca++ and Mg++ free 

SAFC Biosciences USA  51502C 

Sodium Chloride Ajax Finechem Pvt Ltd 465-2.5 kg 

Tetramethyethylenediamine (TEMED) Sigma 87687 

Transferrin Sigma T-0665 

Trizole Invitrogen 15596-018 

Tris Merck 6.10315.0500 

Trypan Blue (0.4%) Sigma T8154 

Tween-20  Sigma P9416 
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White cell fluid 
Acetic acid 2.0mL 
Milli-Q® Water 98mL 
Methyl Violet Few crystals 
Acetic acid was added slowly to Milli-Q® water. The methyl violet (Gurr®, BDH) was then added, and 
the solution mixed well to ensure that the crystals completely dissolved. The solution was filtered using 
a 0.2 µm bottle top filter, and stored indefinitely at room temperature. 
 
Thaw medium for cell lines 
500 ml RPMI 1640 media was supplemented with  
5 ml of 200 mM L-glutamine (1%) and  
50 ml of Foetal bovine serum (10%)  
 
Thaw medium for patient cells 
500 ml of HANKS BALANCED SALT SOLUTION was supplemented with  
25 ml of foetal calf serum (5%) 
25 ml of Anticoagulant Citrate Dextrose Acid solution formula A (ACD; 5%) 
5 ml of 1 M HEPES 1M  
 
Freezing mixture: 
70% HANKS balanced salt solution with Hepes 
20% foetal bovine serum (FBS) 
10% DMSO 
 
Reagents required for IUR assay 
IM mesylate, MW = 589.72 
IM mesylate (IM; Glivec; formerly STI-571) was provided by Novartis (Switzerland). 
Stock solutions of this compound were prepared at 10 mM with distilled water, sterile filtered and stored 
at -70ºC. 
 
Nilotinib, MW = 529.5 
Nilotinib (formerly AMN107) was provided by Novartis (Switzerland). Stock solutions were prepared at 
10mM in DMSO and stored at 4ºC. 
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Dasatinib, MW=488.01 
Dasatinib was kindly provided by Bristol-Myers Squibb (New Brunswick, USA). It was dissolved in 
DMSO at 10 mg/ml and a stock solution of 10 mM was prepared in di-methyl sulfoxide (DMSO, Merck K 
GaA, Darmstadt, Germany). 
 
50% Mixture of 14C-labelled and unlabelled IM, 100 μM – for 1 mL 
29.5 μl of 1695.72 μM 14C-IM plus 5 µl of unlabelled 10 mM IM were added to 966 µl of RPMI medium. 
 
50% Mixture of 14C-labelled and unlabelled nilotinib, 10 μM – for 1 mL 
2.66 μl of 1882 μM 14C-Nilotinib (dissolved in methanol) plus 5 μl of 1mM nilotinib were added to 992.3 
μl RPMI medium  
 
50% mixture of 14C-labelled and unlabelled dasatinib, 100 µM-for 1 ml 
24.4 µl of 2049 µM 14C-dasatinib (14C-Das; dissolved in ethanol; Bristol-Myers Squibb, New Brunswick, 
USA) plus 5 µl of 10 mM unlabelled dasatinib was added to 970.6 µl of RPMI 1640 media 
 
Reagents required for magnetic activated cell separation of CML-CD34+ cells 
MACS Buffer - 500mL 
50mls 10x Phosphate Buffered Saline (PBS; SAFC Biosciences USA Cat #59331 – 500mls) 
0.5% Bovine Serum Albumin (BSA; 2.5g or 7.14mL 35% BSA solution; Sigma) 
2 mM EDTA (0.37g) 
Make up to 500mls with sterile water. Filter sterilise using a 0.2 micron filter and degas prior to use. 
 
Flow Cytometry Fixative (FACS Fixative) 
PBS 500mL 
40% w/v Formaldehyde 5.0mL 
D-glucose 10.0g 
NaN3 0.1g 
The formaldehyde, azide and glucose were added to the PBS, and the solution stored indefinitely at 
4°C. 
 
Reagents required for western blot 
1 x TBS 
20 mmol/L Tris-HCl, pH 7.5 
150 mmol/L NaCl 
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1 x TBST 
20 mmol/L Tris, pH 7.5 
150 mmol/L NaCl 
0.1% Tween20 
 
Laemmli’s Buffer 
50 mmol/L Tris-HCl, pH 6.8, 
10% glycerol 
2% SDS 

5% β-mercaptoethanol 

0.1% bromophenol blue 
1 mM NaVanadate 
10 mM NaFluoride 
 
Reagents required for assessing cell death by flow cytometry 
Binding Buffer 
47.5ml HANKS plus Hepes 
2.5ml of 100 mM CaCl2 
 
Annexin-V working stock 
For each sample to be tested mix 3 µL of Annexin-V PE stock solution and 7 µL Binding Buffer 
 
7AAD working solution 
1 µl of 7-AAD stock solution was diluted in 40 µl of binding buffer 
 
Reagents required for CFU-GM assay 
Methocult, methylcellulose based media (100 ml, Catalogue 4230; Stem cell technology).  
Methocult was stored at -200C and was thawed at 40C (overnight) or at room temperature (over few 
hours). After thoroughly mixing, 3.5 ml was aliquoted in 12 ml BD sterile tubes and stored at-200C until 
required. 
 
Sterile polystyrene tubes: 5 mL (12 x 75 mm),  
Sterile polystyrene tubes 14 mL (17 x 100 mm) 
Syringes, 1mL.(Catalog #28110, 28120 
Needles, Blunt-End, 16 gauge. 
35 mm pre-tested culture dishes (Catalog #27100) 
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60 mm gridded scoring dish (Catalog #27500) 

2.2 General techniques used in the laboratory 

2.2.1 Maintenance of cell lines 

BCR-ABL1+ and BCR-ABL1-negative cell lines were cultured in pre-warmed (370C) culture media 
(RPMI+10% FCS) in 25 or 75 cm2 flask and were maintained in 370C/5%CO2 incubator. Cell lines were 
split in a class two “biohazard” laminar flow hood (Gelman Sciences) on Monday, Wednesday and 
Friday every week and were maintained at cell density between 1x105 to 1x106/mL. To prevent 
contamination and maintain sterility, the biohazard laminar flow was cleaned, sprayed with ethanol and 
exposed to ultraviolet light for 15 minutes after splitting each cell lines. Similarly the water bath was 
cleaned regularly and was filled with fresh water to prevent contamination.  

2.2.2 Cell count and viability assessment 

Live cells exclude trypan blue efficiently, however dead cells can not. This discriminatory feature of 
trypan blue dye is exploited to assess the cell viability. Cells were mixed with an equal volume (10 µl) of 
trypan blue (0.4%) and after mixing thoroughly 10 µl of suspension was loaded on the haemocytometer 
counting chamber (Neubauer Improved, Assistant, Germany) and cell concentration and viability were 
assessed. To assess the cell concentration only (in highly concentrated cells), cells were diluted in white 
cell fluid (WCF) and the diluted solution was loaded into the haemocytometer to count the live and total 
cell count. 

2.2.3 Isolation of mononuclear cells (MNC) 

The isolation of specific cell populations relies on the differential sedimentation rates of these cells 
through a solution of high viscosity during centrifugation. Centrifugation of a human haemopoietic cell 
population through a solution of specific gravity 1.077 g/ml facilitates the isolation of an enriched 
population of mononuclear cells. This method can be used to separate mononuclear cells from human 
blood or bone marrow. 
 
After informed consent 40-60 ml of peripheral blood or 5 to 10 ml of bone marrow was collected into 
Lithium Heparin tubes. Cell count was performed after diluting in white cell fluid. For isolation of MNC, at 
the most 108 cells or up to 15ml blood were placed in 50 ml propylene conical tube (Flacon tubes) and 
HBSS was added to a volume of 35 mls. Using a syringe and cannula 15 ml of lymphoprep was 
withdrawn from its container. The cannula was placed just above the bottom of the 50 ml tube and 15 ml 
of lymphoprep (prepared mixtures of sucrose polymers) was underlaid taking care to ensure a clear 
interface between lymphoprep and the sample. Following which, tubes were centrifuged at 1200 rpm 
(400 g) for 30 minutes with the brake off. At the end of centrifugation, mononuclear cells [which form a 
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layer between red cells (at the bottom) and plasma (on the top)] were transferred using a sterile transfer 
pipette to another 50 ml centrifuge tube. Cells were washed once in HBSS and centrifuged at 1200 rpm 
for 10 minutes. Cell count was done using white cell fluid diluents.  

2.2.4 Cryopreservation of cells 

Cells were resuspended slowly in a cryomixture of 70% HBSS, 20% FBS and 10% cryoprotectant 
dimethylsulphoxide (DMSO) at concentration of 1x107/ml. Resuspended cells were immediately 
transferred to pre-labeled ice-cold cryopreservation ampoule, which were carried to the cryopreservation 
facility on ice and stored in the vapour phase of liquid nitrogen (-1960C) and cryopreserved using Planer 
KRY010 Series 2 controlled rate freezer.  

2.2.5 Thawing cells 

Cryopreserved cells were thawed by immersing the ampoule in 370C water bath with manual agitations 
and cells were immediately transferred to a 50 ml tube. Pre-warmed thaw media (HBSS/Hepes with 5% 
FCS and 5% ACD-A) was added slowly (drop wise) to the cells while swirling tube after each drop. After 
the initial 25 ml, the media can be added faster up to total of 50 ml. Resuspended cells were centrifuged 
at 1200 rpm for 10 minutes and the supernatant was removed. To ensure the removal of DMSO, cells 
were resuspended in another 50 ml of pre-warmed thaw media (drop wise for first 25 ml then faster up 
to 50 ml) and were centrifuged at 1200 rpm for 10 minutes. Supernatant was removed and cells were 
resuspended in culture media. Cell count and viability was checked by cell viability assay (described 
above).  

2.3 Special techniques  

2.3.1 Isolation of CD34+ cells  

CD34+ selection was done on fresh samples of newly diagnosed CML-CP patients before starting TKI 
therapy. First MNC were isolated (described above), cell count was performed and were centrifuged at 
1200 rpm for 10 minutes. Supernatant was removed and the cell pellet was resuspended in a MACS 
buffer (1200 µl per 108 cells), sometimes more MACS buffer was added if the cell suspension was too 
viscous. To prevent non-specific binding, 100μl FcR Blocking Reagent per 108 total cells were added 
which was followed by 100μl CD34 Microbeads per 108 total cells to label cells. Cells were incubated for 
30 minutes at 4˚C with constant mixing (using the MACS mixer). While cells were incubating, MACS 
columns were mounted on the magnetic cell separator and MACS Pre-Separation Filter was placed on 
top of a each MACS column. MACS buffer was added to wet the column and new tube was placed 
underneath the column to collect the CD34 negative fraction of cells. Cells incubated with CD34 
Microbeads were added to the column and allowed to drip through. Columns were then flushed with 
MACS buffer (3x 3 ml). The labelled cells will be retained in the column, while the unlabelled cells will 
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pass through. Columns were removed from the magnetic cell separator and placed on the 10 ml tube. 
Five ml of MACS buffer was added in the column and labelled cells were flushed using the plunger. 
CD34+ purity, cell count and cell viability of collected cells were checked by flow cytometry (described 
below) and trypan blue assay. 

2.3.2 Flow cytometry to check CD34+ expression  

Prior to cryopreserving cells, purity was checked by flow cytometry. Aliquots of 1x105 and 5 x 105 CD34+ 
labelled and unlabelled cells were placed in four labelled 6 ml FACS tubes as shown in Table 2. CD34-
PE antibody and isotype control were added as shown in Table 2. Cells were mixed well and were 
incubated on ice for 30 minutes. Following incubation, 3 ml HBSS was added to each tube and tubes 
were centrifuged 2750 rpm for 2 minutes. Supernatant was removed and another 3 ml of HBSS was 
added and cells were centrifuged. After removing the supernatant, cells were resuspended in 250 µl of 
FACS fix reagent and flow cytometry was performed using a FC-500 flow cytometer.  

 
Table 2: Labelling of cells for flow cytometry 

Tube  Tube label Sample Antibody Antibody volume 
1 Unlabelled cells-isotype control Unlabelled cells IgG1 PE 5 µl 
2 Unlabelled cells-CD34 antibody Unlabelled cells CD34 PE 20 µl 
3 Selected cells-isotype control CD34+ selected cells IgG1 PE 5 µl 
4 Selected cells-CD34 antibody CD34+ selected cells CD34 PE 20 µl 

 

2.3.3 Flow cytometry to assess the cell death 

Cell death was assessed by staining cells with Annexin V and 7-AAD. Before starting the cell harvest, a 
working solution of Annexin V and 7AAD was prepared depending on the number of samples to be 
processed. 3 µl of Annexin V stock solution was diluted in the 10 µl of binding buffer per sample and 1 
µl of 7-AAD stock solution was diluted in 40 µl of binding buffer. The positive control for Annexin V was 
prepared by incubating cells with 50% DMSO for 10 min at RT and positive control for 7-AAD was 
prepared by incubating cells with 70% cold ethanol on ice for 10 minutes. After incubation with DMSO 
and ethanol, cells were washed with 5 ml of binding buffer (three times). At this stage positive and 
negative control tubes were kept on ice until other samples were ready. Cells were harvested in labelled 
tubes; 5 ml of binding buffer was added and centrifuged at 2700 rpm for 2 minutes. Supernatant was 
removed without disturbing the cell pellet and 40 µl 7-AAD and 10 µl Annexin V working solution was 
added in all the samples and respective positive control tubes. After gentle mixing, cells were incubated 
on ice, in the dark for 30 minutes. After incubation, 250 µl of binding buffer was added to each tube and 
the cells were taken to the flowcytometer room on ice.  
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Samples were run on FC500 flow cytometer (Beckman Coulter). Forward/side scatter, voltage and 
compensation were set by running negative and positive control tubes. The Annexin V–PE positive 
events were collected in FL2 while 7-AAD positive events were collected in FL-4. After setting the 
voltage and compensation samples were run and data on 30,000 events were collected. The data were 
analysed using CXP software (Beckman Coulter, Inc. Fullerton, CA 92831, USA).  

2.3.4 Carboxyfluorescein diacetate succinimidyl ester (CFSE) labeling of cells 

Carboxyfluorescein diacetate, succinimidyl ester (CFSE or CFDA-SE) is a fluorescein derivative. It is 
non-fluorescent; however cellular esterases cleave acetate groups, rendering it fluorescent. CFSE is a 
membrane permeant dye that covalently attaches to the free amines of cytoplasmic proteins. On cell 
division, CFSE is partitioned equally among daughter cells with each division, thus the daughter cells 
has exactly half the fluorescence of their parents cells [289]. This unique property of CFSE can be used 
to track cell division and proliferation index of CD34+ cells in the presence and absence of cytokines. 
CFSE is efficiently excited by the 488 nm argon laser allowing concurrent use of fluorochromes 
including phycoerythrin (PE) and 7-AAD.  

 
Cryopreserved CML-CD34+ cells were thawed and left in serum-deprived media for two hours before 
staining with CFSE. CML-CD34+ cells (up to 5 x 107 cells) were stained with 2.5 µM of CFSE. The cell 
suspension was mixed thoroughly and incubated at 370C in a water bath for 10 minutes. Excess CFSE 
was quenched washing cells three times with cold 10% FCS in PBS. Cells were resuspended in SDM 
and incubated overnight at 370C. Next day, cells (2 to 5 x 107 cells) were stained with CD34 PE (50 µl) 
and 7-AAD (50 µl) and CFSE labeled CD34+ live cells were sorted through a narrow range of 
fluorescence intensity (40 channels) using a FACStar PLUS flow cytometer (Becton Dickinson). 

 

2.3.5 Flow cytometry to assess p-STAT5 

Cells were harvested in labelled tubes, 1.5% paraformaldehyde (PFA) was added and tubes were 
incubated for 15 min at RT. Following incubation, the cells were centrifuged and washed once with PBS. 
After removing supernatant, 1ml of cold 100% methanol was added drop by drop while vortexing the 
sample. The sample was incubated at 40C for at least 20 minutes. Alternatively, cells can be left at -
200C for a longer period. The cells were washed three times with PBS (1600 rpm for 5 min). After 
removing the supernatant, 50 µl of diluted p-STAT5 Alexa 647 (BD) antibody was added to each tube 
and the sample was vortexed and incubated at RT for 30 minutes in dark. After incubation the sample 
was washed and then resuspended in 500 µl of FACS-Fix. The samples were run on the FCS500 flow 
cytometer and the data collected in FL-1 were analysed by using CXP software.  
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2.3.6 Flow cytometry to assess ABCB1 expression 

To confirm the overexpression of the ABCB1 protein on K562-Dox and VBL-100 compared to their 
respective parental cell lines K562 and CEM cells, cells were stained with ABCB1-PE antibody as 
follows: 5 x 105 cells were aliquoted into four labelled tubes. In control tubes, 20 µl of isotype control 
(IgG2b-PE) was added. While in other tubes 20 µl of ABCB1-PE antibody was added and following 
gentle mixing cells were incubated on ice for 40 minutes. After incubation cells were washed (two times) 
with HBSS and then centrifuged at 2750 rpm for 2 minutes. Supernatant was removed and 250 µl of 
FACS fix was added to each tube. The data were acquired on the FC500 (Beckman Coulter) flow 
cytometry machine and were analysed using CXP analysis software. 

2.3.7 Western blot analysis of p-Crkl 

In cells CML cells, the adaptor protein Crkl (39kDa) is specifically phosphorylated on a single tyrosine 
residue by the constitutively active Bcr-Abl. Normal individuals and non-CMLs do not exhibit 
phosphorylated Crkl (p-Crkl). Hence p-Crkl was used as a surrogate marker of Bcr-Abl kinase activity. In 
the current study, IC50 for the TKI (concentration of the drug required in vitro to inhibit the 
phosphorylation of Crkl protein by 50%) was assessed.  

 

Mononuclear, CD34+ cells or CML cell lines (K562, KU812, K56-ABCG2, K56-Dox, Meg01) were 
incubated with varying concentration of IM (0 to 50 µM), dasatinib (0 to 1000 nM), nilotinib (0 to 5 µM) 
or a combination of dasatinib plus nilotinib or dasatinib plus IM. After incubation, cells were washed 
once with cold phosphate-buffered saline (PBS) and lysed in Laemmli’s buffer by boiling for 12 minutes. 
Cell lysates were clarified by microfugation for 5 minutes at 13500 rpm and stored at -20°C. Protein 
lysates (20 μL; corresponding to 2x106 patient cells or 10 µl corresponding to 1x105 cell line) were 
resolved on sodium dodecyl sulfate (SDS)/10% (w/v) polyacrylamide gel (65 mA current at RT for 5 
hours 20 minutes for 2 gels or 32 mA for 1 gel. This will run the 25/22kDa protein maker band to 
approximately 1 cm from the end). After the electrophoretic separation of total protein, it was 
electrophoretically transferred to PVDF membrane. Following blocking for 1 hour at room temperature 
with 2.5% membrane blocking agent in TBS (Amersham Pharmacia, Piscataway, NJ), the membrane 
was probed for 2 hours at room temperature with anti-Crkl antibody (Santa Cruz Biotechnology, Santa 
Cruz, CA) 1:500 dilution in 2.5% blocking buffer. After 1 hour incubation with alkaline phosphatase–
conjugated anti–rabbit immunoglobulin (Santa Cruz Biotechnology), bound antibodies were detected 
with enhanced chemifluorescence (ECF) substrate (Amersham Pharmacia) and analyzed by Fluor 
Imager analysis (Molecular Dynamics, Sunnyvale, CA). Signals were quantified using Image Quant 
software (Molecular Dynamics). 
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Table 2: Sodium dodecyl sulfate polyacrylamide gel 

Resolving gel (12%) Stacking gel (5%) 

1 gel 1 gel 

H2O 12.9 mL H2O 6 mL 

40% Acryl 9 mL 40% Acryl 1.26 mL 

1.5M Tris 7.5 mL 0.5M Tris 2.52 mL 

10% SDS 300 µl 10% SDS 100 µl 

10% APS 300 µl 10% APS 100 µl 

TEMED* 18 µl TEMED* 10 µl 

*TEMED must be used in the fume hood. 
SDS-PolyAcrylamide Gel:  (For Hoefer 'Ruby' tank) 

1.5mm-thick resolving gel = 19 mL volume ∴ prepare 30 mL per gel. 

1.5mm-thick stacking gel = 6 mL ∴prepare 2x 10 mL for 2 gels. 

 

2.4 CFU-GM assay 

CD34+ cells were cultured in serum deprived medium (SDM), containing Iscove Modification of 
Dulbecco Medium (IMDM, Sigma Aldrich) supplemented with 1% bovine serum albumin (BSA, Sigma 
Aldrich), 1 U/mL insulin (Actrapid, Novo Nordisk Pharmaceuticals Pty. Ltd. NSW, Australia), 200 µg/mL 
transferrin (StemCell Technologies, Vancouver, BC, Canada), 10 µg/mL low-density lipoproteins (Sigma 
chemicals) and 0.1 µM 2-mercaptoethanol (Sigma Chemicals). In some experiments SDM was 
supplemented with either mixture of six growth factors (6-GF), GM-CSF alone or G-CSF alone. Six 
growth factors (6-GFs) including 10 ng/mL of Flt3-ligand (Immune, Seattle, WA), stem cell factor (SCF), 
IL-3, IL-6, granulocyte-colony stimulating factor (G-CSF) and thrombopoietin (TPO). All growth factors 
except Flt-3 ligand were purchased from PeproTech (Rocky Hill, USA). 
 
To assess the effect of concomitant cytokines and short-term or long-term TKI (dasatinib and IM) on 
colony forming cells (CFC), CML-CD34+ cells were cultured in SDM with or without dasatinib/IM and 
JAK inhibitor I in the presence or absence of cytokines (6-GF, GM-CSF or G-CSF). After 72.h of culture, 
viable CD34+ cells were plated for CFU-GM assay in MethoCult-H4230 (StemCell Technologies, 
Vancouver, BC, Canada) along with 5 growth factors (20 ng/mL of GM-CSF, IL-3, IL-6, FLT-3 ligand and 
50 ng/mL of SCF) in all culture conditions, but without dasatinib or IM. CFU-GM colonies were counted 
after 14 days.  
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2.5 K562-ABCG2 stable cell line 

2.5.1 Transformation of E.Coli with plasmid 

ABCG2 plasmids were kindly provided by Prof. Douglas Ross (University of Maryland, Baltimore, USA). 
PcDNA3 empty vector was provided by Dr. Raman Sharma (SA Pathology). Plasmids were sent on filter 
papers, the papers were cut and placed in eppendorf tube and 200 µl of TE was added in each tube to 
cover the papers. After 1 hour of incubation at room temperature (RT) the tube was centrifuged and 
plasmids were isolated.  
 
40 µl of thawed electrocompetent XL-1 Blue strain of E Coli were added to 2 µl of each plasmid. The 
mixture was left on ice for one minute and then transferred to prechilled (0.2 cm) electroporation 
cuvette. The cells were electroporated by placing cuvette in the electroporator which was set at 2.5 K 
volts, 200 ohms and 25 microfaraday. Following electroporation, the cuvette was immediately flushed 
with 1 ml of Luria Broth (LB) media (no antibiotics) and was transferred to a 10 ml yellow top tube. The 
tube was left on a shaker for 60 minutes at 370C. Following incubation, 20 µl and 200 µl of solutions 
were spread on two separate agar plates with appropriate antibiotics (100 µg /ml of ampicillin). After 
spreading, agar plate was inverted and incubated overnight at 370C.  
 
On the second day, a single colony was picked into 2 ml LB-Ampicillin and allowed to grow for 7-8 hours 
at 370C (starter culture). After 7-8 hours of culture, 200 µl of starter culture was inoculated in the 100 ml 
LB containing 100 µg/ml Ampicillin. The solution was left on the shaker overnight at 370C. 
 
On the third day, culture was transferred to the Nalgene Centrifuge tubes and the tubes were 
centrifuged at 6000 G (Beckman Coulter centrifuge; small rotor JA 25.50) for 15 minutes at 40C. 
Supernatant was removed and tubes were left inverted on bench for 5 minutes to dry. Then the tubes 
were frozen at -200C. 

2.5.2 Plasmid DNA purification using QIAGEN Plasmid Midi Kit 

A plasmid purification Midi kit (QIAGEN) was used to purify the plasmid which was then used to 
transfect the K562 cells. The protocol was based on a modified alkaline lysis procedures followed by 
binding of plasmid DNA to an anion-exchange resin under low-salt and PH conditions.  
 
The bacterial pellet was resuspended in 6 ml of buffer P1 (containing RNAse A) by vortexing and 
pipetting until no cell clumps were left. Buffer P2 (6 ml) was added, mixed thoroughly (by inverting the 
sealed tubes 4-6 times) and the reaction mixture was incubated at RT for 5 min. Subsequently 6 ml of 
the chilled Buffer P3 was added and mixed thoroughly (by inverting the tubes six times) and was 
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incubated on ice for 5 min. Following incubation, the mixture was centrifuged at 13000 rpm for 30 
minutes at 40C. The supernatant containing plasmid DNA was removed into polypropylene tube and re-
centrifuged at high speed for 15 min at 40C. The supernatant containing DNA was removed immediately 
into the QIAGEN-tip which has been equilibrated by 10 ml of QBT buffer. The supernatant is allowed to 
enter the resin by gravity flow. The QIAGEN-tip was washed with 10 ml QBT buffer two times and buffer 
is allowed to move by gravity flow. Then the DNA was eluted by using Buffer QF. The eluted DNA was 
precipitated by adding 3.5 ml of isopropanol. The mixture was centrifuged at 15000 g for 30 minutes at 
40C and supernatant was decanted. Then the DNA pellet was washed with 2 ml of 70% ethanol and the 
sample was centrifuged at 15000 g for 10 minutes. The supernatant was decanted without disturbing 
the cell pellet. The pellet was left to air dry for 5 -10 minutes and the DNA was redissolved in 100 µl TE 
buffer. 

2.5.3 Plasmid digestion and sequence confirmation 

The plasmid size and sequence was confirmed by digesting the plasmid and sequencing the product. 
The plasmid was digested using two different enzymes PvuI and ScaI. There are no PvuI sites within 
the ABCG2 sequence and a single site in PcDNA3 at AmpR site; hence PvuI digestion gives one band 
of 7.8 kb size. ScaI cuts in both ABCG2 cDNA and a PcDNA3 and gives two bands. The digested 
plasmid size was confirmed by resolution on a 0.8% agarose gel. The plasmid was also sequenced and 
the sequence was compared with the published sequence. 

2.5.4 Linearization of plasmid DNA for mammalian cell line transfection 

For transfection, the plasmid DNA was linearized by PvuI enzyme for 6 hours at 370C. The reaction 

mixture was prepared as shown in Table I. After 6 hours of incubation, 500 µl of Phe: Chl: IAA was 

added, mixed and the reaction mixture was incubated for 5 minutes at RT. The mixture was centrifuged 

at 13.2 g at RT and top aqueous layer was removed. To the supernatant, 500 µl of chloroform was 

added, and following vortex the reaction mixture was incubated at RT for 5 minutes. The reaction 

mixture was centrifuged at top speed for 5 minutes and top layer was separated and stored in another 

tube. To the supernatant 2 volumes of 100% ethanol was added and the mixture was left over night at -

200C. 

On the next day, the reaction mixture was centrifuged at 13200 rpm for 15 min at 40C. The tubes were 
transferred to a tissue culture hood and the ethanol was removed. The pelleted DNA was washed with 
70% ethanol and then centrifuged 13200 rpm for 5 min at 40C. After removing the ethanol, the DNA was 
allowed to air dry in the tissue culture hood. The plasmid was resuspended in 50 µl of PBS (1X) and 
stored at -200C. The linearized plasmid DNA was resolved on a 0.8% agarose gel.   
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Table 3: Linearization of plasmid DNA for transfection 
 ABCG2 WT Empty vector PcDNA3 

20 to 30 ug plasmid 300 µl 300 µl 

10X BSA 50 µl 50 µl 

10x neb 3 buffer 50 µl 50 µl 

Pvul 10 U/µg of plasmid 90 U (9 µl)  

Sca1 enzyme - 50 µl 

H2O 91 µl 50 µl 

Total volume 500 µl 500 µl 

 
 

2.5.5 Transfection of K562 cells 

K562 cells (3x107) were aliquoted into a 50 ml tube and were spun at 1400 rpm for 5 minutes. The cell 
pellet was mixed with 50 ml cold RPMI (No FCS) and centrifuged at 1400 rpm for 5 minutes. Following 
removal of the supernatant, the cell pellet was mixed with 2.4 ml of cold RPMI (no FCS). From this 0.8 
ml of cells were added to electroporation cuvettes (4 mm) containing 10 to 15 µg of each plasmid. After 
mixing cells with plasmids, the mixture was left at RT for 5 minutes. Cells were electroporated at 960 uF/ 
250 Volts. The electroporated cells were transferred into 10 ml tubes containing 9 ml of media 
(RPMI+10%FCS+P/S). To ensure the complete removal of plasmids and cells, cuvette was rinsed and 
this extra media was also transferred to the 10 ml tube. The cells were then transferred to a 75 cm2 
filtered capped flask in 35 ml media. After 24 hours of culture, the media was replaced with RPMI/FCS 
containing 500 µg/ml of G418. Flasks were inspected everyday under inverted microscope and media 
was changed on alternate days. Once cells reached 70 to 80% viability, single cell suspension was 
prepared and cells were cultured as single cell in a 96 well plate. Each well was scored after 5 to 7 days 
under inverted microscope. Wells with colonies of up to 50-100 cells were transferred from the 96 well 
plates to the 24 well plates and new culture media with G418 was added. Subsequently colonies which 
grew well were transferred to 25 cm2 flask, 50 cm2 and then to 75cm2 flasks. Nine different colonies of 
K562 cells transfected with ABCG2 plasmids (WT1 to WT9) were cultured further. 
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2.5.6 PCR of transfected K562 cells 

1x107 cells of each K562 clone (WT1 to WT9) transfected with ABCG2 plasmids (K562-ABCG2) were 
pelleted and 0.5 ml of DNA lysis solution was added. The mixture was left overnight in a water bath at 
550C. Next day morning it was stored at -200C. 
 
The DNA of all clones (WT1 to WT9) was isolated for PCR screening. An equal volume of Phe:Chl:IAA 
was added to the DNA lysis mixture. The mixture was vortexed and incubated at RT for 5 minutes. After 
incubation the mixture was centrifuged at 13000 rpm for 5 minutes and the top aqueous layer was 
transferred to another tube. An equal volume of chloroform was added to the supernatant and, after 
vortexing, the mixture was incubated at RT for 5 minutes. The solution was centrifuged at 13000 rpm for 
5 minutes and the top aqueous layer was transferred into another tube. An equal volume of isopropanol 
was added to the supernatant and the DNA was spooled out with a sterile loop. The looped DNA was 
dipped in the 70% ethanol, and after air drying for 1-2 min it was placed in 200 µl of TE. The DNA 
solution was stored at 40C.  
 
The DNA was subjected to PCR and the master mix of PCR was prepared as shown in the Table 4. To 
the labelled PCR micro tubes, 49 µl of master mix and 1 µl of DNA were added. The thermal cycling 
conditions were, 940C for 10 min; 30 cycles of 960C for 30 sec, 500C for 30 sec, 720C for 30 sec; 720C 
for 10 minutes and hold at 40C. The PCR product was resolved by electrophoresis on 1% gel (2 gm of 
agarose was melted in 200 ml 1XTBE for 2 minutes in a microwave on full power). After adding 2 µl of 
ethidium bromide (10 mg/ml) the gel was poured into a gel tank to set). 5 µl of loading buffer was added 
to each sample and 10 µl of each sample was loaded on the gel along with 5 µl of ladder. The gel was 
run at 84V for 40 minutes. Fig.1 demonstrates the presence of ABCG2 gene at genomic level in all 
transfected clones of K562-ABCG2 cells. 
 
The sequence of SP6 universal primer was 5’ATT/TAG/GTG/ACA/CTA/TAG 3’ while the sequence of 
T7 universal primer was 5’TAA/TAC/GAC/TCA/CTA/TAG/GG 3’ 
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Fig.1: Screening of genomic DNA of transfected K562 cells for the ABCG2 gene: 
Genomic DNA of ABCG2 transfected K562 clones (WT1 to WT9), negative control 
and ABCG2 plasmid was resolved on 1% agarose gel. The gel demonstrate that all 
selected clone contain ABCG2 gene. 
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Table.4: Master Mix for the PCR reaction on DNA isolated from WT1 to WT10 

Reagents VOLUME 

(µL) 

25 mM MgCl2 45 

10x PCR buffer (ABI) 75 

2 mM dNTPs 75 

AmpliTaq gold (ABI) 7.5 

Primer T7 (20 µM) 30 

Primer SP6 (20 µM) 30 

H2O 472.3 

Total 735 µl 

 

2.5.7 Confirming the ABCG2 plasmid sequence 

Five primers were used to sequence the ABCG2 plasmid and they were named as DKH1, DKH2, DKH3, 
DKH4 and DKH5. All the primers were made to the concentration of 200 pmol/µl and the reaction 
mixture was made as shown in the Table 5. The sequencing was done on the ABCG2 WT plasmid. One 
primer was added in each PCR tubes so there were five tubes of WT plasmids (1 to 5). 
 
DKHOLIGO1: 5’GTA/ATT/CAG/GTT/ACG/TGG/TAC 3’ 
DKHOLIGO2: 5’AGG/CCT/TGG/GAT/ACT/TTG 3’ 
DKHOLIGO3: 5’CAT/CTG/AGT/TGA/TGA/CAG/AAG 3’ 
DKHOLIGO4: 5’ACA/CTC/TGA/CCT/GCT/GCT/ A 3’ 
DKHOLIGO5: 5’AGT/GTT/TCA/GCA/GTG/TTT 3’ 
 
Table 5: Reaction mixture for sequencing transfected cells 
Reagent Volume 

plasmid 2 µl 

Sequencing buffer x 5 4 µl 

BIG DYE TERMINATOR 

MIX 

2 µl 

Primer (3.2 pmol/µl) DKH1, 

DKH2, DKH3, DKH4, 

DKH5 

1 µl 

H2O 11 µl 
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Total 20 µl 

 
The mixture was prepared in PCR micro tubes and submitted to PCR. The thermal cycling conditions 
were, 960C for 1 min; 25 cycles of 960C for 10 sec, 500C for 5 sec, 600C for 4 min and hold at 40C. On 
the next day, 80 µl of 75% isopropanol was added to the PCR mixture and after vortexing the mixture 
was incubated at RT. After 15 minutes of incubation the mixture was centrifuged 13000 rpm for 20 
minutes. The supernatant was discarded, 250 µl of 75% isopropanol was added to the pellet and the 
mixture was left at room temperature for 15 minutes. After incubation the mixture was centrifuged at the 
13000 rpm for 20 minutes. Supernatant was removed carefully and the tubes were left to air dry for 30 
minutes. The cleaned PCR was submitted for sequencing. The ABCG2 sequence of transfected cell line 
was confirmed with the published sequence.  
 

2.5.8 Confirming the expression of ABCG2 protein in transfected K562 cells 

To confirm the overexpression of the ABCG2 protein in transfected cells, K562-ABCG2 (WT1 to WT9), 
along with their parental cells, were stained with ABCG2-PE antibody as follows. 5x105 K562 and K562-
ABCG2 (transfected cells) were aliquoted into four labelled tubes. In control tubes 20 µl of isotype 
control (IgG2bPE) was added. While in the other tubes 20 µl of ABCG2-PE antibody was added and 
following gentle mixing cells were incubated on ice for 40 minutes. After incubation cells were washed 
(two times) with HBSS and centrifuged at 2750 rpm for 2 minutes. Supernatant was removed and 250 
µl of FACS fix was added to each tube. The data was acquired on the FC500 (Beckman Coulter) flow 
cytometry machine and was analysed using CXP analysis software. 
 
As demonstrated in Figure 2 the multiple K562 clones overexpress ABCG2. The degree of 
overexpression varies between the different clones. 
 
ABCG2 gene sequence: 
1 gtcagcgctg cctgagctcg tcccctggat gtccgggtct ccccaggcgg ccacccgccg 
61 gctcccatcg tgacctccag ccgcagcgcc tcccacgccg gccgccgcgc gaggggagcg 
121 ctcgggcgcg ccgggtgtgg ttgggggaag gggttgtgcc gcgcgcgggc tgcgtgctgt 
181 gcccactcaa aaggttccgg gcgcgcagga gggaagaggc agtgcccgcc actcccactg 
241 agattgagag acgcggcaag gaggcagcct gtggaggaac tgggtaggat ttaggaacgc 
301 accgtgcaca tgcttggtgg tcttgttaag tggaaactgc tgctttagag tttgtttgga 
361 aggtccgggt gactcatccc aacatttaca tccttaattg ttaaagcgct gcctccgagc 
421 gcacgcatcc tgagatcctg agcctttggt taagaccgag ctctattaag ctgaaaagat 
481 aaaaactctc cagatgtctt ccagtaatgt cgaagttttt atcccagtgt cacaaggaaa 
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541 caccaatggc ttccccgcga cagcttccaa tgacctgaag gcatttactg aaggagctgt 
601 gttaagtttt cataacatct gctatcgagt aaaactgaag agtggctttc taccttgtcg 
661 aaaaccagtt gagaaagaaa tattatcgaa tatcaatggg atcatgaaac ctggtctcaa 
721 cgccatcctg ggacccacag gtggaggcaa atcttcgtta ttagatgtct tagctgcaag 
781 gaaagatcca agtggattat ctggagatgt tctgataaat ggagcaccgc gacctgccaa 
841 tttcaaatgt aattcaggtt acgtggtaca agatgatgtt gtgatgggca ctctgacggt 
901 gagagaaaac ttacagttct cagcagctct tcggcttgca acaactatga cgaatcatga 
961 aaaaaacgaa cggattaaca gggtcattca agagttaggt ctggataaag tggcagactc 
1021 caaggttgga actcagttta tccgtggtgt gtctggagga gaaagaaaaa ggactagtat 
1081 aggaatggag cttatcactg atccttccat cttgttcttg gatgagccta caactggctt 
1141 agactcaagc acagcaaatg ctgtcctttt gctcctgaaa aggatgtcta agcagggacg 
1201 aacaatcatc ttctccattc atcagcctcg atattccatc ttcaagttgt ttgatagcct 
1261 caccttattg gcctcaggaa gacttatgtt ccacgggcct gctcaggagg ccttgggata 
1321 ctttgaatca gctggttatc actgtgaggc ctataataac cctgcagact tcttcttgga 
1381 catcattaat ggagattcca ctgctgtggc attaaacaga gaagaagact ttaaagccac 
1441 agagatcata gagccttcca agcaggataa gccactcata gaaaaattag cggagattta 
1501 tgtcaactcc tccttctaca aagagacaaa agctgaatta catcaacttt ccgggggtga 
1561 gaagaagaag aagatcacag tcttcaagga gatcagctac accacctcct tctgtcatca 
1621 actcagatgg gtttccaagc gttcattcaa aaacttgctg ggtaatcccc aggcctctat 
1681 agctcagatc attgtcacag tcgtactggg actggttata ggtgccattt actttgggct 
1741 aaaaaatgat tctactggaa tccagaacag agctggggtt ctcttcttcc tgacgaccaa 
1801 ccagtgtttc agcagtgttt cagccgtgga actctttgtg gtagagaaga agctcttcat 
1861 acatgaatac atcagcggat actacagagt gtcatcttat ttccttggaa aactgttatc 
1921 tgatttatta cccatgagga tgttaccaag tattatattt acctgtatag tgtacttcat 
1981 gttaggattg aagccaaagg cagatgcctt cttcgttatg atgtttaccc ttatgatggt 
2041 ggcttattca gccagttcca tggcactggc catagcagca ggtcagagtg tggtttctgt 
2101 agcaacactt ctcatgacca tctgttttgt gtttatgatg attttttcag gtctgttggt 
2161 caatctcaca accattgcat cttggctgtc atggcttcag tacttcagca ttccacgata 
2221 tggatttacg gctttgcagc ataatgaatt tttgggacaa aacttctgcc caggactcaa 
2281 tgcaacagga aacaatcctt gtaactatgc aacatgtact ggcgaagaat atttggtaaa 
2341 gcagggcatc gatctctcac cctggggctt gtggaagaat cacgtggcct tggcttgtat 
2401 gattgttatt ttcctcacaa ttgcctacct gaaattgtta tttcttaaaa aatattctta 
2461 aatttcccct taattcagta tgatttatcc tcacataaaa aagaagcact ttgattgaag 
2521 tattcaatca agtttttttg ttgttttctg ttcccttgcc atcacactgt tgcacagcag 
2581 caattgtttt aaagagatac atttttagaa atcacaacaa actgaattaa acatgaaaga 
2641 acccaagaca tcatgtatcg catattagtt aatctcctca gacagtaacc atggggaaga 
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2701 aatctggtct aatttattaa tctaaaaaag gagaattgaa ttctggaaac tcctgacaag 
2761 ttattactgt ctctggcatt tgtttcctca tctttaaaat gaataggtag gttagtagcc 
2821 cttcagtctt aatactttat gatgctatgg tttgccatta tttaataaat gacaaatgta 
2881 ttaatgctat actggaaatg taaaattgaa aatatgttgg aaaaaagatt ctgtcttata 
2941 gggtaaaaaa agccaccgtg atagaaaaaa aatctttttg ataagcacat taaagttaat 
3001 agaacttact gatattcctg tctagtggta taatatctca ggaatcttgg ctgagggttt 
3061 ggaactgtgg gtagagtaga gggccaggag tccagtaata gaattcttgc accatttctg 
3121 gaacattcta gctctgggag gtcacgtaac cttcttgggg tagttcagtg gtttagtggt 
3181 ttataatcca ggtgtgcgtc agaatcatct gaggaacttt gctaaaatac aaaaatctgg 
3241 cctaagtagc tccagatcta ccttcataaa ggaatctgac cactcctgga tttggtaatt 
3301 tccaagttct gaaaatttta cttaggattt aataactatt aacatctgtc cctacatagg 
3361 ttttctttcc tacttatata ccttatgttc tcttcattct aaccttcatc agtaataggg 
3421 aaatgtttta attttatttt tttagttgaa gggtaatgta ccaaaaaata tagttcagtg 
3481 aattaaaatg aacacacatg tgcaaccatc aattcaggtc aagaaataga agattgtagc 
3541 acacaaaagc ctactcagcc attctcccag tcactacttc cttccttacc cctgggttat 
3601 ttttgaaatg acacttgatg tatttccctc tgttgctgtt atgagaacat tgctacagcc 
3661 aagtgttgtg tttctgtgtg cataggttga tacttaatta tctccccact ttttaataaa 
3721 cttttaattt ggaaataatt ttagattgac agaaaagttg caaagatagt gaggaaagtt 
3781 cctgtctact ctttgctcag cttcccttaa tgttaacatt ttatatagca agatgcattt 
3841 gtcaaagcta acaagttaac attggtacaa tcactgttaa ttaaactgca cacaatattc 
3901 agatttcacc acttttccac taatattctt tcattgttct aggattcaat tcaggagacc 
3961 acatttcatc tagccctctt ttttaaaagt aaatactttt cagcacttac aggagttaac 
4021 tgagctgggg catcatggtg tatagacgcc ctgacactgg tcatcttgga attcatttag 
4081 tttgtcagtg ggtgccctga cattctgtca caacatcaat ttgggaacat ggcattatat 
4141 ttttatcttt gaactttttt ctttttggat gacatttgat taatgcgtca tcttggaaca 
4201 cattatcttt tttcttggtt atgtgatcag gaagattaat cagtttttcc tgttcttggt 
4261 ataattcctg cttttcacat acctgtccct tacagttctc tatatatacc cttcccttat 
4321 tacacagaga gaaatatcta tctatacttt ttacacaaaa tatacttcaa aagaaacaaa 
4381 acagccacaa ttattaactt tttaaataaa tgagaattta attatatcct aaaaaaaaaa 
4441 aaaaa 
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3 Chapter 3: Dasatinib Cellular Uptake and Efflux in CML 
Cells:Therapeutic Implications 

 

3.1 Introduction 

IM is the first line of treatment for newly diagnosed chronic phase CML (CML-CP) patients. However, up 
to 15 to 25% of newly diagnosed CML-CP patients have primary resistance (failure to achieve any level 
of cytogenetic response at 6 months, lack of major cytogenetic response at 12 months, and absence of 
complete cytogenetic response at 18 months) to IM at 400 mg/day [170, 290, 291]. Currently, 
mechanisms of primary IM resistance are not well defined but kinase domain mutations do not appear to 
be an important cause [292, 293]. We have previously demonstrated that the intrinsic sensitivity of IM (in 

vitro concentration of IM required to inhibit phosphorylation of the adaptor protein Crkl by 50%, 
IC50imatinib) is related to the intracellular uptake and retention (IUR) of IM, but IC50nilotinib is not correlated 
with nilotinib IUR [180]. The organic cation transporter, OCT-1, is an important mediator of active IM 
influx [180, 196]. We have recently shown that the functional activity of the OCT-1 protein is a major 
determinant of molecular response to IM and the majority of CML patients who have suboptimal 
response to IM have low OCT-1 activity [179]. Similarly Wang et al reported that OCT-1 mRNA 
expression is a strong predictor of response to IM [197]. Single nucleotide polymorphisms (SNP) of 
SLC22A1 (OCT1) can also predict the outcome to IM therapy in advanced phase CML patients [294].  
 
Our group and others have demonstrated that IM is a substrate of the efflux protein ABCB1 [196, 222, 
276, 278, 295]. The role of another efflux protein ABCG2 in IM transport is controversial, some studies 
reporting IM as an ABCG2 substrate [282, 285, 286, 296-299] while others reporting it as inhibitor [281, 
284] rather than substrate. Some groups reported that SNP analysis of the ABCB1 [300] and ABCG2 
[294] genes can predict response to IM. However, Wang et al reported that expression of ABCB1, 
ABCG2 and ABCC1 did not influence IM treatment outcome [197].  
 

Dasatinib (Sprycel® formerly BMS-354825; Bristol-Myers Squibb, New Brunswick, USA) is a second 
generation Abl and Src kinase inhibitor. In in vitro assays it is approximately 300 times more potent than 
IM and active against most IM resistant BCR-ABL1 mutants except the T315I and F317L [301]. 
Dasatinib is well absorbed after oral administration with maximum concentration achieved within ½ hour 
of the dose and the plasma terminal half life is less than 4 hours. The major route of dasatinib clearance 
is via oxidative biotransformation in the liver and the major enzyme involved is CYP3A4 [302-304]. 
Dasatinib is metabolised into 19 metabolites including hydroxylated metabolites (M20 and M24), an N-
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dealkylated metabolite (M4), an N-oxide (M5), an acid metabolite (M6), glucuronide conjugates (M8a,b), 
and products of further metabolism of these primary metabolites [304]. Dasatinib is mainly eliminated in 
the faeces (85%) and only a small amount appear in urine (4%) [304]. Key drug-drug interaction studies 
have clearly shown that perturbation of the CYP3A4 pathway strongly impacts the pharmacokinetics of 
dasatinib.  
 

However, there is limited published literature on the cellular drug transport of dasatinib. In the current 
study we have examined cellular influx and efflux of dasatinib, and compared it to IM. Understanding the 
dasatinib cellular transport mechanisms may facilitate the development of more effective treatment 
strategies based on exploiting transporter function. 

3.2 Summary of the research, publication and conference presentation 

The research detailed in this chapter, the attached manuscript and conference proceedings have 
contributed significantly to understanding the impact of dasatinib cellular transport pathways. This was 
the first study which demonstrated that dasatinib cellular uptake is predominantly OCT-1 independent. 
This study also demonstrated for the first time that dasatinib cellular efflux is mediated by the ABCB1 
and ABCG2 efflux pumps. 

3.2.1 Publication and contribution of co-authors 

Devendra K. Hiwase, Verity Saunders, Duncan Hewett, Amity Frede, Stephanie Zrim, Phuong Dang, 
Laura Eadie, L.Bik To, JuniaMelo, Sharad Kumar, Timothy P. Hughes, and Deborah L. White: Dasatinib 
Cellular Uptake and Efflux in Chronic Myeloid Leukaemia Cells: Therapeutic Implications. Clin Cancer 
Res. 2008 Jun 15;14(12):3881-8. 
 
Devendra Hiwase: Planned, performed, analysed the experimental data and wrote the manuscript. 
Verity Saunders, Duncan Hewett, Amity Frede, Stephanie Zrim, Phuong Dang, Laura Eadie helped me 
with the experiments. L.Bik To, Junia Melo and Sharad Kumar critically edited the manuscript. Tim 
Hughes and Deborah White helped in designing and analysing the data. They also critically edited the 
manuscript  

3.2.2 Conference presentation 

Devendra K. Hiwase, Deborah L. White, Verity A. Saunders, Phuong Dang, Amity Venables, Laura 
Eadie, Steph Zrim, L. Bik To, Junia V. Melo, and Timothy P. Hughes 
In Contrast to IM, OCT-1 Mediated Influx Has Minimal Impact on Cellular Uptake of Dasatinib in CML 
Patients at Diagnosis. Blood (ASH Annual Meeting Abstracts), Nov 2007; 110: 1937. 
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3.3 Dasatinib IUR assay development 

3.3.1 Radiolabeled drug uptake and retention assay (IUR) 

Dasatinib and 14C-dasatinib (14C-Das) were kindly provided by Bristol-Myers Squibb (New Brunswick, 
USA). 14C-Das was dissolved in ethanol at 1 mg/ml. Non-radiolabeled dasatinib was prepared at 
concentration of 10 mM in di-methyl sulfoxide (DMSO, Merck K GaA, Darmstadt, Germany). IM 
mesylate (Glivec), together with 14C-imatinib (14C-IM) were kindly provided by Novartis Pharmaceuticals 
(Basel, Switzerland). Stock solutions of IM were prepared at 10 mM and 1 mM in distilled water, sterile 
filtered and stored at 4ºC. 
 
The 14C-Das IUR assay was based on the previously published 14C-IM IUR [180] and is detailed in the 
method chapter. In brief, 2x105 cells were incubated at 370C (unless specified otherwise) with varying 
concentrations of 14C-Das or 14C-IM (0 to 2 µM). Isotopes were resuspended to 1 mg/ml and specific 
activities were 3.3 MBq/mg for 14C-IM and 1.18 MBq/mg for 14C-Das. After incubation the cellular and 
aqueous phases were separated, and incorporation determined using a Top Count Microplate Beta 
Scintillation counter (Perkin Elmer, Boston, USA) following the addition of Microscint 20 (Perkin Elmer) 
scintillation fluid. Results were displayed as ng/200,000 cells and calculated as follows:- 
 
% drug incorporation = cells cpm/total cpm (cells + supernatant) 
ng/200,000 cells = (% drug incorporation)/100 x amount of drug added in ng. 
Drug concentrations used were 0, 0.1, 0.2, 0.5, 1 and 2 μM. 
 
IUR assays were performed in triplicate and repeated if the assay results were not concordant. 
 

3.3.2 Drugs and inhibitors 

The OCT inhibitors prazosin, progesterone (OCT-1 and OCT-3 inhibitors) [305], procainamide (OCT-1 
and OCT-2 inhibitor) [187], N-methyl-nicotinamide (OCT-2, inhibitor) [306], and corticosterone (OCT-3 
inhibitor) [305] (Sigma Aldrich, St Louis, USA) were used at 100 µM, 10 µM, 100 µM, 1000 µM and 10 
µM respectively. The ABCB1 inhibitor PSC833 (provided by Novartis Pharmaceuticals, Basel, 
Switzerland), and the Fumitremorgin C analogue Ko143 (ABCG2 inhibitor was supplied by Dr John 
Allen) were used at 10 µM and 0.5 µM respectively.   

3.3.3 Cell lines 

KU812 and K562 (BCR-ABL1+) cell lines were obtained from American Type Culture Collection (ATCC, 
Manassas, USA), K562-DOX (ABCB1 over expressing cell line), VBL-100 the ABCB1 over expressing 
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variant of CCRF-CEM was provided by Professor Leonie Ashman (University of Newcastle, Newcastle, 
Australia). MEF3.8 and the ABCG2 overexpressing variant, MEF-BCRP1 were kindly provided by Dr. 
John Allen (Centenary Institute, Sydney, Australia).  
 
K562 cells were transfected with pcDNA3-BCRP [307] (kindly provided by Prof. Douglas Ross, 
Maryland, Bethesda, USA) using electroporation, selected with geneticin (G418, 500 µg/ml; GIBCO, 
Invitrogen corporation, Auckland, New Zealand), and subcloned by limiting dilution in 96-well flat-
bottomed culture plates. Positive subclones were identified by polymerase chain reaction (PCR) 
screening, and overexpression of BCRP (ABCG2 protein) was assessed by using flow cytometry (anti-
hBCRP1/ABCG2, RD systems, Minneapolis, USA) (For details see Appendix 1) 
 

3.3.4 Patient samples 

Blood was collected from CML-CP patients at presentation to the Royal Adelaide Hospital Haematology 
clinic. All samples were collected with informed consent and importantly all samples were collected pre-
commencement of IM therapy.  
 
Mononuclear cells (MNCs) were isolated from blood using Lymphoprep (Axis-Shield PoC As, Oslo, 
Norway) density gradient centrifugation. CD34+ progenitor cells were isolated by magnetic assisted cell 
sorting (MACS; Miltenyi Biotech, Germany) and the purity was checked by staining cells with anti-CD34-
PE (BD Biosciences, San Jose, CA, USA). IUR assays were performed on thawed cells that were 
cryopreserved cells following controlled rate freezing and storage in liquid nitrogen. 
 

3.4 Western blot analysis  

Western blot analysis for phosphorylated Crkl (p-Crkl) was performed as previously described [174]. 
Briefly, 2x106 patient MNC  or 2x105 cells of BCR-ABL1+ cell lines (K562, K562-DOX, K562-ABCG2) 
were cultured in increasing concentrations of dasatinib (0 to 1000 nM) for 2 hours. Cells were then 
washed with cold phosphate buffered saline (PBS) and lysed in 20 µl of Laemmli’s buffer by boiling for 
12 minutes. Protein lysates (10 µl equivalents to 1x106 patient MNCs, and 1x105 cells of cell lines) were 
resolved on a SDS/10% (w/v) polyacrylamide gel, and electrophoretically transferred to a PVDF 
membrane (GE healthcare, Buckinghamshire, UK). Following blocking, the membrane was probed with 
anti-Crkl antibody (Santa Cruz, Santa Cruz, USA), detected with ECF substrate (GE healthcare) and 
analysed by Fluor Imager analysis (Molecular Dynamics, Sunnyvale, USA). Signals were quantified 
using Image Quant software (Molecular Dynamics), and the ratio of p-Crkl to total Crkl was determined. 
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IC50 values were determined as the concentration of drug required to reduce phosphorylation of the 
adaptor protein Crkl (p-Crkl) by 50%. 

3.5 Flow cytometry analysis 

ABCB1 and ABCG2 expression was assessed by using flow cytometry analysis of K562, K562-Dox, 
Mef3.8, Mef-BCRP, K562-ABCG2 cells. Cells were stained with Phycoerthyrin conjugated (PE) anti-
ABCB1 antibody (Immunotech, France) and anti-ABCG2 (R & D Systems. Minneapolis MN). The data 
were acquired on the FC500 (Beckman Coulter) flow cytometry machine and were analysed using CXP 
analysis software. 

3.6 Statistical analysis 

The Mann-Whitney Rank Sum or t tests were used to assess the difference between groups and p value 
<0.05 were considered significant 
 

3.7 Results 

3.8 Standardization of 14C-Das IUR assay 

3.8.1 Effect of cell numbers on 14C-Das IUR 

Our laboratory have standardised the 14C-IM and 14C-Nilotinib (14C-Nil) intracellular uptake and retention 
(IUR) assay and this assay is performed regularly. To asses the linearity of 14C-Das IUR assay, the 
assay was done over a range of cell numbers, 14C-Das concentrations, and duration of incubation with 
14C-Das.  
 
K562 cells (2x104 to 2x106) cells were incubated with 1µM of 14C-Das for 2 h and 14C-Das IUR was 
assessed as described in the methods section. 14C-Das IUR was expressed as ng/200,000 cells. At 
2x104 cells, 14C-Das IUR was 38.52±3.80 ng/2000,000 cells which was significantly higher than 
14.70±1.46 ng/200,000 cells at 2x105 cells. However at higher cell numbers 14C-Das IUR variation was 
minimal, at 2x105, 5x105, 1x106 and 2x106 cells, 14C-Das IUR was 14.70±1.46, 11.15±1.16, 9.83±0.72 
and 8.82±0.90 ng/200,000 cells respectively (Fig 1). Hence for further experiments fixed cell numbers of 
2x105 cells were used. We also use the same number of cells for 14C-IM and 14C-Nil IUR assay. 

3.8.2 Effect of culture duration on 14C-Das intracellular concentrations 

To assess the effect of duration of culture on dasatinib IUR, K562 cells (2x105) were cultured with 14C-
Das (2 µM) over a dynamic range of 1 minute to 2 h at 370C and 40C. Dasatinib cellular uptake was 
achieved within 1 minute at both temperatures, and there was minimal variation between 1 minute and 2 
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Fig.1: 14C-Das IUR (ng/200,000 cells) does not vary significantly between 2x105 

and 2x106cells:2 x104 to 2x106 K562 cells were incubated with 1 µM 14C-Das for 2 h 
and 14C-Das IUR was assessed. 14C-Das IUR/200,000 cells reduced dramatically 
between 2x104 cells and 2x105cells,however plateaued off when higher cells were 
incubated. 

Fig.1
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h (Fig.2A). Moreover the 14C-Das IUR did not vary significantly over 24.h. Similarly, in HL-60, CEM and 
VBL-100 cells there was minimal variation in 14C-Das (0.5, 1 and 2 µM) IUR over 24.h (Fig 2B,-D). For 
all subsequent experiments the IUR assay was performed after 2.h of incubation to enable direct 
comparison of the IUR of dasatinib with the IC50dasatinib. 

3.8.3 Effect of dasatinib concentration on 14C-Das intracellular concentrations 

Dasatinib IUR was assessed in K562 cells (at 370C and 40C) over a range of dasatinib concentrations 
(100 to 2000 nM). At both temperatures (370C and 40C), 14C-Das IUR was linear over the range of 
concentrations used. The results were confirmed using KU812 cells. These results suggest that 
dasatinib cellular uptake is predominantly by diffusion (Fig. 3A and B). 
 
As the radioactivity of 14C-Das was low, we were concerned that at lower 14C-Das concentration we 
might lose the subtle difference in 14C-Das IUR between different conditions and cell lines. Hence, most 
of the 14C-Das IUR assays were done at three concentrations of 14C-Das: 0.5, 1 and 2 µM. As these 
concentrations are higher than the therapeutically achievable concentrations of 100 to 200 nM, critical 
experiments were repeated at 100 nM to 200 nM.  

3.8.4 Reproducibility of 14C-Das IUR 

To assess the reproducibility of the assay, 14C-Das IUR were performed in K562 cells on several 
occasions, mean and standard deviation was calculated. 14C-Das IUR in K562 cells were used as a 
control for reproducibility of the assay, and if the results fell outside of the mean ± 2 standard deviation 
(SD) then the assay was repeated (Fig. 4). Moreover each assay was done in triplicate and the average 
of all three values were used for IUR calculation, however if there was no concordance in at least two 
values the assay was discarded.  

3.9 Role of organic cation transporter proteins in dasatinib cellular uptake 

3.9.1 Effect of temperature on 14C-Das IUR 

We and others have previously demonstrated that the uptake of IM is temperature dependent, with 
higher intracellular concentration achieved at 370C compared to 40C, suggesting the transport process 
is primarily active [180, 196]. To assess the effect of temperature on 14C-Das IUR assays were 
performed at 40C and 370C on MNC of CML-CP patients (n=10, Fig.5A) and in CML cell lines (K562, 
KU812, HL-60 cells; Fig 5B-D). In contrast to the findings with IM, there was no significant difference in 
the dasatinib IUR at 370C and 40C (Fig.5A-D).  
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Fig. 2:14C-Das IUR is maximum within 1 minute of incubation and there was 
minimal variation over 24h. (A) K562 cells were incubated with 2 µM dasatinib over a 
period of 1 minute to 120 minutes and 14C-Das IUR was assessed. 14C-Das IUR was 
maximal within 1st minute and there was minimal variation over 2h. (B-D) HL-60, CEM 
and VBL-100 cells were incubated with 14C-Das (0.5,1 and 2 µM) for 15 min to 24h. In 
all these cell lines there was minimal variation in 14C-Das IUR over 24h.   
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Fig.3:14C-Das IUR was linear over a range of dasatinib concentration: (A) K562 
cells were incubated with 14C-Das (100 to 2000 nM) for 2h. At 370C and 40C , dasatinib 
IUR was linear over a range of dasatinib concentration (B) KU812 cells were incubated 
for 15 minutes with 14C-Das( 100 to 2000 nM) at 370C. 14C-Das IUR was linear over the 
range of dasatinib concentration.
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Fig.4: 14C-Das IUR was repeated in K562 cells (as control) with each IUR assay, if K562 IUR 
falls outside the Mean±2SD then the whole IUR assay was repeated..* The assays were 
rejected.
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Fig.5: 14C-Das IUR was not significantly different at 370C and 40C: A) Mononuclear 
cells (MNC) of CML-CP patients were incubated with 0.25 (n=3, 0.5 (n=7), 1 (n=7) or 2 
µM (n=10) 14C-Das either at 370C or 40C for 2 h and IUR was assessed. 14C-Das IUR 
was not significantly different between 370C and 40C.(B-D) Similarly 14C-Das IUR was 
not significantly different at 370C and 40C in K562 (n=11, panel B), HL-60 (n=5, panel 
C) and KU812 (n=5, panel D) cells.
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3.9.2 Effect of organic cation transporters (OCT) inhibitors on dasatinib cellular uptake 

To assess the role of OCTs on dasatinib cellular uptake, the dasatinib IUR was compared to the IM IUR 
in the MNCs of CML-CP patients, in the presence and absence of known OCT-inhibitors. There was no 
significant difference between the uptake of IM (2 µM) and dasatinib (2 µM) in CML MNC (mean IM IUR 
20.4 ng/200,000 cells, mean dasatinib IUR 16.20 ng/200,000 cells p=0.1) over the two hour period. The 
addition of 100 µM prazosin, an inhibitor of both OCT-1 (IC50: 1.8 µM) and OCT-3 (IC50: 13 µM) did 
not reduce the dasatinib IUR significantly (p>0.05), nor interpatient variability (Fig 6 A-B, Table 1). 
However, in keeping with our previous findings, 100 µM prazosin significantly reduced the IUR of IM to 
13.33 ng/200,000 cells (p=0.005) and reduced interpatient variability (Fig 6 A-B, Table 1). 14C-Das has 
low specific activity therefore at lower concentrations the subtle effect of OCT-inhibitors on dasatinib 
IUR could be missed; hence dasatinib IUR was studied at 2 µM. However, the therapeutically 
achievable peak dasatinib concentration is 100 to 180 nM [267, 308], hence we have also compared the 
effect of OCT inhibitors at lower concentration of dasatinib. Prazosin (100 µM) did not reduce IUR of 
250 nM 14C-Das in CML-MNC (n=5, Fig 6B, Table 1). In KU812 cells, 100 µM prazosin did not reduce 
IUR of 0.1, 0.2, 0.5, 1 and 2 µM 14C-Das (Fig.6C and D). However, in K562 cells 100 µM prazosin 
significantly reduced 0.5, 1, and 2 µM 14C-Das IUR (Fig 6E). This was a rather unexpected finding in 
contrast to KU812 cells and CML-MNC. Progesterone (10 µM) , another OCT-1 and OCT-3 inhibitor, did 
not change IUR of 0.25, 0.5 or 2 µM 14C-Das IUR in CML-MNC (Fig.7A), K562 and KU812 cells (Fig 7B 
and C). Thus two OCT-1 and OCT-3 inhibitors (Prazosin and progesterone) did not change 14C-Das IUR 
in CML-MNC (N=11) and KU812 cells.  
 
In accordance with our previous findings in CML-MNC, procainamide (OCT-1 and OCT-2 inhibitor) 
significantly reduced 14C-IM IUR (p=0.03). However, procainamide (100 µM) did not change IUR of 
0.25, 0.5 and 2 µM 14C-Das (p=0.1, 0.06 and 0.29 respectively; Fig.8A and B). Similarly 100 µM 
procainamide did not change IUR of 0.25, 0.5 and 2 µM 14C-Das IUR in KU812 cells (Fig 8C and D) and 
K562 (Fig 8E). Thus 100 µM procainamide, an OCT-1 and OCT-2 inhibitor, did not change dasatinib 
IUR in CML-MNC (n=7; Fig 8A and B), K562 and KU812 cells (Fig 8C-E). 
 
To evaluate the role of OCT-3, CML-MNCs were incubated with 14C-Das or 14C-IM in the presence or 
absence of corticosterone (OCT-3 inhibitor; 10 µM) and IUR was assessed. 10 µM corticosterone did 
not change 14C-Das IUR in CML-MNC (n=7, Fig 9A), K562 (Fig.9B) and KU812 cells (Fig 9C).  
 
Similarly, the OCT-2 inhibitor, N-Methyl-nicotinamide (1000 µM) did not reduce the 14C-Das IUR (14.71 
±3.74 vs. 13.26± 2.1; p=0.3; Table 1; Fig 10A) and 14C-IM IUR (17.24±2.91 vs. 14.19 ± 2.202; p=0.2). 
Increasing concentration of N-methyl-nicotinamide did not change dasatinib IUR in K562 cells (Fig.10B). 
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Fig 6: Prazosin (potent OCT-1and weak OCT-3 inhibitor) inhibit 14C-IM IUR but not 
14C-Das IUR. CML-MNC, KU812 and K562 cells were incubated with 14C-Das or 14C-IM 
in the presence or absence of 100 µM prazosin for 2 h. (A and B) 100 µM Prazosin 
significantly reduced imatinib IUR and reduced interpatient variability; however, it 
neither reduced dasatinib IUR nor variability in dasatinib IUR. (C and D) In KU812 cells, 
100 µM prazosin did not change 0.1, 0.2, 0.5,1 and 2 µM 14C-Das IUR. (E) In K562 
cells, 100 µM prazosin significantly reduced dasatinib IUR.
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Table 1. Effect of OCT inhibitors on 14C-Das (250 nM and 2 µM) and 14C-IM (2 

µM) IUR in MNC of CML-CP patients 

OCT-inhibitors Dasatinib IUR at 250 nM 
(ng/200,000 cells) 

Dasatinib IUR at 2 µM 
(ng/200,000 cells) 

Imatinib IUR at 2 µM 
(ng/200,000 cells) 

 Mean ±SD p Mean ±SD p Mean ±SD p 

No inhibitor  3.22 ± 0.56 (n=5)  16.20±4.57 (n=11)  20.4±7.0 (n=11)  

Prazosin (100 µM)  2.83 ±0.33 (n=5) 0.23 15.34±3.80 (n=11) 0.6 13.3±2.7 (n=11) 0.005 

Procainamide (100 µM)  2.61± 0.72 (n=5) 0.18 13.98±4.11 (n=10) 0.2 14.73±4.06 (n=10) 0.04 

Progesterone (10 µM) 2.58 ± 0.42 (n=5) 0.07 15.04±5.16 (n=10) 0.5 19.46±7.33 (n=10) 0.3 

Corticosterone (10 µM)  3.19± 0.65 (n=5) 0.94 17.28±5.15 (n=10) 0.5 20.25±8.66 (n=10) 0.3 

Nicotinamide (1000 µM)  - - 13.20±2.15* (n=8) 0.2 14.19±2.2** (n=5) 0.1 

 

Note: Effect of inhibitors were compared with no inhibitor control 

*Effect of nicotinamide on dasatinib IUR was assessed in 8 patients and the mean 

value of dasatinib IUR with and without nicotinamide was not significantly different 

(15.51 vs. 13.20 ng/200,000 cells). 

** Effect of nicotinamide on imatinib IUR was assessed in 5 patients and the mean 

value of imatinib IUR with and without nicotinamide was (17.24 vs. 14.19 ng/200,000 

cells) was not significantly different 
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Fig 7: Progesterone (OCT-1 and OCT-3 inhibitor) does not inhibit 14C-Das IUR. 
CML-MNC, KU812 and K562 cells were incubated with 14C-Das in the presence or 
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did not change 0.25, 0.5 and 2 µM 14C-Das IUR. Similarly in K562 cells (B) and  KU812 
(C) 10 µM progesterone did not change 0.5,1 and 2 µM 14C-Das IUR.
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Fig 8: Procainamide (OCT-1 and OCT-2 inhibitor) does not inhibit 14C-Das IUR. CML- 
MNC, KU812 and K562 cells were incubated with 14C-Das in the presence or absence of 100 
µM procainamide for 2 h (A and B) In CML-MNC, 100 µM procainamide significantly reduced 
14C-IM IUR but did not change 0.25, 0.5 and 2 µM 14C-Das IUR.(C and D) In KU812 cells, 
100 µM procainamide did not change 0.1,0.2 and 2 µM 14C-Das IUR. (E) In K562 cells, 100 
µM procainamide did not change 0.5,1 and 2 µM 14C-Das IUR
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Fig 9: Corticosterone (OCT-3 inhibitor) did not inhibit 14C-Das IUR. CML-MNC, 
KU812 and K562 cells were incubated with 14C-Das in the presence or absence of 10 
µM corticosterone for 2 h. In CML-MNC (A), K562 (B) and KU812 cells (C ), 10 µM 
corticosterone did not change 0.25, 0.5 and 2 µM 14C-Das IUR.
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Fig 10: N-methyl-nicotinamide (OCT-2 inhibitor) did not change 14C-Das IUR. CML- 
MNC and K562 cells were incubated with 14C-Das in the presence or absence of N-Methyl 
nicotinamide for 2 h. (A) In CML-MNC, 1000 µM N-Methyl nicotinamide did not change 
IUR of 2 µM 14C-Das (B) Similarly in K562 cells, N-Methyl nicotinamide (10,100 and 1000 
µM) did not change 2 µM 14C-Das dasatinib IUR (C) In KU812 cells,  1000 µM N-Methyl 
nicotinamide did not change 14C-Das dasatinib IUR (0.5, 1 and 2 µM). 
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In summary, potent OCT-1, OCT-2 and OCT-3 inhibitors did not influence dasatinib IUR in CML-MNC 
and BCR-ABL1+ cell lines. Moreover, dasatinib IUR was linear over a range of concentration used and 
there was no difference in dasatinib IUR between 370C and 40C. These data demonstrate that dasatinib 
IUR is predominantly passive and is not mediated by OCT-1, OCT-2 or OCT-3. However, in K562 cells 
100 µM prazosin reduced dasatinib IUR but progesterone, procainamide did not change dasatinib IUR. 
In KU812 cells and more importantly in MNC of CML-CP patients (n=11) prazosin (100 µM) did not 
reduce dasatinib IUR significantly. Thus this phenomenon is limited to K562 cells only, the exact 
mechanism of this is not known. 

3.9.3 In CML-MNC, OCT-1 mediated IM IUR is significantly higher than dasatinib 

We recently defined the OCT-1 Activity (prazosin inhibitable IM IUR) as the difference between IM IUR 
in the presence, and absence of prazosin, and demonstrated that patients with high OCT-1 Activity 
(≥7.2 ng/200,000 cells) have superior molecular responses to IM, compared with patients with low OCT-
1 Activity (<7.2 ng/200,000 cells) [179]. In this current analysis we show that prazosin inhibitable IUR 
was significantly higher for IM compared to dasatinib (6.38 vs. 1.48 ng/200,000 cells, p=0.002; n=11, 
Fig 11A and B). There was significant interpatient variability in prazosin inhibitable IM IUR (1 to 12 
ng/200,000 cells), however the variation was minimal for dasatinib IUR (0 to 3 ng/200,000 cells; Fig 
11A). 
 
We have previously demonstrated that patients with low IC50imatinib (below median) have significantly 
higher OCT-1 Activity than patients with high IC50imatinib [179]. In the current study, IC50dasatinib in 
patients with high OCT-1 (n=12) and low OCT-1 (n=14) Activity (2.0 vs. 2.5 nM, p=0.3) were not 
significantly different in chronic phase CML patients. As shown in Fig 12A, IM IUR was significantly 
higher in patients with high OCT-1 Activity compared to patients with low OCT-1 Activity, however there 
was no significant difference in dasatinib IUR between the two groups (Fig. 12B).  

3.9.4 Correlation between dasatinib IUR and IC50dasatinib 

IC50dasatinib (in vitro concentration of dasatinib required to inhibit 50% of Crkl phosphorylation, a 
surrogate marker of Bcr-Abl kinase activity) and 14C-Das IUR in CML-MNC of newly diagnosed CML-CP 
patients (n=18) prior to treatment was assessed. The median IC50dasatinib was 2.20 nM and median 
dasatinib IUR 16.33 ng/200,000 cells at 2 µM of dasatinib. In contrast to previous observations with IM, 
there was no correlation between dasatinib IUR and IC50dasatinib, suggesting that in newly diagnosed 
CML-CP patients dasatinib IUR is not a major contributor to the interpatient variability observed in the 
IC50dasatinib. 
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3.10 Role of ABCB1 and ABCG2 in dasatinib cellular efflux 

3.10.1 Role of ABCB1 in dasatinib cellular efflux 

K562-DOX (BCR-ABL1+) and VBL-100 (BCR-ABL1-), ABCB1 overexpressing cell lines along with their 
respective parental cell lines (K562 and CCRF-CEM) were used for assessing the role of ABCB1 in 
dasatinib cellular efflux. High expression of ABCB1 in the K562-Dox and VBL-100 cell line was 
demonstrated by flow cytometry (CD243-PE, Beckman Coulter, France; Fig 13A-B). 
 
The dasatinib IUR at 370C was significantly lower in K562-DOX (p=0.002, p=0.003, p=0.002 at 0.5,1,2 
µM respectively) and VBL-100 (p<0.001, p<0.001, p=0.03) than their respective parental cell lines (Fig. 
14A and C). However, at 40C the difference in 14C-Das IUR was not significantly different between 
ABCB1 overexpressing and their parental cells (p>0.05) (Fig. 14B and D). This temperature 
dependence of IUR in ABCB1 overexpressing cells can be explained by the activity of ATP dependent 
ABCB1 efflux pump, which is active at 370C but not at 40C.  
 
PSC833 (10 µM), an analogue of cyclosporine and a potent ABCB1 inhibitor [309], significantly 
increased dasatinib IUR in K562-DOX (p=0.006, <0.001, <0.001 at 0.5, 1, 2 µM respectively) and VBL-
100 cell lines (p=0.04, p=0.02, p=0.004, Fig 15A and C), but not in the K562 and CEM cells (p=0.3 and 
p=0.6; Fig 15B and D). We and others have also observed that 10 µM PSC-833 reduces dasatinib and 
IM IUR in parental cells and CML-MNC, the exact mechanism for this could not be delineated. 

3.10.2 The effect of inhibition of ABCB1 on the IC50dasatinib 

The IC50dasatinib for p-Crkl (a surrogate marker of Bcr-Abl kinase activity) was assessed in K562 and in 
K562-DOX, with and without the addition of 10 µM PSC833. In the absence of PSC833, IC50dasatinib was 
markedly higher in K562-DOX compared to K562 (100 nM vs. 7 nM; Fig 16 A and B). The addition of 10 
µM PSC833 reduced the IC50dasatinib for K562-DOX to 8 nM (Fig. 16A and B, panel I and II) but did not 
change significantly in K562 cells (7 vs. 8 nM, Fig 16A and B, panel III and IV). These data indicate that 
dasatinib is transported by ABCB1 and that high expression levels of this protein can translate to 
significant changes in IC50dasatinib, which can be modulated by the use of ABCB1 inhibitors. 
 

3.10.3 Role of ABCG2 in dasatinib cellular efflux 

Interactions of ABCG2 with IM have previously been noted [281, 282, 284]. To assess the effect of 
ABCG2 on the intracellular concentration of dasatinib, the IUR assay was performed in Mef3.8 (mouse 
embryonic fibroblast), Mef–BCRP1 (ABCG2 overexpressing variant), K562 and K562-ABCG2 cell lines 
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Fig.14: At 370C, 14C-Das IUR is significantly lower in ABCB1 overexpressing 
cells compared to their parental cell lines: (A) At 370C, 14C-Das IUR was 
significantly lower in K562-Dox cells compared to K562 cells (B) However the 
difference is not significant at 40C(C ) Similarly at 370C, 14C-Das IUR was significantly 
lower in VBL-100 cells compared to CCRF-CEM cells. (D) But the difference was not 
significantly different at 40C
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Fig.15 PSC-833 (ABCB1 inhibitor) significantly increased on dasatinib IUR in 
K562-DOX and VBL-100 cells. (A) PSC-833 (10 µM) significantly increased dasatinib 
IUR in K562-DOX cells (p=0.006, <0.001, <0.001 at 0.5,1,2 µM dasatinib, n=5). (B) 
However in K562 cells, 10 µM PSC-833 reduced dasatinib IUR. (C) In VBL-100 cells 10 
µM PSC-833 increased dasatinib IUR  (p=0.04, p=0.02, p=0.004 at 0.5, 1, 2 µM 
dasatinib, n=5). (D) However it reduced dasatinib IUR in CEM cells.
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assessed by Western blot analysis. Densitometry analysis of Western blot Panel I to IV 
is presented in Fig. B. IC50dasatinib in K562 DOX cell line is higher than K562 (100 nM 
vs. 7 nM) and PSC833 (10 µM) reduced IC50dasatinib in K562-DOX (100 nM to 9nM; 
Panel I, II and B) but not in K562 cell line (7 nM vs. 8 nM; Panel III, IV and B).
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with, and without Ko143 (ABCG2 inhibitor). ABCG2 overexpression was confirmed by flow cytometry 
(Fig 13C and D). 
 
The 14C-Das IUR (2 µM) was significantly lower in the Mef-BCRP1 cell line compared to parental cell 
line (21.96 vs. 40.03 ng/200,000 cells, p=0.016) and Ko143 significantly increased the dasatinib IUR in 
the Mef-BCRP1 cell line (21.96 vs. 45.67 ng/200,000 cells, p=0.007, Fig 17A), but not in the parental 
cell line (40.03 vs. 52.88 ng/200,000 cells p=0.1). Similarly, dasatinib IUR was lower, but not 
significantly so, in the K562-ABCG2 cell line compared to the parental K562 (23.52 vs. 26.26 
ng/200,000 cells, p=0.1). Ko143 significantly increased the dasatinib IUR in the K562-ABCG2 cell line 
(23.52 vs. 30.29 ng/200,000 cells, p=0.03; Fig 17B), but not in parental cell line (26.26 vs. 25.23 
ng/200,000 cells, p=0.78). 
 
In keeping with these data, the IC50dasatinib for p-Crkl (a surrogate marker of Bcr-Abl kinase activity) was 
higher in the K562-ABCG2 cell line compared to K562 (25 nM vs. 11 nM). Ko143 reduced the 
IC50dasatinib in K562-ABCG2 (25 nM vs. 10.5 nM; Fig. 18A and B, panel I and II) but did not change the 
IC50dasatinib in K562 (11 nM vs. 11.5 nM Fig. 18A and B, panel III and IV). 
 
These data suggest that expression of high levels of ABCG2 protein reduce dasatinib IUR, resulting in 
an increase in the IC50dasatinib. We have demonstrated that this effect can modulated using ABCG2 
inhibitors. 
 

3.11 Comparison of dasatinib IUR in CML-MNC and CD34+ progenitors 

Clinical studies, in vitro studies and mathematical modeling have suggested that IM can not eradicate 
CML stem cells. Refractoriness of LSC could be due to inadequate Bcr-Abl kinase inhibition [267], 
quiescence state [310] (cells which are in G0 phase, do not divide despite maximum in vitro stimulation 
with haematopoietic cytokines) or Bcr-Abl independent pathways [220]. Inadequate Bcr-Abl kinase 
inhibition could be due to lower OCT-1 activity and higher ABCB1 and ABCG2 expression in CML-
CD34+/CD38- cells compared to more mature cells. Recently our group demonstrated that IM IUR and 
OCT-1 activity is lower in CML-CD34+ cells compared to CML-MNC [272]. There are no data comparing 
the dasatinib IUR in early progenitors and more mature cells. 
 
In the current study we compared the dasatinib IUR in CML-CD34+ cells and in CML-MNC (n=6). In 
contrast to IM, dasatinib IUR was not significantly different between CML-CD34+ progenitors and MNC 
(p=0.8, Fig 19). The next logical step would be to compare the dasatinib IUR in CML-CD34+/CD38+ and 
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A B

Fig 17: ABCG2 inhibitor (Ko143) significantly increases dasatinib IUR in ABCG2 
overexpressing cells: A) Dasatinib IUR is significantly lower in Mef-BCRP1 (21.96 vs. 
40.03 ng/200,000 cells, p=0.016) compared to the parental cell line (Mef3.8) and Ko143 
(0.5 µM; ABCG2 inhibitor) significantly increased dasatinib IUR in Mef-BCRP1 cells 
(P=0.007), but not in the parental cell line (n=5) (B) Dasatinib IUR is lower in K562- 
ABCG2 (23.52 vs. 26.62 ng/200,000 cells, p=0.1) cells compared to the parental cell 
line, and Ko143 (0.5 µM) significantly increased dasatinib IUR in K562-ABCG2 cell line 
(p=0.03) but not in parental cell line (n=4)
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Fig.18: IC50dasatinib is higher in K562-ABCG2 cells and Ko143 reduces the 
IC50dasatinib: K562-ABCG2 and K562 cells were cultured with dasatinib (5 to 
1000 nM) with or without (ABCG2 inhibitor) Ko143 (0.5 µM) for 2 h and 
phosphorylation of Crkl was assessed by Western blot analysis. Densitometry 
analysis of Western blot Panel I to IV is presented in Fig. B. IC50dasatinib in K562 
ABCG2 cells is markedly higher than K562 (25 nM vs. 11 nM) and Ko143 (0.5 
µM) reduced IC50dasatinib in K562-ABCG2 cells (25 nM to 10.5 nM; Panel I, III 
and B) but not in K562 cell line (11 nM vs. 11.5 nM; Panel II, IV and B).
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Fig 19

Fig.19 Dasatinib IUR is not significantly different between CML-CD34+ and 
MNC: CML-CD34+ and MNC were incubated with 0.1 and 1 µM 14C-Das for 2h 
and dasatinib IUR was assessed. Dasatinib IUR was similar in CML-MNC and 
CD34+ cells at both concentration of dasatinib 
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CD34+/CD38- cells. We will be doing 14C-Das IUR in CD34+/CD38- cells but the major limitation is 
isolating adequate CD34+/CD38- cells for these experiments.     
 

3.12  Discussion 

Significant numbers of newly diagnosed CML-CP patients respond to IM, however responses are 
variable, with up to 30% failing to achieve major molecular responses by 24 months [311]. We have 
previously demonstrated that IC50imatinib in MNC of CML-CP patients at diagnosis predicts molecular 
response in newly diagnosed CML patients treated with IM [174]. We [180] and Thomas et al [196] have 
shown that IM uptake is an active process, and that the major active protein involved in IM uptake is 
OCT-1. We [180] also demonstrated that OCT-1 mediated cellular uptake is key determinant of IM IUR 
and interpatient variation in IC50imatinib. Recently, our group has shown that most patients who have 
suboptimal molecular response to standard doses of IM have low OCT-1 Activity measured in MNC at 
diagnosis (in vitro assay, calculated as 14C-IM IUR with and without prazosin) [179]. In a randomized 
phase 2 trial, dasatinib was more effective than high dose IM (800 mg daily) in patients resistant to 
conventional doses of IM (400 to 600 mg daily) [226, 312]. Here we have assessed the impact of OCT-1 
Activity on dasatinib cellular uptake.  
 
In this study we have demonstrated that dasatinib cellular uptake is rapid, occurring within a minute. We 
[180] and others [196] have previously demonstrated that the intracellular concentration of IM achieved 
over a two hour period is significantly lower at 40C than at 370C. In contrast, this current study revealed 
no significant difference in the intracellular concentration of dasatinib achieved between 370C and 40C in 
MNC of CML patients and cell lines. Dasatinib IUR was linear over the range of drug concentrations 
tested at both temperatures. These findings suggest that in contrast to IM, dasatinib cellular uptake is 
predominantly a passive process.  
 
As previously reported [180, 196] the OCT-1 inhibitor prazosin significantly reduces the IM IUR, and 
reduce the observed interpatient variability. However, the addition of prazosin did not reduce dasatinib 
IUR (p=0.63) nor reduce interpatient variability. Furthermore, the prazosin inhibitable IUR (OCT-1 
Activity), was significantly higher for IM compared to dasatinib (p=0.002). In contrast to IM, dasatinib 
IUR was not significantly higher in patients with high OCT-1 Activity (IM) compared to patients with low 
OCT-1 Activity (IM). Unlike IC50imatinib [179], IC50dasatinib was not significantly different in patients with 
high and low OCT-1 Activity. These data suggest that in contrast to IM [180, 196], dasatinib cellular 
uptake is not OCT-1 dependent. Using a panel of OCT inhibitors (OCT-1, OCT-2, OCT-3 inhibitors), we 
have also demonstrated that dasatinib cellular uptake is not OCT-2 or OCT-3 dependent. 
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We have previously shown that OCT-1 mRNA level correlates with OCT-1 Activity (r=0.378, p=0.002) 
and patients with high OCT-1 Activity have superior molecular responses to IM, compared to patients 
with low OCT-1 Activity, but this difference could be partially overcome by the use of higher doses of IM 
[179]. Unlike IM, dasatinib cellular uptake is not significantly affected by OCT-1 Activity, so that 
expression and function of OCT-1 is unlikely affect response to dasatinib.  
 
We [180] have previously shown that IC50imatinib correlates strongly with IM IUR, however, there is no 
correlation between nilotinib IUR and IC50nilotinib. We now show that there is also no correlation between 
dasatinib IUR and IC50dasatinib in MNC of CML patients. This may suggest that in newly diagnosed CML-
CP patients, variations in dasatinib IUR may not be an important determinant of intrinsic sensitivity to 
dasatinib (IC50dasatinib). From a clinical perspective it is important to recognise that the median 
IC50dasatinib for p-Crkl inhibition (surrogate marker of Bcr-Abl kinase activity) in newly diagnosed CML-CP 
patients is 2.20 (±0.84) nM, which is significantly below the dasatinib plasma concentration achieved in 
patients [308]. Hence, unlike IM, interpatient variability in IC50dasatinib and IUR may not be clinically 
significant for newly diagnosed CML patients receiving dasatinib. In newly diagnosed CML-CP, 95% of 
patients treated with dasatinib as first line therapy achieved CCR [313] in contrast to only 69% of 
patients treated with IM as first line therapy [293]. However the response to dasatinib therapy in CML-
CP patients who failed IM therapy is not as favorable, only 50% of these patients achieve CCR by 12 
months [314]. Moreover 53% of patients harbouring native BCR-ABL1 or dasatinib sensitive mutation 
(dasatinib IC50<3 nM; M244V, Y253F/H, D276G, E279K, F311L, M351T, F359V, V379I, L387M, and 
H396P/R) achieved CCR in contrast 32% of patients harbouring intermediate sensitivity to dasatinib 
(IC50 >3 nM; L248V, G250E, Q252H, E255K/V, V299L, F317L, L384M, and F486S) achieved CCR. 
This raises the question: although peak plasma dasatinib concentration is much higher (100 to 200 nM), 
why then do patients harbouring mutations with in vitro IC50dasatinib >3 nM have less favourable 
response? This could be due to lower in vivo intracellular concentration of dasatinib, and plasma 
concentration may not be reflecting intracellular concentration. Other possibilities could be that cell lines 
based on the in vitro IC50dasatinib assay for various mutations may not be reflective of in vivo IC50dasatinib 
and a patient specific assay might be more informative than in vitro cell line based assay.  
 
Efflux proteins belong to the family of ATP binding cassette transporter (ABC), comprising 7 subfamilies 
(ABCA through ABCG), and encoded by 48 genes. ABCB1, ABCC1 and ABCG2 are expressed at high 
levels on haematopoietic primitive cells [315, 316]. There are multiple studies demonstrating that IM is a 
substrate for ABCB1 [196, 222, 276, 278, 295]. Here we show that the dasatinib IUR is significantly 
lower in ABCB1 overexpressing cell lines compared to their parental cell lines. We have also 
demonstrated that 10 µM PSC833 significantly increases the dasatinib IUR in an ABCB1 
overexpressing cell lines, and reduces the IC50dasatinib in K562-DOX cell line. These data suggest that 
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dasatinib is a substrate for ABCB1. There are several clinical implications of these findings. Dasatinib 
induces rapid haematological and cytogenetic response in patients with Philadelphia chromosome 
positive (Ph+) acute lymphoblastic leukaemia (ALL), who are resistant or intolerant to IM [317]. Dasatinib 
is approved for treatment of CML-BC patients. However, ABCB1 is highly expressed in brain and testes, 
hence achieving adequate concentrations of dasatinib in testes and the CNS [318, 319] to control, or 
prevent relapse at these extramedullary sites may be difficult. Using ABCB1 knock out mice, murine 
studies demonstrated that ABCB1 expression influences dasatinib CSF concentration [318, 319]. In 
another preclinical study, dasatinib increased survival, whereas IM failed to inhibit intracranial tumor 
growth. Stabilization and regression of CNS disease were achieved with continued dasatinib 
administration [320]. In a clinical study of patients with CNS disease (n=11), dasatinib reduced the CNS 
tumor size and induced complete response in some patients [320]. However, detectable CSF dasatinib 
level was seen in only 2/15 adult and 4/7 paediatric patients with CSF:Blood ratio of 0.05 to 0.28 [320]. 
This could potentially be enhanced by drugs that inhibit ABCB1 activity, such as cyclosporine [321] or 
the proton pump inhibitors [296]. ABCB1 is also expressed in the gastrointestinal tract; hence similar 
considerations apply to gastrointestinal uptake. Polymorphisms or mutations that affect ABCB1 activity 
and overexpression of ABCB1 may all be relevant to the clinical efficacy of dasatinib. However, the 
importance of ABCB1 expression in the GI tract remains uncertain. Recently, Kamath, et al [322], 
reported that there was no significant difference in the amount of dasatinib unabsorbed in 
gastrointestinal tract in P-gp (ABCB1) knock out mice and wild type mice.  
 
ABCG2 (BCRP1) is highly expressed on normal haematopoietic stem cells [323] and on CML CD34+ 
cells [281]. The role of ABCG2 in IM transport is controversial, Houghton, et al. [284], and Jordanides, et 

al [281], reported that IM is a potent inhibitor but not a substrate of ABCG2, whilst Burger, et al [282] 
reported that IM is a substrate of ABCG2. Here we have shown that at 370C, dasatinib IUR is lower in 
ABCG2 overexpressing cell lines compared to the parental line and Ko143 (ABCG2 inhibitor) 
significantly increased dasatinib IUR in Mef-BCRP1 and K562-ABCG2 cell lines. The IC50dasatinib was 
higher in K562-ABCG2 compared to K562, and was reduced by Ko143, suggesting that dasatinib is also 
transported by ABCG2. ABCG2 protein is susceptible to mutation at amino acid position R482 which 
affects the functional characteristic of the protein [324], and may lead to discrepancy between protein 
expression and activity.  
 
We have recently shown that OCT-1 activity is significantly lower in CML-CD34+ and CD34+/CD38- cells 
compared to CML-MNC [272]. Moreover, IM IUR is significantly lower in CML-CD34+ cells compared to 
CML-MNC. In the current study, we have demonstrated that dasatinib IUR is not mediated by OCT-1 
and dasatinib IUR was not significantly different between CML-CD34+ and MNC. Our group also 
demonstrated that nilotinib cellular uptake is not mediated by OCT-1 and nilotinib IUR is not significantly 
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different between CML-MNC and CD34+ cells. In contrast to previous reports of increased [136] 
expression of ABCB1 mRNA in CML-CD34+ cells compared to MNC and normal CD34+ cells, two recent 
studies demonstrated that ABCB1 activity is lower [273, 275] in CML-CD34+ cells compared to normal 
CD34+ cells. Although using cell lines overexpressing ABCB1, we [325] and others [287, 318, 319, 326] 
have demonstrated that dasatinib is an ABCB1 substrate, the dasatinib IUR in CML-CD34+ cells and 
CML-MNC was not different. This could be due to low ABCB1 activity in CML-CD34+ cells. Based on the 
finding of IM, nilotinib and dasatinib IUR in CML-CD34+ and MNC cells, we postulate that OCT-1 activity 
rather than ABCB1 efflux protein may be the major determinant of IM IUR in these cells and neither 
OCT-1 nor ABCB1 activity influences the dasatinib IUR in CML-CD34+ cells. Further studies are 
underway in our laboratory to assess the role of these efflux proteins in early CD34+/CD38- progenitor 
cells.  
 
In summary, we have demonstrated for the first time that dasatinib is a substrate of the ABCB1 and 
ABCG2 transporters in leukaemic cells. We have also demonstrated that dasatinib cellular influx is 
predominantly passive and not OCT-1, OCT-2 or OCT-3 dependent. We have previously suggested that 
OCT-1 Activity should be considered in determining the optimal dose of IM for newly diagnosed 
patients. Our findings here provide evidence that consideration of OCT-1 Activity is not likely to be 
relevant to dasatinib. If these findings are confirmed in a prospective clinical study, dasatinib can be 
suitable option for patients with low OCT-1 activity. Preclinical studies in a murine model demonstrated 
that CNS ABCB1 expression influences the dasatinib CSF level [318, 319]. There is limited literature 
suggesting that ABCB1 expression influences response to nilotinib in IM resistance CML-CP patients 
[327]. There is no published clinical literature demonstrating an ABCB1 expression influence on 
response to dasatinib therapy. Clinical studies assessing the effect of ABCB1 and ABCG2 expression 
on dasatinib response will guide further therapy, specifically combination therapy which can block these 
efflux pumps.  
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4  CHAPTER 4: Nilotinib Mediated Inhibition of ABCB1 
Increases Dasatinib Intracellular Concentrations in CML 
cells: Implications for Combination TKI Therapy  

 

4.1 Introduction 

IM is a first line therapy for newly diagnosed CML-chronic phase (CML-CP) patients. Although 87% of 
patients treated with IM achieve complete cytogenetic response (CCR) only 20% patients achieve 
complete molecular response [170]. In the IRIS study, 40% of patients failed IM therapy by 7 years 
(15% developed resistance and 25% due to intolerance). Moreover, 32% (71/221) of CML-CP patients 
failing IM therapy were deceased by 7 years. IM resistance is significantly higher in accelerated (73%) 
and blast crisis patients (95%) of CML [200] and the median survival of blast crisis patients is less than 
12 months [200, 328].  
 
Only 50% of CML-CP patients who fail IM therapy achieve CCR with a second generation TKI [314]. 
Moreover, only 10 to 20% of patients who fail second generation TKI therapy achieve CCR with a third 
generation or other line of therapy. Another potential problem of sequential use of these TKI is selecting 
out the clone resistant to the available TKI (dasatinib, nilotinib, bosutinib and IM). Shah et al. reported 
multiple resistant clones in some patients treated with sequential TKIs [207]. Hence, there is an urgent 
need to improve therapy for IM resistant patients. In most cases of IM resistance, there is reactivation of 
Bcr-Abl kinase activity within leukaemic cells despite the presence of IM. This Bcr-Abl dependence of IM 
resistant cells can be exploited for effective treatment. One potential approach is to use a combination 
of TKIs. In in vitro studies and in a murine model, the combination of IM and nilotinib demonstrated an 
additive/synergistic effect [329]. White et al subsequently demonstrated that IM increased the 
intracellular uptake and retention (IUR) of nilotinib and postulated this as the cause of synergy between 
these drugs [330]. Thus understanding the cellular transport of these TKI’s and their effect on the IUR of 
each other can be potentially exploited in the clinic to improve the efficacy of therapy for CML patients.  
 
As demonstrated in the previous chapter, dasatinib cellular efflux is mediated by ABCB1 [325] and 
ABCG2 [325]. PSC-833, an ABCB1 inhibitor, significantly increased dasatinib IUR in ABCB1 
overexpressing cells and reduced the IC50dasatinib [325]. These results demonstrated that ABCB1 
blockade reduces dasatinib efflux, and that this may be an effective strategy to overcome dasatinib 
resistance. Subsequently, two other groups also published similar findings [287, 326]. Recently two 
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additional studies reported that nilotinib is an ABCB1 and ABCG2 inhibitor [275, 288]. Based on these 
findings we hypothesize that nilotinib may increase dasatinib intracellular concentration in ABCB1 and 
ABCG2 overexpressing cells and that the combination of these two drugs may therefore result in 
synergistic effects. 
 
In this chapter the effect of nilotinib and IM on 14C-Das intracellular concentration is assessed in ABCB1 
and ABCG2 over-expressing cells and their parental cell lines. In addition, similar studies were also 
conducted in primary CML-MNC and CD34+ cells. The effect of the combination of dasatinib and 
nilotinib on Bcr-Abl kinase inhibition and cell death in ABCB1 overexpressing cells has also been 
examined.  

4.2 Summary and research contribution 

The research detailed in this chapter, the attached manuscript and conference proceedings, have 
contributed significantly to understanding the effect that one TKI has on the intracellular concentration of 
other TKI’s. This work also provides a framework for potential TKI combination therapy. 

4.2.1 Publication  

DK Hiwase, D White, S Zrim, V Saunders, JV Melo and TP Hughes: Nilotinib-mediated inhibition of 
ABCB1 increases intracellular concentrations of dasatinib in CML cells: implications for combination TKI 
therapy. Leukemia (Advance online publication, 10 December 2009; doi:10.1038/leu.2009.242) 

4.2.2 Conference presentation 

Devendra K. Hiwase, Stephanie Zrim, Carine Tang, Deborah White, Timothy Hughes. Nilotinib 
Increases Dasatinib Intracellular Concentrations in CML cells: Implications For Combination TKI 
Therapy. HSANZ 2009, Adelaide   
 

4.3 Patients, material and methods 

4.3.1 Radiolabeled drug uptake and retention assay 

For assessing the effect of dasatinib on 14C-NIL or 14C-IM IUR, cells were incubated at 370C with 14C-IM 
(1 to 2 µM) or 14C-NIL (1 to 2 µM) in the presence or absence of unlabelled dasatinib (1 to 2 µM). After 
2 h of incubation, IUR was assessed as described in chapter 2. Similarly, for assessing the effect of IM 
or nilotinib on 14C-Das IUR, cells were incubated with 14C-Das (0.1 to 2 µM) in the presence or absence 
of unlabelled IM (0.1 to 2 µM) or nilotinib (0.1 to 2 µM). 
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4.3.2 Western blot analysis 

Western blot analysis of phosphorylated Crkl was done as described previously [325]. Briefly, 2 x 105 
cells of BCR-ABL1+ cell lines (K562-DOX) were cultured with dasatinib or nilotinib or combination of 
dasatinib and nilotinib (1:4 ratio) for 2.h. Cell lysates were prepared and p-Crkl Western blot was done 
as described in previous chapter.  

4.3.3 Cell death assessment 

K562-Dox cells were cultured with dasatinib, nilotinib or combination of dasatinib and nilotinib for 72 h. 
Cell viability was assessed using trypan blue dye exclusion. Cell death was assessed by trypan blue 
exclusion and by Annexin V staining. 

4.3.4 Dose effect and synergy analysis 

The dose effect and synergy analysis was performed by using CalcuSyn Software (Biosoft, Cambridge, 
UK) which is based on the method described by Chou and Talalay [331, 332]. Initially K562-Dox cells 
were cultured with dasatinib or nilotinib over a range of concentrations to determine IC50dasatinib and 
IC50nilotinib. As IC50dasatinib (conccentartion of dasatinib required to inhibit 50% of Bcr-Abl kinase activity) 
and IC50nilotinib (concentration of nilotinib required to inhibit 50% of Bcr-Abl kinase activity) were 100 nM 
and 400 nM respectively, hence for combination studies, cells were cultured with dasatinib and nilotinib 
at different concentrations but at a fixed ratio of 1:4 (dasatinib: nilotinib). The dose range was chosen to 
include the IC25, IC50 and IC90 concentration of each drug. The concentrations used for Bcr-Abl kinase 
inhibition study are presented in Table. I. The results were normalized to no drug control. Normalized 
data were entered in the CalcuSyn program to generate the dose effect curve and combination index. A 
combination index (CI) <1 indicates a synergistic effect. The degree of synergy between two drugs 
varies from very strong (<0.1), strong (0.1 to 0.3), synergism (0.3 to 0.7), moderate (0.7 to 0.85) to slight 
synergy (0.85 to 0.90). CI of 1 indicates additive effect, while CI>1 indicates antagonist effect. Similarly 
to calculate the CI for cell viability, cells were cultured with various concentrations of dasatinib, nilotinib 
alone or in combination with dasatinib and nilotinib at a fixed ratio of 1:4. Normalised cell viability was 
entered in the CalcuSyn programme and the CI was determined. 

4.3.5 Rhodamine-123 mean fluorescence intensity 

Rhodmine-123 is a fluorescent substrate which diffuses into the cell and is effluxed by ABCB1 [333-
335]. Hence cells with low or no ABCB1 expression will have high intracellular florescence. On the other 
hand, in cells with high ABCB1 expression the Rhodamine-123 fluorescence is low. Thus this assay 
assesses the ABCB1 activity and is complimentary to the ABCB1 expression by flow cytometry. 
Previous studies have demonstrated a good correlation between ABCB1 expression [333, 334] and 
intracellular fluorescence. 



 

Table I: Concentration of each drugs used alone or in combination for the Bcr-Abl kinase 
inhibition assay  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dasatinib alone (nM) Nilotinib alone (nM) Dasatinib plus nilotinib at 1:4 ratio (nM) 
0 0 0 0 

12.5 50 12.5 50 
25 100 25 100 
50 200 50 200 
75 300 75 300 

100 400 100 400 
200 800 200 800 
400 1600 400 1600 
5000 30,000 5000 30,000 
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K562 and K562-Dox cells were incubated with Rhodamine-123 (0.5 µg/ml) with or without PSC-833 (10 
µM, ABCB1 inhibitor), nilotinib (1 to 10 µM), IM (1 to 10 µM) or dasatinib (10 nM to 2 µM) for 30 
minutes at 370C. After washing with cold PBS, cells were incubated for 1.h with PSC-833, IM, nilotinib or 
dasatinib, but without Rhodamine-123. After 1 h of incubation, cells were washed with cold PBS and 
flow cytometry was performed using a FCS-500 flow cytometer (Beckman Coulter Cytomics FC500, 
using CXP Cytometry List Mode Data Acquisition and Analysis Software version 2.2; Beckman Coulter, 
Miami, FL, USA). The Rhodamine-123 mean fluorescent intensity (MFI) was assessed in K562 and 
K562-Dox cells with or without PSC-833. Change in MFI with IM, nilotinib and dasatinib was assessed in 
each cell line.  
 

4.4 Results: Effect of nilotinib on dasatinib IUR 

4.4.1 Nilotinib significantly increases intracellular concentration of dasatinib in ABCB1 
overexpressing cell lines 

To assess the effect of nilotinib on 14C-Das IUR, ABCB1 overexpressing (K562-Dox and VBL-100) cells 
and their parental cells (K562 and CCRF-CEM) were cultured with 14C-Das with or without nilotinib. As 
shown in the previous chapter, 14C-Das IUR was significantly lower in ABCB1 overexpressing cell lines, 
K562-Dox and VBL-100 cells, compared to their parental cells, K562 and CCRF-CEM respectively. This 
finding was further substantiated by significantly higher IC50dasatinib in K562-Dox cells (100 nM) 
compared to K562 cells (7 to 10 nM).  
 
1µM nilotinib significantly increased the IUR of 1µM 14C-Das in ABCB1 overexpressing K562-Dox cells 
(6.07±1.44 vs.17.56±3.08; p=0.007; Fig.1A) and VBL-100 (5.5±1.5 vs. 8.76±1.06; p=0.001; Fig.1C) but 
not in their parental K562 cells (15.87±5.05 vs.19.26±6.78; p=0.4; Fig.1B) and CCRF-CEM (7.42 ±0.72 
vs.7.26±0.76; p=0.7; Fig.1D). Similarly, 2 µM of nilotinib also significantly increased the IUR of 2 µM 
14C-Das IUR in the K562-Dox (11.47 ± 2.91 vs. 37.96 ± 7.1; p=0.007; Fig.1A) and VBL-100 cells 
(10.8±1.7 vs. 19.13 ±1.7; p<0.001; Fig.1C) but not in their parental cells (p>0.05; Fig.1 B and D). This 
suggests that nilotinib increases dasatinib IUR by inhibiting ABCB1 mediated dasatinib efflux (Table III). 

4.4.2 Nilotinib inhibits the Rhodamine-123 efflux in ABCB1 overexpressing cells 

Rhodamine-123 is an ABCB1 substrate. The mean fluorescence intensity (MFI) in K562-Dox (ABCB1 
overexpressing) cells is significantly lower compared to that of the parental K562 cells (Fig. 2A and B). 
PSC-833, an ABCB1 inhibitor, increases the MFI of Rhodamine-123 in K562-Dox cells (Fig.2A). To 
assess the effect of nilotinib on Rhodamine-123 efflux, K562-Dox and K562 cells were incubated with 
Rhodamine-123 in the presence or absence of nilotinib (1 to 10 µM). Nilotinib increased the 
Rhodamine-123 MFI in K562-Dox cells (Fig.2A) but not in K562 cells (Fig.2B). Moreover, nilotinib 
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Fig 1: Nilotinib significantly increased 14C-dasatinib (14C-Das) intracellular uptake 
and retention (IUR) in ABCB1-overexpressing cells: K562-Dox cells were cultured 
with 14C-dasatinib in the presence or absence of nilotinib. After 2 h of culture, dasatinib 
IUR was assessed. Nilotinib significantly increased the dasatinib IUR in (A) K562-Dox 
(n=5) and (C) VBL-100 cells (n=8), but not in their parental cells (B and D).
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Fig. 2 Nilotinib blocks the Rhodamine-123 (R-123) efflux in ABCB1 
overexpressing cells: K562 and K562-Dox cells were incubated with R-123 (ABCB1 
substrate) with or without nilotinib and R-123 mean fluorescence intensity (MFI) was 
assessed. In K562-Dox cells R-123 MFI is significantly lower than in K562 cells. (A) In 
K562-Dox cells nilotinib (1 to 10 µM) blocked the R-123 efflux and increases the MFI in 
dose dependent manner. PSC-833 (specific ABCB1 inhibitor) also blocked the efflux 
and increased MFI of rhodamine-123 (B) However in K562 cells, neither PSC-833 nor 
nilotinib block the R-123 efflux. These result demonstrate nilotinib inhibit ABCB1 efflux 
pump.
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increased Rhodamine-123 MFI in a dose dependent fashion (Fig.2A), with 10 µM nilotinib inducing 
maximal ABCB1 inhibition almost equivalent to PSC-833. Thus data presented here and in previous 
sections indicates that nilotinib is an ABCB1 inhibitor and increases the 14C-Das IUR in ABCB1 
overexpressing cells. We hypothesize that combination of dasatinib and nilotinib may have synergistic 
effects in ABCB1 over expressing cells. 

4.4.3 The Combination of dasatinib and nilotinib induces synergistic effects in ABCB1 
overexpressing cells 

K562-Dox cells were cultured with dasatinib, nilotinib or a combination of dasatinib and nilotinib for 2 h, 
and Crkl phosphorylation was assessed as described earlier [174]. In K562-Dox cells dasatinib and 
nilotinib IC50 for Bcr-Abl kinase activity (p-Crkl inhibition; surrogate marker of Bcr-Abl kinase activity) 
were 100 nM and 400 nM respectively. Based on the IC50dasatinib and the IC50nilotinib of K562-Dox cells, 
the dasatinib and nilotinib combination was used at fixed ratio of 1:4 (dasatinib: nilotinib).  The depth of 
Bcr-Abl kinase inhibition (assessed by densitometry analysis of p-Crkl) was significantly higher with the 
combination of dasatinib and nilotinib compared either drug alone (Fig.3A). In K562-Dox cells, p-Crkl 
was reduced by 25% with 25 nM dasatinib or 200 nM of nilotinib. However, the combination of 12.5 nM 
dasatinib and only 50 nM nilotinib inhibited 30% p-Crkl. Moreover, in K562-Dox cells, dasatinib and 
nilotinib IC50 is 100 nM and 400 nM respectively. However the IC50 for combination of dasatinib and 
nilotinib is 50 nM of dasatinib and 200 nM of nilotinib. This demonstrates that combination of dasatinib 
and nilotinib inhibits more p-Crkl than either drug singly. When the data were analyzed using CalcuSyn 
software (Biosoft, Cambridge, UK), the combination indices (CI) of the dasatinib and nilotinib mixture at 
effect dose (ED) 50, ED75 and ED90 were 0.85, 0.74 and 0.65 respectively (Fig 3B). All the CIs are 
persistently <1 which suggests a moderate synergy of dasatinib and nilotinib combination particularly at 
low levels of fraction affected (Fa). Of greater potentially clinically relevance is that resistant cells like 
K562-Dox cells require higher doses (which may not be achievable therapeutically), of either TKI to 
effectively block Bcr-Abl; however the combination of dasatinib and nilotinib allows effective Bcr-Abl 
kinase inhibition at lower concentrations of each drug (which could be achieved therapeutically). 
 
To assess cell death mediated by dasatinib and nilotinib in combination, K562-Dox cells were cultured 
with dasatinib, nilotinib or the combination (1:4 ratio) and cell death was assessed at 72 h. The 
combination of dasatinib and nilotinib induced significantly higher cell death than each individual drug. 
Seventy-two hours of culture with 2.5 nM dasatinib or 10 nM nilotinib alone could trigger cell death in 
only 14% of K562-Dox cells. However, the combination of 2.5 nM dasatinib and 10 nM nilotinib triggered 
cell death in 70% of K562-Dox cells. Similarly, 5 nM dasatinib or 20 nM nilotinib alone induced cell death 
in 46% and 47% of K562-Dox cells respectively. However, combination of 5 nM dasatinib and 20 nM 
nilotinib induced cells death in 90% of K562-Dox cells. To induce 90% cell death in K562-Dox cells, a 



Fig. 3: Combination of dasatinib and nilotinib inhibits Bcr-Abl kinase more 
effectively than either drug alone: K562-Dox cells were cultured with dasatinib (Das; 
12.5 to 400 nM), nilotinib (NIL, 50 to 1600 nM) or a combination of DAS and NIL (1:4 
ratio) for 2 h and the phosphorylation of adaptor protein Crkl was assessed. (A) The 
DAS and NIL IC50 were 98 nM and 400 nM, respectively. (B) The combination index 
(CI) of DAS and NIL at ED50, ED75 and ED90 was 0.85, 0.74 and 0.65, respectively. 
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higher concentration of each TKI was required such as 20 nM dasatinib or 100 nM of nilotinib. When the 
cell death data were analysed by CalcuSyn software, the CI at ED50 and ED75 were 0.41 and 0.65, 
confirming the synergistic effect of the dasatinib and nilotinib combination in K562-Dox cells (Table 2, 
Fig.4A and B).  
 
Results presented in the above paragraphs demonstrate that nilotinib increases intracellular 
concentration of dasatinib by inhibiting ABCB1 mediated cellular efflux. The combinations of dasatinib 
and nilotinib have synergistic effect in inducing cell death in K562-Dox cells. Moreover the combination 
of dasatinib and nilotinib also have moderate synergistic to additive effect in blocking Bcr-Abl kinase 
activity. The synergy was more apparent on cell death assay compared to kinase inhibition assay which 
might reflect the sensitivity of assay.  

4.4.4 Nilotinib does not change 14C-Das IUR in CML-MNC 

White et al demonstrated that nilotinib reduces IM intracellular concentration in CML-MNC, although not 
significantly [330]. Recently Davies et al suggested that nilotinib inhibits OCT-1 activity [275], although 
Eadie et al reported that nilotinib inhibits passive cellular uptake of IM rather than IM OCT-1 activity 
[336]. Our group and others previously reported that the cellular uptake of dasatinib [287, 325, 326] and 
nilotinib is predominantly passive and is OCT-1 independent [180, 275]. We assessed if nilotinib 
changes dasatinib intracellular concentration in CML-MNC. As most newly diagnosed CML-CP patents’ 
MNC have low expression of ABCB1 or ABCG2 [136], we believe that any change in dasatinib IUR in 
CML-MNC will predominantly indicate the effect on cellular influx rather than efflux. 
 
To assess the effect of nilotinib on 14C-Das IUR in CML-MNC, MNC were incubated with 14C-Das in the 
presence or absence of nilotinib for 2 h and IUR was assessed as described earlier. As the radioactivity 
of 14C-Das was low, we were concerned that at lower 14C-Das concentration, subtle differences in 14C-
Das IUR between different conditions could potentially be missed. Hence, most of the 14C-Das IUR 
assays were done at three concentrations of 0.5, 1 and 2 µM of 14C-Das. As these concentrations are 
higher than therapeutically achievable concentrations of 0.1 µM [337], experiments were also repeated 
at 0.1 µM of dasatinib.  
 
0.1 µM of nilotinib did not increase 0.1 µM 14C-Das IUR in CML-MNC (0.96±0.45 vs.0.94±0.39; p=0.8; 
n=6; Fig.5A). Similarly, 1 µM and 2 µM nilotinib did not increase the IUR of 1 µM (8.13±1.06 vs. 
8.39±1.48; p=0.1; n=11; Fig.5A) and 2 µM (15.24±2.26 vs.16.41±2.8; p=0.08; n=5; Fig.5A and Table 
III) 14C-Das respectively. Demonstrating that nilotinib did not increase 14C-Das IUR in CML-MNC. This is 
not surprising, as MNC have been shown to have lower expression of ABCB1 when compared to early 



 

 
Table II: Combination indices of synergy experiment performed in K562-Dox cells  
 

Combination Index for experimental values 
Dasatinib (nM) Nilotinib (nM) Fa*  Combination index 

0.5 2 0.12 0.246 

1 4 0.209 0.386 

2.5 10 0.68 0.454 

5 20 0.88 0.583 

7.5 30 0.92 0.746 

10 40 0.95 0.832 

 
*Fa: Fraction affected by the dose (the drug effect was measured by assessing cell death) 
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Fig. 4: Synergistic effect of combination of dasatinib and nilotinib in inducing cell 
death in K562-Dox cells: K562-Dox cells were cultured with dasatinib (Das; 0.5 to 10 
nM), nilotinib (NIL,2 to 40 nM) or a combination of DAS and NIL (1:4 ratio) for 72 h and 
cell viability was assessed. (A) At lower concentration cell death triggered by 
combination was higher than individual drugs (B) The combination index (CI) of DAS 
and NIL at ED50, ED75 and ED90 was 0.4, 0.5 and 0.7 respectively. 
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Fig 5: Nilotinib did not change 14C-Das IUR in CML-MNC and CD34+ progenitors: 
CML-MNC and CD34+ cells were incubated with 14C-Das (0.1 to 2 µM) with or without 
nilotinib. Nilotinib did not change dasatinib IUR in CML-MNC and CD34+ (n=4) cells.
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Table III: Effect of unlabelled imatinib and nilotinib on 14C-Das IUR in ABCB1 overexpressing cell 
lines and primary cells of CML-CP patients 
 
 
  

                  Effect of unlabelled IM and Nil on 14C-Das IUR 
 Parental  cell lines 

(14C-Das IUR) 
ABCB1 

overexpressing cells 
(14C-Das IUR) 

ABCG2 
overexpressi
ng cells (14C-
Das IUR) 

Primary cells of CML-
CP patients 

(14C-Das IUR) 

Effect of 
unlabelled 

K562 CCRF- CEM K562-Dox VBL-100 K562-ABCG2 MNC CD34+ 

Nilotinib        

IM       Not 
assessed 

 
: No change  
: Increase 
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progenitors/LSC [136]. These results also suggest that nilotinib does not compete with dasatinib for 
cellular uptake in CML-MNC. 

4.4.5 Nilotinib does not change 14C-Das IUR in CML-CD34+ cells 

CML-CD34+ cells are reported to have higher expression of ABCB1 [136], ABCG2 [281] and lower OCT-
1 expression and activity [136, 281, 338]. Hence theoretically ABCB1 inhibitors may potentiate the effect 
of TKI on these leukaemic progenitors.  
 
To assess the effect of nilotinib on 14C-Das IUR in primary CML-CD34+ progenitor cells, CD34+ cells 
were cultured with 14C-Das in the presence or absence of nilotinib for 2 h and 14C-Das IUR was 
assessed as described earlier. In CML-CD34+ cells, 0.1 µM of nilotinib did not increase the IUR of 
0.1µM 14C-Das (0.96±0.45 vs.0.94±0.39; p=0.8; Fig.5B). Similarly 1 µM of nilotinib did not increase IUR 
of 1 µM 14C-Das (8.08±1.12 vs.8.05±1.0; p=0.9; Fig.5B). This could be due to lower expression and 
activity of the ABCB1 pump in CML-CD34+ cells [275]. ABCB1 expression in CML-CD34+ cells is a 
controversial area, most studies have assessed the ABCB1 mRNA expression, some reporting high 
expression [136] while other reported lower expression compared to normal CD34+ cells [273, 275].  
 
Although further experiments in early progenitor cells such as CD34+/CD38- cells were planned, these 
could not be done due to limitations of primary cell material. 

4.4.6 Nilotinib does not increase 14C-Das IUR in ABCG2 overexpressing cells 

There are multiple publications demonstrating that ABCG2 is over-expressed in LSC and CD34+ 
progenitor cells [281]. We [325] and others [287] have shown that dasatinib is an ABCG2 substrate and 
that the ABCG2 inhibitor Ko143 (FTC analogue) significantly increased dasatinib IUR in these cells. 
Ko143-mediated increase in dasatinib IUR resulted in significant reduction in IC50dasatinib in K562-
ABCG2 cells. Recently Davies et al reported that nilotinib is an ABCG2 inhibitor [275]. Based on these 
results we predicted that nilotinib would increase the dasatinib IUR in K562-ABCG2 cells. 
 
To assess the effect of nilotinib on 14C-Das IUR in ABCG2 overexpressing cells, K562-ABCG2 cells 
were incubated with 14C-Das with or without nilotinib for 2 h and dasatinib IUR was assessed as 
described earlier. 0.1, 1 and 2 µM nilotinib did not change 0.1 µM (1.4±0.58 vs. 1.9±0.58; p=0.09), 1 
µM (10.89±0.59 vs. 12.41±3.85; p=0.14) and 2 µM (19.74±2.86 vs.23.40±2.25; p=0.3) 14C-Das IUR in 
K562-ABCG2 cells, respectively (Fig 6; Table III). This might suggest that although nilotinib is an 
ABCG2 inhibitor [275] it might not be interacting with the dasatinib binding site of ABCG2. 
 



Fig.6 Nilotinib did not increase 14C-Das IUR in K562-ABCG2 cells: K562-ABCG2 
cells were incubated with 14C-Das with or without NIL for 2h and 14C-Das IUR was 
assessed. Nilotinib did not change dasatinib IUR in K562-ABCG2 cells.
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4.5 Effect of IM on dasatinib IUR 

The combination of IM and nilotinib demonstrated additive/synergistic effects in CML cell lines and in a 
murine model [329]. There is no data assessing the effect of IM on dasatinib intracellular concentration. 
In the current study, effect of IM on dasatinib IUR in ABCB1 overexpressing cells, their parental cell 
lines and CML-MNC was assessed. 

4.5.1 IM does not increase 14C-Das intracellular concentration in ABCB1 overexpressing cell 
lines 

To assess the effect of IM on 14C-Das IUR in ABCB1 overexpressing cells and their parental cells, 
K562-Dox, VBL-100, K562 and CCRF-CEM cells were cultured with 14C-Das with or without IM for 2.h. 
The IUR was assessed as described previously. 1 µM IM did not change the IUR of 1 µM 14C-Das IUR 
in K562-Dox (p=0.06; Fig 7A), VBL-100 (p=0.4; Fig.7C) and their respective parental cells (p>0.7, 
Fig.7B and D). Similarly, 2 µM IM did not change IUR of 2 µM 14C-Das in K562-Dox (p=0.2), VBL-100 
(p=0.7), K562 (p=0.7) and CCRF-CEM (p=0.1; Fig 7A-D) cells. 
 
In MNC of CML-CP patients, 1 µM of IM did not change the IUR of 1 µM (n=12) and 2 µM (n= 7; 
Fig.7E) 14C-Das. Similarly 2 µM of IM did not change the IUR of 2 µM 14C-Das (n=6; Fig.7E). This data 
suggest that unlike nilotinib, IM does not increase 14C-Das IUR in ABCB1 overexpressing cells, their 
parental cells and MNC (Table III).   

4.5.2 IM does not inhibit the Rhodamine-123 efflux in ABCB1 overexpressing cells 

To assess the effect of IM on an ABCB1 substrate, K562-Dox and K562 cells were incubated with 
Rhodamine-123 in the presence or absence of IM. IM did not change the Rhodamine MFI in K562-Dox 
cells (Fig. 8A) and K562 cells (Fig. 8B).  
 
Results presented in above sections suggests that IM does not inhibit ABCB1 mediated Rhodamine-123 
efflux and dasatinib efflux. 

4.6 Effect of dasatinib on IM and nilotinib IUR 

4.6.1 Dasatinib does not increase 14C-Nil IUR in ABCB1 and ABCG2 overexpressing cells and 
their parental cells 

To assess the effect of dasatinib on nilotinib IUR, K562-Dox, VBL-100, K562, and CCRF-CEM cells 
were cultured with 14C-Nil with or without dasatinib for 2 h. The IUR was measured as described earlier. 
Dasatinib did not change 1 µM 14C-Nil IUR in K562-Dox and K562 cells (p>0.5; Fig 9A-B). Similarly, 2 
µM dasatinib did not alter the IUR of 2 µM 14C-Nil IUR in ABCB1 overexpressing cells and their parental 
cells (p>0.5; Fig. 9A-B). This data suggest that dasatinib is not an ABCB1 inhibitor, however the role of 
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Fig 7: Imatinib (IM) does not change 14C-dasatinib (14C-Das) IUR in ABCB1- 
overexpressing cell lines: K562, K562-Dox, CCRF-CEM and VBL-100 cells were 
cultured with 14C-Das in the presence or absence of IM for 2h and 14C-Das IUR was 
assessed. Imatinib did not change 14C-Das IUR in K562-Dox, K562, CEM, VBL-100 
cells, and CML-MNC
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Fig. 8 Imatinib did not block the Rhodamine-123 (R-123) efflux in ABCB1 
overexpressing cells: K562 and K562-Dox cells were incubated with R-123 (ABCB1 
substrate) with or without imatinib and R-123 mean fluorescence intensity (MFI) was 
assessed. In K562-Dox cells R-123 MFI is significantly lower than in K562 cells. (A) In 
K562-Dox cells imatinib (1 to 10 µM) did not change R-123 efflux MFI. PSC-833 
(specific ABCB1 inhibitor) blocked the efflux and increased MFI of rhodamine-123 (B) 
In K562 cells, neither PSC-833 nor imatinib change the R-123 MFI. These result 
demonstrate that imatinib does not inhibit R-123 cellular efflux.
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Fig 9: Dasatinib (Das) did not change 14C-nilotinib (14C-Nil) IUR in ABCB1- 
overexpressing cell lines: K562, K562-Dox and CML-MNC were incubated with 14C- 
Nil in the presence or absence of Das for 2h and 14C-Nil IUR was assessed. Dasatinib 
did not change 14C-Nil IUR in K562-Dox, K562 and CML-MNC.
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transporter protein in nilotinib cellular transport is controversial; some groups have reported that nilotinib 
is substrate of ABCB1 [287] while others have refuted these [180, 275]. Another possibility is that 
nilotinib and dasatinib interact with different sites of ABCB1. 
 
K562-ABCG2 cells were incubated with 14C-Nil in the presence or absence of dasatinib for 2 h, and 
nilotinib IUR was assessed. Dasatinib did not change 14C-Nil IUR (p>0.5; Fig.10A). This suggests that 
dasatinib is not an ABCG2 inhibitor. However another possibility is that nilotinib is not an ABCG2 
substrate. Recently some groups have reported that nilotinib is an ABCG2 inhibitor but not substrate 
[275], others reported that nilotinib is an ABCG2 substrate [286-288]; in addition one group has also 
reported that nilotinib is an ABCG2 substrate and inhibitor [286]. 
 
White et al have previously shown that IM increases nilotinib IUR in CML-MNC, however nilotinib 
reduces IM IUR, although not signficantly [330]. Davies et al reported that nilotinib is an OCT-1 inhibitor 
[275]. Similar data is not available for dasatinib. To assess the effect of dasatinib on primary CML-MNC, 
MNC were cultured with 14C-Nil with or without dasatinib for 2.h and nilotinib IUR was assessed. 
Dasatinib did not change 14C-Nil IUR in primary CML-MNC (p>0.5; Fig 10B, Table IV).  

4.6.2 Dasatinib does not change IM IUR in ABCB1 overexpressing cells 

Dasatinib did not increase 14C-IM IUR in K562-Dox (p=0.9), K562 (p=0.9), VBL-100 (p=0.4) and CCRF-
CEM cells (Fig 11A-D). Similarly dasatinib did not increase dasatinib 14C-IM IUR in primary CML-MNC 
(p=0.4; Fig 11D; Table IV). 

4.6.3 Dasatinib does not change Rhodamine-123 mean fluorescence intensity (MFI) in ABCB1 
overexpressing cells respectively 

Dasatinib did not change Rhodamine-123 MFI in K562-Dox and K562 a cell, suggesting that dasatinib 
does not inhibit ABCB1 mediated Rhodamine-123 efflux (Fig 12A-B). This suggests that dasatinib is an 
ABCB1 and ABCG2 substrate, but may not be an ABCB1 or ABCG2 inhibitor. These findings are in 
accordance with the findings of IUR assay. 
 

4.7 Discussion 

Interaction of TKI with transporter proteins is a complex issue, TKIs can be a substrates and/or inhibitors 
of the transporter protein. Moreover the function of transporter protein can be modulated by changing 
their phosphorylation status. Another issue which could add to the complexity is that multiple sites of 
ABCB1 protein can be involved in the interaction with compounds. Mutations at specific sites in virtually 
all of the transmembrane regions of ABCB1 have had functional consequences affecting various 
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Fig 10: Dasatinib (Das) did not change 14C-nilotinib (14C-NIL) IUR in ABCG2- 
overexpressing cells and CML-MNC: (A) K562-ABCG2 were incubated with 14C-Nil in 
the presence or absence of Das for 2h and 14C-Nil IUR was assessed. Dasatinib did not 
change 14C-Nil IUR in K562-ABCG2 cells (B) 1 and 2 µM Dasatinib did not change 
14C-Nil IUR in CML-MNC. 
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Table IV: Effect of unlabelled dasatinib on 14C-IM and 14C-Nil IUR in ABCB1 overexpressing cells 
and mononuclear cells of CML-CP patients 
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Fig 11: Dasatinib (Das) did not change 14C-imatinib (14C-IM) IUR in ABCB1- 
overexpressing cell lines: K562, K562-Dox and CML-MNC were incubated with 14C- 
IM in the presence or absence of Das for 2h and 14C-IM IUR was assessed. Dasatinib 
did not change 14C-IM IUR in (A) K562-Dox, (B) K562, (C) VBL-100 and (D) CML-MNC.
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Fig. 12 Dasatinib (Das) does not block the Rhodamine-123 (R-123) efflux in 
ABCB1 overexpressing cells: K562 and K562-Dox cells were incubated with R-123 
(ABCB1 substrate) with or without Das and R-123 mean fluorescence intensity (MFI) 
was assessed. In K562-Dox cells R-123 MFI is significantly lower than in K562 cells. 
(A) In K562-Dox cells Das (10 to 1000 nM) did not change R-123 efflux MFI. PSC-833 
(specific ABCB1 inhibitor) blocked the efflux and increased MFI of R-123 (B) In K562 
cells, neither PSC-833 nor Das change the R-123 MFI. These result demonstrate that 
Das does not inhibit R-123 cellular efflux.
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compounds differently either in conferring resistance or in antagonist potential [339-341]. It is important 
to know the exact interaction of drugs with ABCB1 when evaluating the potential for drug-drug 
interactions mediated by ABCB1. ABCB1 inhibitors can clearly affect the disposition of another ABCB1 
substrate. Multiple publications suggest that IM, nilotinib and dasatinib interact with ABCB1; however 
the type of interaction seems to be different with each drug.  
 
We and others have previously published that dasatinib is an ABCB1 substrate [287, 325, 326]. The 
current study demonstrates that nilotinib increases dasatinib IUR in ABCB1 overexpressing cells but not 
in their parental cells except in CEM cells at 2 µM [342]. Nilotinib-mediated increase in dasatinib IUR 
was much higher in VBL-100 cells (ABCB1 overexpressing) compared to their parental cells, CEM (9 
vs.3 ng/ml). Rhodamine-123, a fluorescent dye, is an ABCB1 substrate; nilotinib inhibits Rhodamine-123 
(a fluorescent ABCB1 substrate) cellular efflux in ABCB1-overexpressing cells but not in their parental 
cells. Moreover nilotinib inhibits Rhodamine-123 efflux in a dose-dependent fashion. Together these 
data demonstrate that nilotinib is an ABCB1 inhibitor. Recently Davies et al [275] and Hegedus et al. 

[287] also reported that nilotinib is an ABCB1 inhibitor. Davies et al [275] also reported that nilotinib is 
not an ABCB1 substrate while others reported it to be an ABCB1 substrate [343]. Hegedus et al also 
reported that nilotinib interacts with the ABCB1 protein, however overexpression of ABCB1 did not 
reduce the intracellular concentration of nilotinib, neither did it protect the cells from nilotinib-mediated 
cytotoxicity [287]. Although it is a controversial area, the majority of studies (including ours) favour the 
notion that nilotinib is an ABCB1 inhibitor.  
 
The effect of IM on dasatinib intracellular concentration was also evaluated. In the current study, at 
therapeutically achievable concentrations (1 to 2 µM) IM did not increase dasatinib intracellular 
concentration in ABCB1 overexpressing cells and their parental cells. Similarly, IM did not inhibit 
Rhodamine-123 efflux in ABCB1 overexpressing cells. Concurrent results of these two assays suggest 
that IM does not inhibit dasatinib and Rhodamine-123 efflux. Some studies reported that IM is an 
ABCB1 substrate [222, 276, 279, 297] while others reported that IM is an ABCB1 inhibitor [273, 279]. 
Hamada et al [279] reported that IM inhibits ABCB1 mediated Rhodamine-123 efflux, however in their 
study only a very high concentration of IM (50 µM) blocked the Rhodamine-123 efflux, but 10 and 30 
µM IM failed to inhibit Rhodamine-123 efflux. The IM concentrations used in their study were 30 to 50 
fold higher than therapeutically achievable concentrations of IM (1 to 2 µM) [279]. In the current study 
IM did not inhibit Rhodamine-123 efflux over a range of concentrations (1 to 10 µM) in K562-Dox and 
K562 cells. In another study [273], IM inhibited Rhodamine-123 efflux in cell lines overexpressing 
ABCB1 but not in CML-CD34+ cells [273]. However, that study used a modified assay, in that study cells 
were incubated with inhibitor for 30 minutes prior to incubation with Rhodamine-123 substrate [273]. In 
contrast, in our study cells were incubated simultaneously with inhibitor and substrate. Results of our 
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study and those of other studies might suggest that the interaction of IM with ABCB1 is the function of 
IM concentration. At therapeutically achievable concentrations IM is predominantly an ABCB1 substrate; 
however at very high concentration (therapeutically irrelevant) it can act as an ABCB1 inhibitor. Another 
possibility is that, although dasatinib, IM and rhodamine-123 interact with ABCB1, they might be 
interacting with different domains of ABCB1 and hence may not interfere with each others’ cellular efflux 
except at very high doses. 
 
There are no published data assessing the effect of dasatinib on IM or nilotinib intracellular 
concentration. Data presented in this study suggest that dasatinib neither inhibited the ABCB1-mediated 
efflux of Rhodamine-123 nor increased the 14C-Nil or 14C-IM intracellular concentration in ABCB1-
overexpressing cells and their parental cells. This suggests that, although dasatinib is an ABCB1 
substrate, it does not inhibit ABCB1-mediated efflux of other ABCB1 substrates. Thus, our results and 
those of others suggest that although all three TKI, IM, dasatinib and nilotinib, interact with ABCB1 the 
type of interactions differ. Dasatinib [287, 325, 326] and IM [180, 222, 287] are predominantly ABCB1 
substrates while nilotinib [275, 287] is predominantly an ABCB1 inhibitor, although there is controversy 
and conjecture associated with these conclusions.  
 
It has been widely thought that ABCB1 antagonism occurs through competition. ABCB1 substrate will 
compete with other ABCB1 substrates for the ABCB1 binding site and may inhibit ABCB1 mediated 
cellular efflux of the competitor substrate [344, 345]. However, many ABCB1 substrates do not inhibit 
ABCB1 function [346] and do not influence the ability of ABCB1 to efflux marker substrates from a 
viable cell [346-349]. Moreover, many ABCB1 inhibitors are not themselves actively transported by 
ABCB1 (not substrates). Results of the National Cancer Institute Drug Screen study showed that many 
cytotoxic compounds were either substrates or inhibitors of ABCB1, but only few compounds were 
found to be both, suggesting that multiple regions of ABCB1 are involved in drug transport [347]. 
Similarly in our study, although both dasatinib and IM are ABCB1 substrates, they neither altered 
intracellular concentration of each other, nor influenced Rhodamine-123 efflux in ABCB1 overexpressing 
cell lines. Thus they did not act as competitive antagonists for each other. On the other hand, published 
literature and our own data suggest that nilotinib is an ABCB1 inhibitor. Whether it is an ABCB1 
substrate or not is controversial. Davies et al [275] and White et al [330] reported that nilotinib is not an 
ABCB1 substrate. However, unpublished data suggest that nilotinib may be an ABCB1 substrate at 
lower concentrations (100 to 150 nM; Eadie L et al). Putting together our results and those of others 
suggests that the ABCB1 substrates are poor inhibitors and ABCB1 inhibitors are poor ABCB1 
substrates. This can be explained on the basis that antagonists bind to ABCB1 but failing transport, 
prevent the transport of other agents. On the other hand, ABCB1 substrates bind to ABCB1 and are 
transported, but do not block the transport of other substrates. Another possibility is a complex 
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interaction between different binding sites of the ABCB1 protein. Barecki-Roach et al [346] and Eytan et 

al [348] suggested that of compounds transported by ABCB1, those with slow rates of cellular influx are 
good ‘substrates’ for ABCB1, whereas those that rapidly permeate the plasma membrane may be more 
effective inhibitors than substrates. They designated distinct substrate binding sites of ABCB1 as ‘H’ or 
‘R’. Substrates that interact with the H site are competitive inhibitors of transport of each other but are 
allosteric activators of the transport of substrates that interact with the R site and vice versa [350-352].  
 
We and others have previously demonstrated that dasatinib cellular efflux is also mediated by ABCG2 
[287, 325] and inhibition of the ABCG2 efflux pump restores sensitivity. The role of ABCG2 in nilotinib 
cellular efflux is controversial; some researchers reported that nilotinib is a substrate [286, 287] and 
inhibitor of ABCG2 [286] while others reported that it is only an ABCG2 inhibitor [275]. This difference 
could partially be explained by the difference in cell material used, assay variation, and fluorescent 
substrate used. Moreover within this same study, nilotinib inhibited ABCG2 mediated substrate efflux in 
cell lines overexpressing ABCG2 but not in primary CML-CD34+ cells [275]. In our study nilotinib did not 
change dasatinib IUR in K562-ABCG2 and K562 cells. Thus in our study nilotinib did not inhibit ABCG2-
mediated dasatinib cellular efflux. Similarly, dasatinib did not inhibit ABCG2-mediated efflux of nilotinib 
or IM. 
 
Intracellular concentration of any drug is the net result of cellular influx and efflux. As discussed in the 
previous paragraphs nilotinib increases dasatinib IUR by inhibiting its ABCB1-mediated cellular efflux. 
As both dasatinib and nilotinib cellular influx is predominantly passive and unlikely to be OCT-1-
dependent [325, 326], they could potentially compete with each other for cellular influx. The data 
presented in this study suggest that in K562, CCRF-CEM cells, CML-MNC (n=11), and CD34+ cells 
(n=4), nilotinib did not change dasatinib IUR significantly. Similarly, dasatinib did not change nilotinib 
IUR in K562, CCRF-CEM cells, CML-MNC (n=5). These data suggest that although these two drugs are 
passively transported into cells they do not compete with each other for cellular influx. Recently Davies 
et al reported that nilotinib is an OCT-1 inhibitor and reduced the cellular uptake of OCT-1 substrates 
such as tetraethylammonium bromide (TEA). This interaction could potentially influence the clinical 
outcome of combination therapy such as IM and nilotinib. Recently Eadie et al reported that nilotinib did 
not reduce IM cellular uptake significantly [336]. Moreover they reported that nilotinib does not inhibit IM 
OCT-1 activity in CML cell lines and primary cells. There is no published literature assessing the effect 
of IM on dasatinib intracellular concentration and vice a versa. Our results suggest that IM did not 
change dasatinib IUR significantly. Unlike nilotinib [275, 330, 336], dasatinib does not reduce IM cellular 
uptake.  
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Data shown in the previous chapter suggest that, unlike IM [272], dasatinib intracellular concentration is 
not significantly different between CML-CD34+ cells and MNC. Moreover nilotinib did not change 
dasatinib IUR in CML-MNC and CD34+ progenitor cells. This could be due to lower ABCB1 expression 
and activity in CML-CD34+ cells compared to normal CD34+ cells [273, 275]. The next logical step would 
be to assess the effect of nilotinib on dasatinib IUR in CML-CD34+/CD38- cells; however, due to 
limitation of primary cell material, we could not perform these experiments.  
 
From studies of different TKI combinations, the major finding was that nilotinib significantly increased 
dasatinib IUR in ABCB1-overexpressing cells. Subsequent studies assessed the effect of this 
combination on Bcr-Abl kinase inhibition and cell death in ABCB1 overexpressing cells. In K562-Dox 
cells, combinations of dasatinib and nilotinib have synergistic effect in inhibiting Bcr-Abl kinase activity 
and triggering cell death. Based on the in vitro data, we speculate that the combinations of low-dose 
dasatinib and nilotinib may be useful in patients with advanced phase CML or IM-resistant CML who 
may have high ABCB1 expression. This combination might be more effective in triggering cell death in 
early progenitors and LSC which overexpress ABCB1. Another possible benefit of this combination 
could be targeting the sanctuary sites (brain and testes) which overexpress ABCB1. In an in vitro 
mutagenesis screen, the combination of low dose dasatinib and nilotinib was more effective than single 
drug alone in reducing the outgrowth of resistant clones [353]. Bradeen et al suggested that the 
combination of dasatinib and nilotinib leads to mutual elimination of mutants with intermediate 
resistance [353]. Another potential benefit is that nilotinib only binds to the inactive conformation of Bcr-
Abl while dasatinib can bind to both the active and inactive conformation of Bcr-Abl protein. 
 
In summary, our in vitro data demonstrate that nilotinib is an ABCB1 inhibitor. Further, we demonstrate 
the potential benefit of combining dasatinib and nilotinib in CML cells overexpressing the ABCB1 efflux 
protein. These in vitro studies suggest that the combination of low dose dasatinib and nilotinib may 
provide an additive/synergistic antileukaemic effect which may be of particular relevance to LSC which 
are thought to be both refractory to TKI therapy and expressing ABCB1. In the clinical setting, other 
possible advantages and concerns about combination therapy need to be considered. Thus, findings 
presented here suggest that a combined TKI approach may be worthy of consideration in the setting of 
TKI resistance and stem cell refractoriness. 
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5  CHAPTER 5: Short-term intense Bcr-Abl kinase inhibition is 
adequate to trigger cell death in BCR-ABL1+ cells 

 

5.1 Introduction 

Previously Le Coutre et al reported that 20-21 h of in vitro exposure to 1 µM IM was required to induce 
cell death and inhibit proliferation of BCR-ABL1+ KU812 and MC3 cell lines [167]. Shorter duration of in 

vitro exposure (6-7h) was not adequate to trigger cell death or inhibit cell proliferation. In a murine 
model, 60 to 70% of Bcr-Abl kinase activity was inhibited within 2 h of exposure to 1µM IM, however 
>70% of Bcr-Abl kinase activity was restored within 8 h of the dose. When mice bearing a BCR-ABL1+ 
tumor were treated with daily dosing of IM there was no statistically significant reduction in the tumor 
size. While mice treated with a twice a day schedule had significant reduction in their tumor size, 
however none of the mice was cured and the tumor grew after cessation of IM. In contrast, none of the 
mice treated with an 8 hourly schedule developed tumor and had significantly longer survival compared 
to the control group [167]. Similarly, 8 hourly schedules also reduced tumor size (in mice with 
established disease) by 98% within 7 days of treatment and most of the animals remained disease-free 
during long follow up (up to 210 days). Subsequent clinical, pharmacokinetic, and pharmacodynamic 
studies of IM showed significant responses with trough doses above 1000 ng/ml [178, 354, 355]. This 
set the paradigm for continuous Bcr-Abl kinase inhibition by IM as the optimal strategy in CML therapy. 
As IM and nilotinib have longer plasma half lives, adequate duration of Bcr-Abl kinase inhibition can be 
achieved with a daily dosing schedule. In vivo, dasatinib has a short plasma half-life of 3-5h and there is 
near-complete reactivation of Bcr-Abl kinase by 8 h after drug administration in CML patients [337]. 
Despite the short half life, patients on the recently approved standard dose of dasatinib (100 mg daily) 
achieved similar cytogenetic and molecular responses as patients on twice a day (dasatinib 50 mg BD) 
[229] Additionally, the once daily dose schedule was more tolerable and associated with less side 
effects compared to the twice a day schedule [229]. These clinical results suggested that continuous 
Bcr-Abl kinase inhibition with dasatinib is not required for optimal response, which is in contrast to 
previously set paradigm of continuous Bcr-Abl kinase inhibition for optimal response. 
 
In the current study the relationship between duration and intensity of Bcr-Abl kinase inhibition and the 
subsequent reduction in proliferation and activation of apoptosis observed in BCR-ABL1 expressing cell 
lines is assessed. The mechanism of cell death triggered by short-term dasatinib is also assessed. 
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5.2 Summary of the research, publication and conference presentation 

The research detailed in this chapter, the attached manuscript and conference proceedings, have 
contributed significantly to understanding the relationship between duration and intensity of Bcr-Abl 
kinase inhibition and the subsequent reduction in cell proliferation and activation of apoptosis. 

5.2.1 Publication 

Hiwase DK, White DL, Saunders VA, Kumar S, Melo JV, Hughes TP. Short-term intense Bcr-Abl kinase 
inhibition with nilotinib is adequate to trigger cell death in BCR-ABL1+ cells. Leukemia. 2009 
Jun;23(6):1205-6 
 
Devendra Hiwase planned, performed, analysed the experimental data and wrote the manuscript. JV 
Melo, Verity Saunders, and S.Kumar critically edited the manuscript. Tim Hughes, Deb White helped in 
experimental designing, analyzing the data and critically editing the manuscript. 

5.2.2 Presentation 

Devendra K. Hiwase, Deborah. L. White, Verity Saunders, Junia V. Melo, Sharad Kumar, Timothy P. 
Hughes. Short–Term Intense Bcr-Abl Kinase Inhibition Is Adequate To Trigger Cell Death In CML Cell 
Lines But Not In CML-CD34+ Cells Unless They Are Growth Factor Deprived. Blood (ASH Annual 
Meeting Abstracts), Nov 2008; 112: 1086 
 

5.3 Patients, material and methods 

5.3.1 Cell lines 

The BCR-ABL1 expressing human K562, KU812 and Meg01 cell lines were obtained from the American 
Type Culture Collection (ATCC, Manassas, VA). They were cultured in RPMI-1640 (Sigma-Aldrich, St 
Louis, USA) with 10% fetal calf serum (FCS; Invitrogen, Paisley, United Kingdom), 2 mM L-glutamine 
(SAFC Bioscience, Lenexa, USA), and 100 mM penicillin-streptomycin (Sigma-Aldrich, St Louis, USA) 
in a humidified incubator at 37°C with 5% CO2. Cells were passaged every 3rd day and were 
maintained in log phase. 

5.3.2 Tyrosine kinase inhibitors 

Dasatinib was kindly provided by Bristol-Myers Squibb (New Brunswick, USA) and a 10 mM stock 
solution was prepared in dimethyl sulfoxide (DMSO, Merck K GaA, Darmstadt, Germany) and stored at 
4ºC. IM (Glivec) was kindly provided by Novartis Pharmaceuticals (Basel, Switzerland). Stock solutions 
of IM were prepared at 10 mM and 1 mM in distilled water, sterile filtered and stored at 4ºC. 
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5.3.3 Western blot analysis 

K562, Meg01, KU812 cells were cultured with dasatinib, IM or nilotinib for up to 24 h. Western blot 
analysis for p-Crkl was performed as described in the methods chapter. Briefly, 2x105 cells from BCR-

ABL1+ cell lines were cultured with or without TKI. Cells were washed with cold phosphate buffered 
saline (PBS) and lysed with 20 µL Laemmli’s buffer by boiling for 12 min. Protein lysates (10 µL 
equivalent to 1x105 cells from cell lines) were resolved on SDS/10% polyacrylamide gels, and 
electrophoretically transferred to PVDF membranes (Amersham biosciences, UK). Following blocking, 
the membranes were probed with anti-Crkl antibody (Santa Cruz, CA), detected with ECF substrate 
(Amersham Pharmacia Piscataway, NJ) and analyzed by Fluor Imager analysis (Molecular Dynamics, 
Sunnyvale CA). The ratio of phosphorylated Crkl (p-Crkl) to total Crkl was determined using Image 
Quant analysis (Molecular Dynamics).   

5.3.4 Cell death assessment 

BCR-ABL1+ cell lines (2x105 cells) were cultured with dasatinib or IM either for short-term (ST, cells 
were cultured with dasatinib or IM for 30 min and, following thorough drug washout, cells were 
recultured in drug-free media for total 72 h) or long-term (LT) for 72 h (cells were washed after 30 min of 
culture with dasatinib or IM and recultured and maintained in dasatinib or IM for a total of 72 h). Cell 
death was assessed by flow cytometry using PE Annexin V (BD Biosciences, USA), 7AAD and trypan 
blue staining. 
 

5.4 Results 

5.4.1 Bcr-Abl kinase inhibition in CML cell lines is maximal within 30 min of exposure to 100 
nM dasatinib 

A number of strategies have been used to measure Bcr-Abl kinase activity, including tyrosine 
phosphorylation of downstream Bcr-Abl substrates such as Crkl, STAT5 and phosphotyrosine content of 
Bcr-Abl. Crkl phosphorylation has emerged as the most informative readout to date based on the 
specificity of this signal for Bcr-Abl activity as well as the reproducibility and reliability of the assay [202, 
356] . In the current study we have used phosphorylation of Crkl as surrogate marker of Bcr-Abl kinase 
activity. 
 
K562 cells were cultured with dasatinib (0 to 100 nM) for 15 min to 2 h and Crkl phosphorylation was 
assessed by Western blot analysis. Inhibition of Crkl phosphorylation was directly related to the 
dasatinib concentration and 95% Crkl phosphorylation was inhibited within 30 min of culture with 100 
nM dasatinib (Fig.1A-B). Similarly in KU812 (Fig.2A-B) and Meg01 (Fig.3A-B) cells, 100 nM dasatinib 
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Fig. 1: In K562 cells 100 nM dasatinib, 30 µM of imatinib (IM) or 5 µM nilotinib 
inhibit ≥90% p-Crkl within 30 min of culture: K562 cells were cultured with dasatinib 
(0 to 100 nM) or IM for 15 min to 2h and phosphorylation of Crkl was assessed by 
western blot analysis. (A) Western blot assessing the p-Crkl inhibition, top band is p- 
Crkl and lower band is Crkl (B)  Densitometry analysis of blots in panel A demonstrate, 
that 100 nM dasatinib inhibit >90% p-Crkl within 30 min of culture. Lower concentration 
of dasatinib such as 5 and 10 nM inhibit 20 and 40% p-Crkl respectively and the p-Crkl 
inhibition is stable over two hours period (C-D) Densitometry analysis of blots in panel C 
demonstrate that, 30 µM IM (equipotent to 100 nM dasatinib) inhibit 90% p-Crkl within 
30 min. However 2 µM (therapeutically achievable concentration) inhibit 25% p-Crkl 
within 30 min and p-Crkl inhibition is stable over two hours. (E-F) Densitometry analysis 
of Western blot in panel E demonstrate that 1 µM and 5 µM nilotinib inhibit 60% and 
90% of p-Crkl respectively within 30 min of culture. 
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Fig. 2: In KU812 cells 100 nM dasatinib, 30 µM of imatinib (IM) or 5 µM nilotinib 
inhibit ≥90% p-Crkl within 30 min of culture: KU812 cells were cultured with 
dasatinib (0 to 100 nM) or IM for 15 min to 2h and phosphorylation of Crkl was 
assessed by western blot analysis. (B) Densitometry analysis of blots in panel A 
demonstrate, that 100 nM dasatinib inhibit >90% p-Crkl within 30 min of culture. At 
lower concentration of dasatinib (10 nM) the depth of p-Crkl inhibition increases from 
50% at 30 min to 65% at 2h.(C-D) Densitometry analysis of blots in in panel C 
demonstrate that, 30 µM IM inhibit 90% p-Crkl within 30 min. However 2 µM 
(therapeutically achievable concentration) inhibit 50% p-Crkl within 30 min and p-Crkl 
inhibition is stable over 2h of culture. (E-F) Densitometry analysis of Western blots in 
panel E demonstrate that 1µM and 5 µM nilotinib inhibit 65% and 90% of p-Crkl.
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Fig. 3: In Meg01 cells 100 nM dasatinib, 30 µM of imatinib (IM) or 5 µM nilotinib 
inhibit ≥90% p-Crkl within 30 min of culture: Meg01 cells were cultured with 
dasatinib (0 to 100 nM) or IM for 15 min to 2h and phosphorylation of Crkl was 
assessed by western blot analysis. (B) Densitometry analysis of blots in panel A 
demonstrate, that 100 nM dasatinib inhibit >90% p-Crkl within 30 min of culture. At 
lower concentration of dasatinib (10 nM) the depth of p-Crkl inhibition increases from 
27% at 30 min to 43% at 2h.(C-D) Densitometry analysis of blots in in panel C 
demonstrate that, 30 µM IM inhibit 90% p-Crkl within 30 min. However 2 µM 
(therapeutically achievable concentration) inhibit 40% p-Crkl within 30 min and p-Crkl 
inhibition is stable over 2h.(E-F) Densitometry analysis of blots in panel E demonstrate 
that 1 µM and 5 µM nilotinib inhibit 70% and 90% p-Crkl within 30 min of culture.
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inhibited 95% Crkl phosphorylation within 30 minutes of culture. These data suggest that in BCR-ABL1+ 
cells, 30 min culture with 100 nM dasatinib (therapeutically achievable concentration) can inhibit ≥90% 
of Crkl phsophorylation. When K562 cells were cultured with 10 nM dasatinib, 50% and 70% of Crkl 
phosphorylation was inhibited within 30 minutes and 2 h of culture respectively (Fig.1A-B). However, in 
K562 cells, longer duration of culture with 5 to 10 nM dasatinib (up to 24 h) did not increase the depth of 
p-Crkl inhibition further (Fig. 4A-B). In contrast, in KU812 cells (Fig. 4C-D) 100% inhibition of Crkl-
phosphorylation was achieved by 16 h of culture with 5 or 10 nM dasatinib.  
 
To assess the effect of IM on Crkl phosphorylation, K562 (Fig.1C-D), KU812 (Fig.2C-D) and Meg01 
(Fig.3C-D) cells were cultured with IM (0 to 30 µM) for 15 min to 2 h. Thirty minutes of culture with a 
therapeutically achievable concentration of IM (2 µM) inhibited 20-30% Crkl phosphorylation and the 
depth of phosphorylated-Crkl inhibition remained stable over 2 h. However 30 µM of IM (equipotent to 
100 nM dasatinib, but therapeutically not achievable) inhibited 90% of Crkl phosphorylation within 30 
min of culture. To compare the effect of nilotinib on the depth of phospho-Crkl inhibition, K562, KU812 
and Meg01 cells were cultured with nilotinib (0 to 5000 nM) for 30 min to 2 h. Thirty minutes of culture 
with 1000 nM nilotinib (therapeutically achievable and equipotent to 100 nM dasatinib) inhibited 55%, 
65% and 73% of Crkl phosphorylation in K562 (Fig.1E-F), KU812 (Fig.2E-F) and Meg01 (Fig 3E-F) cells 
respectively. In K562 and Meg01 the depth of phospho-Crkl inhibition was similar over 2 h of culture, 
however in KU812 the depth of phsopho-Crkl inhibition increased to 78%. A higher concentration of 
nilotinib (5000 nM) inhibited 95% of Crkl phosphorylation within 30 minutes in all three cell lines.  
 
Data presented here suggest that at therapeutically achievable concentrations of dasatinib (100 nM) 
and nilotinib (1 to 2 µM), Bcr-Abl kinase activity can be inhibited by 80 to 90% within 30 minutes of 
culture. However at the therapeutically achievable concentrations of IM (1 to 2 µM) only 20 to 30% of 
Bcr-Abl kinase activity can be inhibited. In BCR-ABL1+ cells the depth of Bcr-Abl kinase activity 
inhibition did not increase further with prolonged duration of culture (beyond 2 h) with any of the tested 
TKIs except in KU812 cells. This difference seems to be observed only in the KU812 cell line. As data 
presented in the next chapter suggest, in CML-CD34+ progenitor cells, the depths of Bcr-Abl kinase 
inhibition following 30 min and 2 h of culture with dasatinib and IM are similar. The difference in the 
kinetics of Bcr-Abl kinase inhibition between KU812 cells and K562 and primary CML-CD34+ progenitor 
cells can not be explained on the basis of cellular uptake of dasatinib. Cellular uptake studies using 14C-
dasatinib (presented in chapter 2) suggest that, dasatinib cellular uptake in KU812 cells is achieved 
within a few minutes of culture with drug. Although the exact mechanism for this difference remains 
unexplained, it may represent the variable sensitivity of cell lines to three TKIs, KU812 cells are more 
sensitive compared to K562 cells.  
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Fig. 4: At lower concentration of dasatinib p-Crkl inhibition plateaus off at 2 h in 
K562 cells but not in KU812 cells: K562 and KU812 cells were cultured with 5 and 10 
nM dasatinib for 2 to 24h and p-Crkl was assessed by western blot analysis. (A-B) 
Densitometry analysis of Western blot in panel A demonstrate that in K562 cells p-Crkl 
inhibition plateaus off at 2h(B-D) Densitometry analysis of Western blot in panel C 
demonstrate that, in KU812 the p-Crkl inhibition increases with prolonged cultures and 
100% p-Crkl inhibition is achieved by 16h of culture.
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5.4.2 Bcr-Abl kinase reactivates within 30 min of dasatinib, IM and nilotinib washout 

Pharmacodynamic studies in patients’ demonstrated that Bcr-Abl kinase reactivates within 8 h of dosing 
of dasatinib [337]. In vitro kinetics of Bcr-Abl kinase reactivation following drug washout was studied. 
Following 30 min culture of K562 cells with dasatinib (10 nM and 100 nM; Fig.5A and B), IM (6 µM and 
30 µM; Fig. 5A and C) or nilotinib (400 and 1000 nM; Fig.5D and E), cells were thoroughly washed 
(three times) and recultured in drug-free-media for 30 min to 4 h. Within 30 min of drug washout there 
was Bcr-Abl activity restoration, as reflected by restoration of phsopho-Crkl levels to 70 to 80% of the 
baseline values (Fig. 5A-E). Within 4 h of drug washout there was 80-90% phorphorylation of crkl 
(Fig.5A-E). 
 
As Crkl phosphorylation was inhibited within 30 min of culture with dasatinib, IM and nilotinib, we 
hypothesize that longer duration of culture with TKI will not alter the kinetics of Bcr-Abl activation 
following drug washout. To asses this, K562 cells were cultured with dasatinib (10 nM and 100 nM; Fig 
6A and B) or IM (6 µM and 30 µM; Fig 6A and C) for 4 h and cells were washed thoroughly and 
recultured in drug-free media for 30 min to 4 h. The kinetics of Bcr-Abl kinase reactivation following 4 h 
culture with TKI was similar to that of Bcr-Abl kinase reactivation following 30 min of culture with TKI and 
p-Crkl level reformed to ≥90% control within 4 h (Fig.6A-C).  
 
These data suggest that dasatinib, nilotinib and IM mediated Bcr-Abl kinase inhibition is reversible and it 
completely reactivates within 4 h of drug washout. As Bcr-Abl kinase reactivates within 4 h of drug 
washout, we hypothesize that it will rescue cells from cytocidal effect of short-term (30 min) Bcr-Abl 
kinase inhibition. To assess this, BCR-ABL1+ cells were cultured with dasatinib or nilotinib or IM for 
variable duration and cell death was assessed at 72 h. 

5.4.3 Short-term intense or long-term partial Bcr-Abl kinase inhibition induces equivalent cell 
death and inhibits cell proliferation in BCR-ABL1+ cell lines 

K562 cells were cultured with or without 100 nM dasatinib for a variable period from 30 min to 72 h and, 
after thorough drug washout, cells were recultured in drug-free media for the remainder of the 72 h. Cell 
death was assessed by staining with Annexin V, 7AAD and cell viability was assessed by trypan blue 
exclusion. Cell death assessment after 72 h of culture demonstrated that 15 to 30 min exposure to 100 
nM dasatinib was adequate to trigger cell death (~60-70% Annexin V+ and 7AAD+ cells; Fig. 7A-B) and 
reduce cell viability (Fig. 7C). The ability of 100 nM dasatinib to induce cell death following 30 min of 
culture was not due to incomplete drug washout, since 90% of Crkl phosphorylation was restored within 
4 h of drug washout (Fig.5 and 6).  
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Fig. 6: In K562 cells longer culture with dasatinib prior to drug washout did not 
influence the kinetic of Bcr-Abl kinase activity restoration: K562 cells were  
cultured with dasatinib (10, 100 nM) or IM (6, 30 µM) for 4h. Following thorough drug 
washout, cells were recultured in drug free media for 30 min to 4h. B and C is the 
densitometry analysis of Western blot in panel A. Within 30 min of drug washout 80 to 
90% Crkl phosphorylation was restored. 
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To assess the effect of dasatinib in other BCR-ABL1+ cells, Meg01 cells were cultured with dasatinib (0 
to 100 nM) for variable durations (30 min to 48 h). Following thorough drug washout, cells were 
recultured in drug-free media and cell death was assessed at 48 h. Thirty min culture with 100 nM 
dasatinib was adequate to trigger cell death in Meg01 cells (90% Annexin V+ and 80% 7AAD+ cells; Fig 
8A and B). 
 
To assess cell death mediated by IM, K562 cells were cultured with 2 µM IM (therapeutic concentration) 
for variable durations (30 min to 72 h) and cell death was assessed after 72 h. Thirty minutes of culture 
with 2 µM IM did not induce cell death but continuous culture for 48 h triggered cell death (50 to 60%; 
Fig.9A-C). However, 30 µM IM (15 to 25 times higher than therapeutic concentration) triggered cell 
death within 30 min of culture (Fig.10A-B). Similarly in Meg01 cells, 30 min of culture with 30 µM IM 
triggered cell death (80 to 90% Annexin V and 7AAD+ cells) but not a lower concentration of IM (2 µM; 
Fig.11A-B).  
 
To assess the cell death induced by nilotinib, K562 cells were cultured with 0 to 5 µM nilotinib for 
variable duration of culture (0.5 to 72 h) and cell death was assessed. Thirty minutes of culture with 1 
µM nilotinib induced cell death but 100 nM nilotinib failed to do so. However continuous culture for 24-
48 h with 100 nilotinib induced cell death (Fig.12A-B). As shown in Fig 12, there was more cell death 
following 30 min culture with 500 nM nilotinib, compared to 2 h culture with 500 nM nilotinib, this 
discrepancy was not reproducible. 
 
Data presented in previous paragraphs suggest that 30 min of culture with higher concentrations of 
dasatinib, nilotinib and IM is adequate to trigger cell death in BCR-ABL1+ cells. For subsequent 
experiments, BCR-ABL1+ cells were cultured with TKI either for short-term (ST; cells were cultured with 
TKI for 30 min, and following thorough drug washout, cells were recultured in drug-free media for 72 h) 
or long-term (LT; cells were cultured with TKI for 72 h). At 72 h (K562 and KU812) and 48 h (Meg01), 
ST intense Bcr-Abl kinase inhibition (>90% reduction in p-Crkl) by 100 nM dasatinib (D100ST) induced 
cell death (equivalent to continuous partial kinase inhibition by 10 nM dasatinib (D10LT; Fig 13A-B, 14A-
B and 15A-B). ST partial kinase inhibition (by 5 and 10 nM dasatinib) was not adequate to trigger cell 
death, but continuous partial Bcr-Abl kinase inhibition for 48 to 72 h induced cell death (Fig.13A-B). 
 
As dasatinib inhibits Bcr-Abl kinase along with Src kinase and other kinases, this raises the question if 
this effect is unique to dasatinib or whether it can also be seen with IM. To assess the effect of ST 
culture with IM, similar experiments were repeated. ST culture of K562 (Fig.9, 13C-D) and Meg01 
(Fig.15C-D) cells with IM at pharmacologically achievable concentrations (1 to 2 µM) inhibited p-Crkl 
formation by approximately 20-30%, which was not adequate to trigger cell death (Fig.9 and 13C-D). 
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Fig. 8 Thirty min culture with 100 nM dasatinib induces cell death in Meg01 cells: 
Meg01 cells were cultured with 0 to 100 nM dasatinib for variable periods (0.5h to 48h) 
and following thorough drug washout cells were recultured in drug free media for 
remainder of the 48h. Cell death was assessed by  (A) % of Annexin V+ cells and (B) % 
of 7AAD+ cells. Thirty minutes culture with 100 nM dasatinib was adequate to trigger 
cell death in Meg01 cells. However 30 min of culture with lower concentration of 
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to 10 nM triggered cell death.
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Fig.9: Thirty min of culture with therapeutically achievable concentration of IM (2 
µM) is not adequate to trigger cell death in K562 cells: K562 cells were cultured with 
2 µM IM for variable period (0.5h to 72h) and following through drug washout cells were 
recultured in drug free media for reaming of 72h. Cell death was assessed by (A) 
Annexin V staining, (B) 7AAD staining and (C) cell viability was assessed by trypan blue 
dye exclusion. Thirty min of culture with 2 µM IM was not adequate to trigger cell death 
in K562 cells, however prolonged culture for 24 to 48h triggered cell death.
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Fig.10 Thirty min culture with 30 µM IM induces cell death in K562 cells: K562 
cells were cultured with 0 to 30 µM IM for variable period (0.5h to 72h) and following 
thorough drug washout cells were recultured in drug free media for remainder of the 
72h. Cell death was assessed by  (A) % of Annexin V+ cells and (B) cell viability was 
assessed by trypan blue exclusion assay. Thirty minutes culture with 30 µM IM was 
adequate to trigger cell death in K562 cells. However 30 min of culture with lower 
concentration of dasatinib (1 µM) was not adequate to trigger cell death. Long-term 
culture with 1 µM  triggered cell death.
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Fig.11 Thirty min culture with 30 µM IM induces cell death in Meg01 cells: Meg01 
cells were cultured with 0 to 30 µM IM for variable period (0.5h to 48h) and following 
thorough drug washout cells were recultured in drug free media for remainder of the 
48h. Cell death was assessed by  (A) % of Annexin V+ cells and (B) % of 7AAD+ cells. 
Thirty minutes culture with 20 and 30 µM IM was adequate to trigger cell death in 
Meg01 cells. However 30 min of culture with lower concentration of IM (1 to 2 µM) was 
not adequate to trigger cell death. Long-term culture with 1-2 µM  triggered cell death.
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Fig.12 Thirty min culture with 1 to 2 µM nilotinib induces cell death in K562 cells: 
K562 cells were cultured with 0 to 5 µM nilotinib for variable period (0.5h to 72h) and 
following thorough drug washout cells were recultured in drug free media for remainder 
of the 72h. Cell viability was assessed by trypan blue exclusion (A) and cell death was 
assessed by (b) % of Annexin V+ cells. Thirty minutes culture with 1 and 2 µM nilotinib 
was adequate to trigger cell death in K562 cells. However 30 min of culture with 100 to 
200 nM nilotinib was not adequate to trigger cell death. Long-term culture with 100 to 
200 nM nilotinib triggered cell death.

A

B



0 10 20 30 40 50 60 70 80 90 100
0

20

40

60

80

100 ST

LT

Dasatinib (nM)

An
ne

xi
n 

V 
%

 +
ve

0 5 10 15 20 25 30
0

5

10

15

20
ST
LT

Imatinib (µM)

Li
ve

 c
el

ls
 x

 1
05 /m

l

0 2 6 10 20 30
0

20

40

60

80

100 ST
LT

Imatinib (µM)

An
ne

xi
n 

V 
po

si
tiv

e 
ce

lls
 (%

)

0 10 20 30 40 50 60 70 80 90 100
0

5

10

15

20
ST
LT

Dasatinib (nM)

Li
ve

 c
el

ls
 x

 1
05 /m

l

0.0 0.5 1.0 1.5 2.0
0

5

10

15

20

ST
LT

Nilotinib (μM)

Li
ve

 c
el

ls
 x

 1
05 /m

l

0 0.1 0.2 1 2
0

20

40

60

80

100
ST
LT

Nilotinib (μM)

An
ne

xi
n 

V 
po

si
tiv

e 
ce

lls
 (%

)

Fig 13: In K562 cells short-term intense and long-term partial Bcr-Abl kinase 
inhibition triggers equivalent cell death: K562 cells were cultured with dasatinib or 
imatinib or nilotinib either in short-term assay (ST; cells were cultured with dasatinib or 
IM or nilotinib for 30 min and following thorough drug washout cells were recultured in 
drug free media for remaining of 72h) or long-term assay (LT; cells were cultured with 
dasatinib or IM or nilotinib for 72h). Cell death was assessed by staining with Annexin V 
and cell viability was assessed by trypan blue exclusion assay (A-B) ST culture with 
100 nM dasatinib and LT culture with 10 nM dasatinib induces equivalent cell death as 
assessed by Annexin V+ cells  and trypan blue exclusion assay (C-D) ST culture with 30 
µM IM and LT culture with 2 µM IM induces equivalent cell death. (E-F) ST culture with 
1 to 2 µM nilotinib induces equivalent cell death as LT culture with 100 to 200 nM 
nilotinib.(data is presented as mean± SD).
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Fig 14: In KU812 cells short-term intense and long-term partial Bcr-Abl kinase 
inhibition triggers equivalent cell death: KU812 cells were cultured with dasatinib or 
nilotinib either in short-term assay (ST; cells were cultured with dasatinib or nilotinib for 
30 min and following thorough drug washout cells were recultured in drug free media 
for remaining of 72h) or long-term assay (LT; cells were cultured with dasatinib or 
nilotinib for 72h). Cell death was assessed by staining with Annexin V and cell viability 
was assessed by trypan blue exclusion assay (A-B) ST culture with 100 nM dasatinib 
and LT culture with 10 nM dasatinib induces equivalent cell death as assessed by 
Annexin V+ cells  and trypan blue exclusion assay (C-D) ST culture with 1 to 2 µM 
nilotinib induces equivalent cell death as LT culture with 100 to 200 nM nilotinib (data is 
presented as mean± SD).
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However, ST culture with 30 µM IM inhibited p-Crkl formation by approximately 90% and triggered cell 
death equivalent to LT partial kinase inhibition in the same cell lines (Fig.13C-D). At 30 µM, IM also 
inhibits multiple other kinases including Src kinases, Kit and PDGFR.  
 
Nilotinib is 30 times more potent than IM in inhibiting Bcr-Abl kinase but has minimal effect on Src and 
other kinases [357]. Hence similar experiments were repeated with nilotinib. ST culture with 1 to 2 µM 
nilotinib triggered cell death in K562 cells (60 to 70% Annexin V+ cells; Fig.13E-F) but lower 
concentrations failed to do so. Moreover, ST intense Bcr-Abl kinase inhibition with 1 to 2 µM nilotinib 
induced cell death equivalent to continuous culture with partially kinase inhibitory concentrations (100 to 
200 nM nilotinib). In KU812 cells also, ST culture with 1 to 2 µM nilotinib induced cell death (80%) 
equivalent to LT culture with 100 to 200 nM nilotinib (Fig. 14C and D).  
 
In all these experiments prolonged duration (48 to 72 h) of culture with lower concentrations of dasatinib 
(5 to 10 nM), nilotinib (100 to 200 nM) or IM (1 to 2 µM) induced cell death. As shown in the previous 
section, at these concentrations of dasatinib, nilotinib, or IM there were only 20 to 30% Bcr-Abl kinase 
inhibition. Together this suggests that sustained partial Bcr-Abl kinase inhibition is adequate to trigger 
cell death; however, brief periods of partial Bcr-Abl kinase inhibition is not adequate to induce cell death. 
By comparison, short-term (as brief as 30 min) of near complete (80-90%) Bcr-Abl kinase inhibition is 
adequate to trigger cell death.  
 
These results demonstrate that short-term culture with dasatinib or IM or nilotinib at higher 
concentrations can trigger cell death in BCR-ABL1+ cells, as can long-term culture with lower 
concentrations of these TKIs. We then assessed the relation between depth of Bcr-Abl kinase inhibition 
during ST culture and cell death. As shown in Fig.16, the depth of Bcr-Abl kinase inhibition during short-
term culture is the major determinant of cell death after 72 h. Short-term intense (>90%) Bcr-Abl kinase 
inhibition induces cell death while partial (20 to 30%) Bcr-Abl kinase inhibition does not. 
 

5.4.4 Kinetics of cell death following short-term (ST) intense and long-term (LT) partial Bcr-Abl 
kinase inhibition is similar 

Results shown in previous sections suggest that although >90% of Bcr-Abl kinase reactivates within 3 to 
4 h of drug washout, it does not rescue cells from the cell death commitment induced by ST intense Bcr-
Abl kinase inhibition. Hence, the cell death commitment is occurring within the first 3 to 4 h, which can 
not be rescued by subsequent reactivation of Bcr-Abl kinase.  
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Fig 15: In Meg01 cells short-term intense and long-term partial Bcr-Abl 
kinase inhibition triggers equivalent cell death: Meg01 cells were cultured 
with dasatinib or imatinib either in short-term assay (ST; cells were cultured with 
dasatinib or imatinib for 30 min and following thorough drug washout cells were 
recultured in drug free media for remaining of 72h) or long-term assay (LT; cells 
were cultured with dasatinib or imatinib for 72h). Cell death was assessed by 
staining with Annexin V and cell viability was assessed by trypan blue exclusion 
assay (A-B) ST culture with 100 nM dasatinib and LT culture with 10 nM dasatinib 
induces equivalent cell death as assessed by Annexin V+ cells  and trypan blue 
exclusion assay (C-D) ST culture with 20 to 30 µM imatinib induces equivalent 
cell death as LT culture with 1to 2 µM imatinib (data is presented as mean± SD).
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Fig.16 Cell death after 72h of short-term culture with TKI is related to the depth of 
Bcr-Abl kinase inhibition: K562 cells were cultured with dasatinib (0 to 100 nM) or IM 
(0 to 30 µM) for 30 min and cells were recultured following through drug washout. p- 
Crkl inhibition was assessed immediately after 30 min of culture with dasatinib or IM 
and cell death was assessed after 72h of culture. Cell death induced by short-term 
culture with (A) dasatinib or (B) IM is related to the depth of Bcr-Abl kinase inhibition 
achieved within 30 min of dasatinib or IM exposure respectively (cell death assay were 
done in triplicate and data is presented as mean±SD) 

A

B

K562

K562



 83

We hypothesize that cell death kinetics following ST intense Bcr-Abl kinase inhibition and LT partial Bcr-
Abl kinase might be different. To assess this, K562 cells were cultured with 100 nM dasatinib for ST or 
10 nM for LT and cell death was assessed at 24 h, 48 h and 72 h. In K562 cells, cell death kinetics at 
24, 48 and 72 h were similar following ST culture with 100 nM dasatinib and LT culture with 10 nM 
dasatinib (Fig.17A-B), suggesting that, although the commitment point to cell death may be diffeent 
between two conditions, the dynamic of apoptotic activation may be similar.  

5.4.5 Short-term intense Bcr-Abl kinase inhibition did not trigger cell death in BCR-ABL1negative 
cells 

To assess if the cytocidal effect of ST intense Bcr-Abl kinase inhibition is specific to BCR-ABL1+ cells. 
HL-60 cells (BCR-ABL1- cells) were cultured with 100 nM dasatinib, 30 µM IM or 1 µM nilotinib for ST 
and cell death was assessed after 72 h. ST culture with 100 nM dasatinib (Fig.18A and B), 30 µM IM 
(Fig.18A and B) or 1 µM nilotinib (Fig. C and D) did not trigger cell death in HL-60 cells. Suggesting that 
cell death triggered by ST intense Bcr-Abl kinase inhibition is specific to BCR-ABL1+ cells.  

5.4.6 Short-term culture with specific Src kinase inhibitors did not trigger cell death in BCR-
ABL1+ cells 

ST culture with selective Src kinase inhibitors, SU 6656 (2 to 8μM) and PP1 (2.5 to 10 μM), at a 
concentration equipotent to 100 nM dasatinib, did not trigger cell death in KU812 cells (Fig.19A-B). 
These results suggest that cell death triggered by ST intense kinase inhibition in BCR-ABL1+ cells is 
due to Bcr-Abl kinase inhibition rather than inhibition of the Src-family kinases. 
 
Data presented in the above sections demonstrated that ST intense Bcr-Abl kinase inhibition triggers 
cell death in BCR-ABL1+ cells despite substantial reactivation of Bcr-Abl kinase. This raises the 
possibility that reactivation of Bcr-Abl kinase is not able to reset the balance between survival and pro-
apoptotic proteins or cells that have passed beyond the point of no return (irreversible commitment to 
cell death). Hence, the effect of ST intense and LT partial Bcr-Abl kinase inhibition on downstream 
survival and apoptotic proteins was compared.  
 

5.4.7 Short-term intense Bcr-Abl kinase inhibition results in a state of “Oncogeneic shock” 

To determine what effects short-term dasatinib has on downstream targets of Bcr-Abl kinase, the 
phosphorylation status of Erk1/2 [358], STAT5 [105] and p38 mitogen-activated protein kinase (MAPK) 
[109, 124] was assessed in KU812 cells. The effect of ST culture with 100 nM dasatinib and LT culture 
with 10 nM dasatinib on the phosphorylation of p-Crkl, Erk1/2, STAT5 and p38 MAPK was also 
compared in the KU812 cells. In the absence of dasatinib p-Erk and p-STAT5 was constitutively 
activated and phosphorylation of p38MAPK was reduced (Fig.20A and B). This demonstrates that at 
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Fig. 17: In K562 cells, cell death induced by ST intense and LT partial Bcr-Abl 
kinase inhibition is similar at 24, 48 and 72h of culture: K562 cells were cultured 
with D100ST or D10LT and cell death was assessed at 24, 48 and 72h of culture. Cell 
death at all time points was similar (A). Cell death kinetic was also similar following 
IM30 ST or IM2LT (B, assay done in triplicate and presented as mean ± SD) 
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Fig 18: Short-term culture with 100 nM dasatinib, 30 µM IM or 1 µM nilotinib did 
not trigger cell death in BCR-ABL negative cells: HL-60 cells were cultured either in 
short-term (ST) assay with 100 nM dasatinib(D100ST), 30 µM IM (IM30ST) or 1 µM 
nilotinib or in long-term assay with 10 nM dasatinib (D10LT), 2 µM IM (IM2LT)  or 100 
nM nilotinib. Cell death was assessed after 72h of culture by trypan blue (A-B) and 
Annexin V (C-D). Dasatinib, imatinib or nilotinib did not induce cell death in HL-60 
cells.The assay was done in triplicate and presented as mean±SD).
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Fig. 19: Short-term culture with specific Src kinase inhibitors did not trigger cell 
death in BCR-ABL+ cells: ST culture with specific Src kinase inhibitors, (A) SU6656 (2 
to 8 µM) and (B) PP1 (2.5 to 10 µM) did not trigger cell death in KU812 cells (The 
assay was done in triplicate and presented as mean±SD)
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Fig. 20: Short-term intense Bcr-Abl kinase inhibition reduces survival signaling: 
(A) KU812 cells were cultured with 100 nM dasatinib for short-term and following 
thorough drug washout, cells were recultured in drug free media for ½ to 24 h. (B) 
KU812 cells were cultured with 10 nM dasatinib continuously for up to 24h. Western 
blot analysis of p-Crkl/Crkl, survival proteins (p-Erk, Erk, p-STAT5,Bcl-2, Mcl-1, Bcl-XL ) 
and  pro-apoptotic proteins (p38-MAPK, Bim) was assessed at different time points as 
shown in figure. (A) Within 30 min of culture with 100 nM dasatinib Bcr-Abl kinase 
activity (p-Crkl) and survival proteins (p-Erk, and p-STAT5) was inhibited almost 
completely while p38-MAPK was phosphorylated. Although p-Crkl reactivated within ½ 
h of dasatinib washout, prosurvival proteins p-Erk and p-STAT5 remained inhibited for 
up to 4h after drug washout. Moreover p38-MAPK remained phosphorylated for 8h after 
dasatinib washout. Thus short-term culture with 100 nM dasatinib results in imbalance 
between survival and apoptotic proteins for almost 8 h. Another important finding is that 
downstream Bcl-2 prosurvival family members Mcl-1 was inhibited only after 12 h of 
short-term culture with 100 nM dasatinib, however Bcl-2, Bcl-xl remained  
phosphorylated for 24 h. There was shift in mobility of downstream proapoptotic protein 
Bim, suggesting dephosphorylation. (B) During long-term culture with 10 nM dasatinib, 
despite partial inhibition of Bcr-Abl kinase activity, the survival proteins p-Erk, p-STAT5 
was inhibited almost completely and remained inhibited for entire duration of culture. 
While p-p38-MAPK was activated. The downstream prosurvival proteins Bcl-2, Mcl-1 
and Bcl-xl were inhibited only after 12 h of long-term culture with 10 nM dasatinib. While 
there was shift in the mobility of the pro-apoptotic protein Bim. 
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baseline, survival signals (p-Erk, p-STAT5) are dominant compared to apoptotic/stress signals (p-p38-
MAPK) so the net balance is in favor of survival and proliferation. Within 30 minutes of culture with 100 
nM dasatinib this balance shifts in the other direction with rapid inhibition of p-Erk and p-STAT5. 
Although Crkl phosphorylation reactivates within ½ h of drug washout, p-ERK and p-STAT5 remained 
inhibited for 4 h. On the other hand phosphorylation of p38-MAPK increases and remained 
phosphorylated for almost 8 h. Hence following short-term culture with 100 nM dasatinib, there is period 
of almost 6-8 h where the balance of survival-apoptotic proteins is shifted in favor of apoptosis.  
 
Long-term culture with 10 nM dasatinib inhibits phosphorylation of Crkl by 20 to 30%, but 
phosphorylation of the survival proteins STAT5 and Erk is almost completely inhibited. This 
demonstrates the sensitivity and dependency of these survival proteins on Bcr-Abl kinase. During LT 
culture with 10 nM dasatinib, phosphorylation of p38-MAPK was increased within ½ h and remained 
activated for almost 8-12 h. As expected during long-term culture with 10 nM dasatinib there is 
sustained inhibition of survival proteins (p-ERK and p-STAT5) and increased phosphorylation of p38-
MAPK. So in summary, there is a sustained imbalance of prosurvival and apoptotic proteins during long-
term culture with 10 nM dasatinib. 
 
Fate of downstream pro-survival and pro-apoptotic signaling proteins following ST culture with 100 nM 
dasatinib and LT culture with 10 nM dasatinib was also assessed. Following ST culture with 100 nM 
dasatinib, the proapoptotic BH3 only protein Bim migrated faster (consistent with dephosphorylation) 
compared to no drug control. Mcl-1and Bcl-XL levels were reduced after 12 h of drug washout; while 
Bcl-2 levels remained unchanged (Fig.20A). Similarly during culture with LT culture with 10 nM 
dasatinib, Bim migrated faster and Bcl-XL, Mcl-1 and Bcl-2 levels were reduced after 12 to 24 h (Fig. 
20B).  
 

5.5 Discussion 

The current study demonstrated that lower concentrations of dasatinib (5-10 nM) or IM (1 µM) inhibit 
Bcr-Abl kinase only 20 to 30% and continuous exposure (24 to 48 h) is required to induce cell death. 
Short-term culture with a higher concentration of dasatinib (100 nM) achieves complete or near 
complete Bcr-Abl kinase inhibition and induces substantial death of CML cell lines despite subsequent 
prompt reactivation of kinase activity. Importantly, this effect is not specific to dasatinib – it can also be 
achieved by a very high dose IM (30 µM). Dasatinib and very high dose IM inhibit a broad range of 
kinases; hence a critical role for off-target effects could not be ruled out. Nilotinib is more potent than IM 
against Bcr-Abl kinase but, unlike dasatinib, it has minimal activity against Src kinases [357]. In the 
current study, short-term culture with 1 µM nilotinib (therapeutically achievable concentration) inhibited 
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90% of Bcr-Abl kinase activity and triggered cell death in BCR-ABL1+ cells. Moreover, short-term culture 
with 100 nM dasatinib, 30 µM IM or 1 µM nilotinib did not trigger cell death in BCR-ABL1 negative cells. 
Recently Shah et al also reported that acute potent Bcr-Abl kinase inhibition with 100 nM dasatinib or 
32.5 µM IM is sufficient to induce cell death in CML cell lines but not in BCR-ABL1 negative cells [337]. 
In their study, in K562 cells expressing the T315I BCR-ABL1 mutant, 100 nM dasatinib could not trigger 
cell death [337]. In the current study short-term culture with SRC inhibitors SU6656 (2 to 8 µM) and PP1 
(2.5-10 µM), with equivalent potency to 100 nM dasatinib did not trigger cell death in the CML cell lines. 
Thus data from our studies and those of Shah et al [337] suggest that the achievement of complete or 
near complete Bcr-Abl kinase inhibition is critical, rather than the inhibition of additional targets, such as 
SRC family members, by dasatinib. This phenomenon is not specific to dasatinib, but may be more 
relevant to this inhibitor, as the effect is demonstrable at therapeutically achievable concentrations of 
this drug [86, 337].  
 
Bcr-Abl activates P-Erk1/2 [358] through the Ras/Raf/MEK1/2 pathway. It also activates STAT1 and 
STAT5 [105, 109, 124] directly and Akt through the PI3- Kinase pathway [86, 89]. p-38 MAP kinase is a 
downstream target of Bcr-Abl and has been implicated in the proapoptotic signaling [359-361]. The 
proapoptotic p-38 MAPK pathway is suppressed by BCR-ABL1 expression in embryonic stem cell 
derived haemopoietic progenitors [362]. Interferon [361], butyrate [363] and IM [364] activate the 
Rac1/p38 MAPK pathway which appears to play a key role in mediating the growth inhibitory effects of 
these agents in CML cells. The data presented in the current study demonstrate that, at baseline the 
pro-survival proteins (such as p-Erk and p-STAT5) are dominant compared to the apoptotic signals 
(p38-MAPK) which might explain the increased cell proliferation and survival in BCR-ABL1+ cells. Short-
term intense Bcr-Abl kinase inhibition not only inhibits formation of p-Crkl, but also disrupts other 
downstream signaling pathways. p-Erk and p-STAT5 are inhibited within 30 min of culture with 100 nM 
dasatinib and remained inhibited for 4 h after drug washout. Moreover, p38-MAPK is phosphorylated 
within 30 min of culture with 100 nM dasatinib and remains phosphorylated for 8 h after drug removal. p-
38 MAPK activation could be related to Bcr-Abl kinase inhibition and/or de-phosphorylation of Erk. 
Erk1/2 proteins activate MKP7 which dephosphorylates p-38 MAPK and thus keep apoptosis in check 
[360, 365, 366]. Sudden tyrosine kinase inhibition may results in rapid de-phosphorylation of the Erk1/2 
which can lead to inactivation of MKP7. Inhibition of MKP7 allows activation of p38-MAPK and pro-
apoptotic signals. When Bcr-Abl and Erk reactivate, p38 is again inhibited. Thus there is window of 
several hours during which pro-apoptotic signals remain “unchecked” in the absence of pro-survival 
signals and this appears to be sufficient to shift the survival-death balance to produce an apoptotic 
outcome.  
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 “Oncogene addiction” was first described by Weinstein. He demonstrated that, despite accumulation of 
multiple genetic abnormalities, tumour cells remain dependent on a single oncogenic activity (initiating 
oncogene such as Myc, Bcr-Abl or Src) for their survival and proliferation [359, 360, 367]. Cancer cells 
can undergo massive apoptosis in response to inactivation of the oncogenic pathway. In noncancerous 
cells disruption of such a pathway may not have obvious consequences [367]. Sharma et al previously 
demonstrated that oncogene addiction could be due to the differences in the 
degradation/dephosphorylation kinetics of multiple competing prosurvival and proapoptotic signals 
derived from single oncoprotein source [368]. Increased kinase activity in tumour cells is associated with 
increased proapoptotic as well as prosurvival output. However in most tumour cells, prosurvival signals 
dominate and favours increased cell proliferation and survival. Sudden and temporary imbalance in 
these pathways following inactivation of the oncogene could shift cells towards an apoptotic event, 
particularly if the survival signals dissipate rapidly [369]. 
 
Another intriguing question is, although commitment to apoptosis occurs within a few hours of short-
term intense Bcr-Abl kinase inhibition, why were the apoptotic changes not obvious for 48 to 72 h? Why 
are the kinetics of cell death (assessed by Annexin V) similar between short-term intense and long-term 
partial kinase inhibition? After the cell injury or death stimuli, cells go through the pre-commitment or 
pre-mitochondrial outer membrane permeabilization (pre-MOMP) phase and then into irreversible 
commitment towards apoptosis which is widely agreed to be MOMP. MOMP is achieved by forming 
pores or channels in the mitochondrial outer membrane. Prosurvival proteins Bcl-XL, Bcl-2 and Mcl-1 
guard the mitochondrial membrane by binding and neutralizing apoptotic proteins such as Bax and Bak. 
Following cell death stimuli, BH3 proteins such as Bim and Bad are activated and out-titrate the 
prosurvival Bcl-2 family members, thus unleashing Bax and/or Bak; once unleashed, they undergo 
oligomerization within the mitochondrial outer membrane leading to MOMP [370, 371]. The pre-MOMP 
phase is highly variable among cells within a population [372]. Recently, by analyzing the cell fate at the 
individual cell level rather than at population level, Sorger and colleagues [373] found significant 
intercellular variability in the pre-MOMP phase of apoptosis. However once MOMP has been initiated, 
the subsequent events are fast and display little variability from cell to cell [374-376]. The current study 
demonstrates that following both the short-term intense and long-term partial kinase inhibition, the Mcl-1 
and Bcl-XL levels reduce at a similar time (12 to 24 h) which might renders Bax and Bak unchecked, 
leading to MOMP. Thus, following short-term intense or long-term partial kinase inhibition, although the 
pre-MOMP phase may be variable, the final MOMP phase might be occurring at a similar time and thus 
may display similar kinetics of cell death as measured by trypan blue and Annexin V staining. Shah et al 
also reported similar kinetics of caspase activation and cell death [337]. 
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In summary, the current study demonstrated that short-term intense Bcr-Abl kinase inhibition triggers 
cell death in BCR-ABL1+ cells despite reactivation of Bcr-Abl kinase. These results are in contrast to the 
previously established paradigm that sustained Bcr-Abl kinase inhibition is required for optimal 
response. These findings can potentially change the previously established paradigm and influence 
further drug development. Pharmacological agents with longer half life are preferred over agents with 
shorter half life. Moreover in patients dosing schedules are optimized to achieve sustained kinase or 
target inhibition, which might result in increased toxicity. Clinical studies and current in vitro studies 
suggest that intermittent near complete inhibition of target may be as effective in inducing cell death as 
sustained partial inhibition. This may also reduce the toxicity of the drug. This study also raises multiple 
questions: what is the effect of short-term intense Bcr-Abl kinase inhibition on primary CML progenitors? 
Are these CML progenitors equally addicted to the BCR-ABL1 oncogene? Can cell death commitment 
be reversed? When does the commitment to cell death become irreversible? Some of these questions 
will be addressed in the next chapter; however other questions will be addressed by further work in our 
laboratory. 
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6  CHAPTER 6: Pulsed ABL Kinase Inhibition with Dasatinib 
Achieves Equivalent Inhibition of Proliferation and Induction 
of Apoptosis as Continuous ABL Kinase Inhibition 

 

6.1 Introduction 

There is increasing evidence that CML stem cells are not eliminated by IM in vivo, with patients in CCR 
having detectable Ph+ CD34+ cells, colony-forming cells (CFCs), and long-term culture initiating cells 
(LTC-ICs) [259]. Holyoake and colleagues demonstrated that Hoechstlow/Pyroninlow (Hstlo/Pylo) CML-
CD34+ were Ki-67 and D cyclin negative and thus exhibited the quiescent or G0 phenotype [257]. These 
cells demonstrate in vitro progenitor activity and were capable of engraftment in immunodeficient mice 
[257]. They also defined quiescent cells using another approach; CML-CD34+ cells were stained with 
carboxyfluorescein diacetate succinimidyl diester (CFSE) and stimulated maximally by a combination of 
cytokines. CML-CD34+ cells which remained viable but did not divide despite maximal cytokine 
stimulation were defined as quiescent cells [257]. The frequency of these quiescent cells is 0.5% of the 
total CD34+ cells which is very close to that measured by Hstlo/Pylo or cells expressing CD34+CD38- 
[257]. Subsequent in vitro studies in their laboratory demonstrated that high dose IM induced cell death 
in cycling CML-CD34+ cells. However quiescent cells were not eliminated by the high concentration of 
IM even after intermittent or continuous exposure [264, 265]. These quiescent cells were also resistant 
to cytosine arabinoside, arsenic with or without IM [266]. Recently these cells were also found to be 
refractory to second generation TKIs such as dasatinib [267, 268] and nilotinib [269, 270].  
 
In vivo dasatinib has a short plasma half-life of 3-5 hours and there is near-complete reactivation of Bcr-
Abl kinase by 8 hours after drug administration in CML patients [229]. Despite the short half-life, patients 
on the recently approved standard dose of dasatinib (100 mg daily) achieved similar complete 
haematological response (90 vs. 92%), major cytogenetic (59% vs.54%) and complete cytogenetic 
responses (41 vs. 42%) as patients on twice a day (dasatinib 50 mg BID) [229]. Additionally, the once 
daily dose schedule was more tolerable and associated with less side effects compared to the twice a 
day schedule [229]. Although early clinical results demonstrates the similar efficacy of these two 
schedules, there are no in vitro or in vivo studies assessing the effect of these two schedules on CML-
CD34+ progenitors and more importantly on quiescent CML-CD34+ cells. In the current study we 
assessed the effect of two schedules of dasatinib on CML-CD34+ quiescent cells. 
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6.2 Summary of the research and conference presentation 

The research detailed in this chapter and the attached conference proceedings, have contributed 
significantly to our understanding the effect of TKI on CML progenitors. This study also highlights the 
limitations of TKI in eradicating CML early progenitors. These findings were presented in the American 
Association of Cancer Research Annual meeting 2007. 
 

6.2.1 Presentation 

Devendra K. Hiwase, Deborah White, Timothy Hughes. Pulsed ABL kinase inhibition with dasatinib 
achieve equivalent inhibition of proliferation and induction of apoptosis as continuous ABL kinase 
inhibition AACR 2007 (Los Angeles; USA) 

6.3 Material and methods 

6.3.1 Primary patient cells 

Blood was collected from CML-CP patients at presentation to the Royal Adelaide Hospital Haematology 
clinic. All samples were collected with informed consent, prior to IM therapy. Mononuclear cells (MNCs) 
were isolated using Lymphoprep (Axis-Shield PoC As, Oslo, Norway) density gradient centrifugation. 
CD34+ progenitor cells were isolated by magnetic assisted cell sorting (MACS; Miltenyi Biotech, 
Germany) and the purity was checked by staining cells with anti-CD34-PE (BD Biosciences, San Jose, 
CA, USA). 

6.3.2 Tyrosine kinase inhibitors 

Dasatinib was kindly provided by Bristol-Myers Squibb (New Brunswick, USA). IM (Glivec) was kindly 
provided by Novartis Pharmaceuticals (Basel, Switzerland).  

6.3.3 Carboxyfluorescein diacetate succinimidyl ester (CFSE) labeling of cells 

Carboxyfluorescein diacetate, succinimidyl ester (CFSE or CFDA-SE) is a fluorescein derivative. It is 
non-fluorescent; however cellular esterases cleave acetate groups, rendering it fluorescent. It is a 
membrane permeant dye that covalently attaches to the free amines of cytoplasmic proteins. On cell 
division, CFSE is partitioned equally among daughter cells with each division; thus the daughter cells 
have exactly half the fluorescence of their parents’ cells [289] . This unique property of CFSE can be 
used to track cell division and proliferation index of CD34+ cells in the presence and absence of 
cytokines. CFSE is efficiently excited by the 488 nm argon laser allowing concurrent use of 
fluorochromes including phycoerythrin (PE) and 7-AAD.  
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Cryopreserved CML-CD34+ cells were thawed and left in serum deprived media (SDM) for two hours 
before staining with CFSE. CML-CD34+ cells (up to 5 x 107 cells) were stained with 2.5 µM of CFSE. 
The cell suspension was mixed thoroughly and incubated at 370C in a water bath for 10 minutes. 
Excess CFSE was quenched by washing cells three times with cold 10% FCS in PBS. Cells were 
resuspended in SDM and incubated overnight at 370C. The next day, cells (2 to 5 x 107 cells) were 
stained with anti-CD34 PE (50 µl) and 7-AAD (50 µl) and CFSE labeled CD34+ live cells were sorted 
through a narrow range of fluorescence intensities (40 channels) using a FACStar PLUS flow cytometer 
(Becton Dickinson). CD34+CFSEmax7AAD- sorted cells were cultured in the presence or absence of 
cytokines.  
 
CFSE division analysis was performed using CXP software (Beckman Coulter, Inc. Fullerton, CA 92831, 
USA). Colcemid control was used to establish the CFSEmax and percentage of undivided cells and 
numbers of cell divisions were calculated (Table 1). Fig.1 demonstrates cell division tracking following 
seven days of cultures with cytokines.  
 

6.3.4 Calculation of proliferation index 

Proliferation index was calculated after three days of culture with dasatinib or IM and was compared 
with control group. The proliferation index is defined as the capacity of a cell to divide into daughter cells 
or to proliferate within fixed duration. 
 
The proliferation index is calculated from the sum of the absolute number of cells in every division 
divided by the sum of the parent cells that bring about the number of daughter cells in each division. It is 
based on the fact that a parent cell will divide into 2 daughter cells in division 1, 4 cells in division 2, 8 
cells in division 3, 16 cells in division 4 and 2(n-1) cells in division (n-1) where n is the number of peaks. 
The mathematical formula of the proliferation index (PI) is shown as below 
PI=       N1+N2+N3+-- +N(N-1)+N(N) 
 N1/20+N2/21+N3/22+N4/23----+Nn-1/2n-2+Nn/2n-1 
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Fig.1:Tracking cell division using CFSE staining: CML-CD34+ cells were stained 
with CFSE and CD34+7AAD-CFSEmax cells were sorted and cultured with combination 
of six growth factors (6GF:IL-3, IL-6, G-CSF, SCF, Flt3-ligand, TPO) for seven

 

days. 
CFSE staining allowed to track the cell divisions. Note:1st to 8th represent number of 
divisions.
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Table I: Example demonstrating the calculation of proliferation index (PI)  
Division Events *ƒ # parents 

0 28 1(20) 28 
1 145 2(21) 72.5 
2 334 4(22) 83.5 
3 1779 8(23) 222.3 
4 5334 16(24) 333.3 
5 8123 32(24) 253 
6 4202 64(25) 65 
7 1270 128(26) 10 
8 619 256(27) 2.5 
    
Sum 21834  1071.5 
 
 
Proliferation Index= 21834/1071.5= 20.37 

*ƒ=division factor 

# Parents: number of parent cells that give rise to the number of events in that division  
=number of events/division factor (f) 
PI= proliferation index  
=The sum of the cells in all generations divided by the calculated number of original parent cells. 
 

6.3.5 In vitro cell culture of primary CML-CD34+ cells 

CFSE+/CD34+/live cells were cultured in SDM supplemented with six growth factors (6-GFs; as 
described below) for 72 hours (at 370C and 5% CO2). SDM, contains Iscove Modification of Dulbecco 
Medium (IMDM, Sigma Aldrich) supplemented with 1% bovine serum albumin (BSA, Sigma Aldrich), 1 
U/mL insulin (Actrapid, Novo Nordisk Pharmaceuticals Pty. Ltd. NSW, Australia), 200 µg/mL transferrin 
(StemCell Technologies, Vancouver, BC, Canada), 10 µg/mL low-density lipoproteins (Sigma 
chemicals) and 0.1 µM 2-mercaptoethanol (Sigma Chemicals). SDM was further supplemented with a 6 
growth factors (6-GFs) cocktail comprising 10 ng/mL of each, Flt3-ligand (Immune, Seattle, WA), stem 
cell factor (SCF), IL-3, IL-6, granulocyte-colony stimulating factor (G-CSF) and thrombopoietin (TPO). 
All growth factors except Flt-3 ligand were purchased from PeproTech (Rocky Hill, USA). The growth 
factor combination was included to identify quiescent cells that would be maximally resistant to 
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activation, because these conditions have been found to mitotically stimulate most primitive adult 
normal haemopoietic cells within this time frame. 
 
For each patient derived sample, equal numbers of cells were cultured in all culture conditions. After 72 
hrs of culture, cells were washed and stained with anti-CD34 PE (10 ul) and 7-AAD (10 ul) for 30 
minutes on ice. Excess antibodies were removed by washing three times in phosphate buffer saline 
(PBS) plus 10% FCS and cells were resuspended in 500 ul of PBS plus 10% FCS.  
 
The percentage of undivided cells in the control group (no drug) was normalized to one and then the 
fold rise in undivided cells was calculated for each treatment group. 

6.4 Results 

6.4.1 Dasatinib and IM have antiproliferative effects on CML progenitors  

To assess the effect of dasatinib and IM on CML-CD34+ cell proliferation and cell viability, the CD34+ 
cells of newly diagnosed CML-CP patients were stained with CFSE. Live, CFSE positive cell were 
sorted and cultured for three days with increasing concentrations of dasatinib or IM in the presence or 
absence of six growth factors (6GF). Following 72 hours of culture, cell proliferation and viability were 
assessed. CFSE staining allowed tracking of the cell divisions. In the absence of IM or dasatinib some 
cells underwent three divisions, while most of the cells divided once or twice (Fig.2i and 3i). Moreover 
despite maximal in vitro stimulation with the combination of 6-GF, few cells remained undivided and 
these cells are previously defined as quiescent cells (Fig.2i, shown by arrow). IM reduced cell 
proliferation. As compared to no drug control, fewer cells in the IM-treated group underwent a second or 
third division, and most of the cells remained in the 1st division (Fig.2i-ix). There was also an increase in 
undivided cells as compared to control. The antiproliferative effect of IM was dose-dependent and at 
higher concentration more cells accumulated in the undivided phase. In the presence of cytokines, even 
very high concentrations of IM (which is not therapeutically achievable) could not eliminate the 
undivided cells (Fig.2ix). 
 
Dasatinib also has antiproliferative effects on CML-CD34+ cells. As compared to no drug control, very 
few cells underwent 2nd and 3rd divisions and most of the cells remained in the 1st division (Fig 3i-ix). 
Similar to IM, antiproliferative effect of dasatinib was also dose dependent (Fig 3i-ix) and quiescent cells 
increased with higher concentrations of dasatinib. The proliferation index was calculated by assessing 
the number of cells passing through each division and is detailed in the Methods section. The 
proliferation index was reduced with increasing concentration of dasatinib and IM (Fig 4C and D) and 
plateued after 10 nM dasatinib.  
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Fig.2:

 

Imatinib predominantly has an antiproliferative effect on CML 
progenitors: CML-CD34+ cells were stained with CFSE and viable CFSEmax- 

CD34+ cells were cultured for 72 hours with six growth factors (6GF) in the 
presence of increasing concentrations of imatinib. Imatinib reduced the cell 
proliferation and at high concentration most of the cell divided once and very few 
cells underwent a 2nd division. As compared to control there was increased 
accumulation of undivided cells (arrow indicate undivided cells). B is undivided 
cells, C represents first division, and D represents 2nd division.
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Fig.3: Dasatinib predominantly has an antiproliferative effect on CML 
progenitors: Dasatinib CML-CD34+ cells were stained with CFSE and viable 
CFSEmax-CD34+ cells were cultured for 72 h with six growth factors (6GF) in 
the presence of increasing concentrations of dasatinib. Dasatinib reduced the 
cell proliferation. As compared to control, fewer cells underwent second division 
and most of the cells divided once only. Moreover there was accumulation of 
undivided cells (arrow indicate undivided cells). B is undivided cells, C 
represents first division, and D represents 2nd division.
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Dasatinib and Imatinib reduce CML progenitor proliferation and trigger 
modest cell death : CML-CD34+ cells were cultured with increasing concentrations of 
dasatinib or imatinib in the presence or absence of 6-GF. Total cell numbers and cell 
viability was assessed after 72 hours of culture. (A-B) Dasatinib and Imatinib reduced 
cell proliferation in a dose dependent manner. Cytokines increased cellular proliferation 
and mediated dasatinib and imatinib resistance (C and D) Dasatinib and imatinib 
reduced proliferation index both in the presence and absence of cytokines. (E and F) 
Therapeutically achievable concentration of dasatinib and imatinib induced cell death in 
20 to 30% of CML-CD34+ cells. Cytokines protected cells from the cytocidal effect of 
dasatinib and imatinib.

A



 93

 
The effect of dasatinib and IM on CD34+ cell proliferation was also assessed by evaluating viable cells 
after 3 days of culture. After 72 hours of culture of 3x104 cells, there were 8.15x104 and 5.07 x104 live 
cells in the presence and absence of combination of cytokines (Fig.4A and B). Cell proliferation (Fig 4A-
D) and viability (Fig.4E and F) was significantly higher when cells were cultured with dasatinib or IM in 
the presence of cytokines compared to culture with the drugs in the absence of cytokines. This suggests 
that cytokines protect the CD34+ cells from the cytocidal effect of therapeutically achievable 
concentration of dasatinib (100 to 200 nM) and IM (1 to 2 µM).  
 
These data are consistent with previously established findings which suggest that CML-CD34+ can 
survive and proliferate in the absence of cytokines. However, cytokines can increase spontaneous BCR-

ABL1 driven CML-CD34+ cell proliferation and protect cells from the cytocidal effect of dasatinib or IM. 
These findings also confirm that both dasatinib and IM have antiproliferative effects on CML-CD34+ cells 
and neither drug is able to eradicate quiescent cells. On the contrary, there is accumulation of quiescent 
cells in the presence of the drugs compared to control.  

6.4.2 Bcr-Abl kinase inhibition by itself may not be sufficient to eliminate CML progenitors  

To assess the effect of therapeutically achievable concentrations of dasatinib and IM on Bcr-Abl kinase 
activity, CML-CD34+ cells were cultured in vitro with 100 nM dasatinib or 2 µM IM. Following 30 minutes 
of culture, the depth of Bcr-Abl kinase inhibition was assessed. Thirty minutes of culture with 100 nM 
dasatinib inhibited Bcr-Abl kinase by almost 95% while 2 µM IM inhibited it by 55% (Fig 5A and B). This 
suggests that in vitro culture with therapeutically achievable concentration of dasatinib blocks Bcr-Abl 
kinase almost completely. In vitro culture with therapeutically achievable concentrations of IM does not 
inhibit Bcr-Abl kinase completely.  
 
To assess the effect of therapeutically achievable concentrations of dasatinib and IM on CML 
progenitors, CML-CD34+ cells were cultured with these TKIs in the presence of a combination of the six 
growth factors (6GF). CML-CD34+ cells (n=7) were stained with CFSE and cultured with cytokines for 
three days in the presence of 200 nM dasatinib or 2 µM IM. Cell death and proliferation were compared 
following three days culture with 200 nM dasatinib and 2 µM IM. Cell death after 72 hours of culture with 
200 nM dasatinib and 2 µM IM (18.71±7.9% vs. 20.71±8.9%; p>0.5) was not significantly different (Fig 
6A and B). Similarly 200 nM dasatinib and 2 µM IM induced similar antiproliferative effect on CML 
progenitors (Fig.6C, 7 and 8). Following culture with 200 nM dasatinib or 2 µM IM more cells remained 
undivided or in the 1st division compared to no drug control. Cells in the 1st (2.16 vs.2.19 fold increase 
compared to control), 2nd(0.87 vs.093), 3rd (0.49 vs.0.39) and 4th (0.15 vs.0.19) division were similar 
following continuous culture with 200 nM dasatinib or 2 µM IM (Fig 6C, 7 and 8). When the effect of 
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activity in primary CML-CD34+

 

progenitor cells: (A) CML-CD34+ cells were cultured 
with dasatinib (10, 100 nM), IM (2 µM) for 30 min and phosphorylation of Crkl was 
assessed by Western blot analysis. (B) Densitometry analysis of blots in panel A 
demonstrate that, thirty min culture of CML-CD34+ cells with 10 nM dasatinib (n=11), 
100 nM dasatinib (n=13) or 2 µM IM (n=3) inhibited p-Crkl by 67±12%, 97±3% and 
52.97±4.68% respectively.
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progenitors: CML-CD34+ cells were stained with CFSE and CFSEmax cells were sorted 
and cultured with 200 nM dasatinib or 2 µM IM for three days. (A) Dasatinib and 
imatinib induced modest cell death in CML-CD34+ cells. Mean cell death induced by 
200 nM dasatinib and 2 µM IM was not significantly different (B) Comparison of cell 
death induced by 200 nM dasatinib and 2 µM IM in individual patients (C) Both 
dasatinib and imatinib reduced cell proliferation as compared to control. Very few cells 
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accumulation of undivided cells. The antiproliferative effect of 200 nM dasatinib and 2 
µM IM is not significantly different.
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Fig 7: Equivalent antiproliferative effect of dasatinib and IM on CML-progenitors: 
CML-CD34+CFSEmax cells (CML1 and CML3) were cultured with 200 nM dasatinib or 2 
µM IM for three days. (A-C) CML1:cells cultured without dasatinib or imatinib underwent 
four divisions, while 200 nM dasatinib or 2 µM IM reduced cell proliferation similarly. 
Following culture with either drug, none of the cells underwent a fourth division. There 
was an increase in quiescent cells as compared to no drug control. (D-F) CML3:200 nM 
dasatinib and 2 µM IM inhibit CML-progenitor proliferation almost equivalently and there 
is accumulation of undivided cells following culture with dasatinib and imatinib. (G-H) 
CML-3: Overlay plot demonstrating the antiproliferative effect of dasatinib and imatinib
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CML-CD34+CFSEmax cells (CML4 and CML5) were cultured with 200 nM dasatinib or 2 
µM IM for three days. (A-C) CML4:Cells cultured without dasatinib or imatinib 
underwent four divisions, while 200 nM dasatinib or 2 µM IM reduced cell proliferation 
similarly. Following culture with either drug none of the cells underwent fourth division. 
There was increase in quiescent cells as compared to no drug control (D-F) CML5:200 
nM dasatinib and 2 µM IM inhibit CML-progenitor proliferation almost equivalently and 
there is accumulation of undivided cells following culture with dasatinib and imatinib.
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dasatinib and IM was compared on the undivided cells, both TKIs increased accumulation of the 
undivided cells. There was no significant difference in undivided cells following culture with 2 µM IM 
compared to 200 nM dasatinib (3.53±1.75 vs. 2.4±1.40; p=0.2). More importantly both drugs did not 
eradicate the quiescent cells. 
 
CFSE stained CD34+ cells of two CML-CP patients were cultured with 200 nM dasatinib or 2 µM IM for 
seven days. In the absence of any TKI, cells (CML3; Fig 9) underwent eight divisions and none of the 
cells remained undivided. However following culture with 200 nM dasatinib none of the cells underwent 
8th division and more cells were accumulated in the early divisions, as compared to control. More 
importantly there were more cells in the quiescent phase as compared to no drug control (Fig 9). 
Similarly IM reduced cell proliferation and none of the cells underwent an 8th division. More cells 
accumulated in the early divisions including quiescent cells (Fig.9).  
 
Data presented in the previous paragraphs suggest that although dasatinib is more effective in blocking 
Bcr-Abl kinase activity in CML progenitors it does not necessarily translate into more effective 
elimination of these early progenitors. This may suggest that blocking Bcr-Abl kinase activity might not 
be adequate to eradicate CML progenitors. 
 

6.4.3 Pulsed and continuous Bcr-Abl kinase inhibition with dasatinib induce similar degree of 
cell death in CML-CD34+ cells 

As discussed previously, patients are treated with a once day dose schedule of 100 mg dasatinib. As 
Bcr-Abl kinase reactivates within 8 hours of the dose, patients treated with this schedule have active 
Bcr-Abl kinase for 16 hours of the day. To mimic this in vivo dosing schedule in vitro, CD34+/CFSE+/live 
cells of newly diagnosed CML-CP patients (n=7) were cultured with pulsed (cell were cultured with 
dasatinib or IM for 8 hours and following thorough drug washout, cells were recultured for next 16 hours 
in drug-free media. This 24 hours cycle was repeated three times and the analysis was performed after 
72 hours of culture) or continuous (cell were cultured with dasatinib or IM for 72 hours, however cells 
were washed as in pulsed group to control for washing step) dasatinib or IM and cell 
proliferation/viability was assessed after 72 hours of culture. For these experiments cells were cultured 
with a therapeutically achievable concentration of dasatinib (200 nM) or IM (2 µM). Cell death was not 
significantly different between the pulse and continuous dasatinib arm (15.97±9.7% vs. 18.71±7.9%; 
p=0.57; Fig 10A). In contrast to dasatinib, cell death was significantly higher in the continuous IM group 
compared to the pulsed IM group (20.71±8.9% vs. 8.42±4.8%; p=0.008; Fig 10A).  
 



Fig 9:

 

Equivalent antiproliferative effect of dasatinib and IM on CML-progenitors: 
CML-CD34+ cells were stained with CFSE and CFSEmax cells were sorted and cultured 
with 200 nM dasatinib or 2 µM IM for seven

 

days. After seven days of culture some 
cells underwent up to 8 divisions. 200 nM dasatinib and imatinib reduced cellular 
proliferation and there was accumulation of cells in the undivided phase.
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In contrast to IM, pulsed and continuous dasatinib induced equivalent cell 
death and inhibit proliferation of CML-progenitors:

 

CML-CD34+CFSEmax sorted 
cells were cultured with pulsed or continuous dasatinib or imatinib. In the pulsed group, 
cells were cultured with dasatinib (200 nM) or imatinib (2 µM) for 8 hrs and following 
thorough drug was washout, cells were cultured for next 16 hrs without any drugs. This 
24 hrs cycles was repeated three times and analysis was performed after 72 hrs of 
culture. In the continuous group, cells were cultured with dasatinib continuously for 72 
hrs, however cells were washed as above to control for the washing step. (A) In 
contrast to 2 µM IM (p=0.01), cell death triggered by pulsed and continuous 200 nM 
dasatinib was not significantly different (p=0.6). (B) Antiproliferative effect of pulsed and 
continuous dasatinib was not significantly different (C) However, there was significant 
difference in undivided cells between continuous and pulse IM.
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6.4.4 Pulsed and continuous Bcr-Abl kinase inhibition with dasatinib have similar effect on 
quiescent CML-CD34+ cells 

CFSE staining allowed tracking of the cell division and cell proliferation. Both dasatinib (200 nM) and IM 
(2 µM) reduced cell proliferation of CML-CD34+ cells. In the presence of dasatinib or IM very few cells 
underwent third or fourth division and more cells remained in 1st or 2nd division. More importantly neither 
TKI was able to eradicate the quiescent cells. On the contrary, there was increased accumulation of 
quiescent cells in the presence of the drugs. When the quiescent cells were compared between two 
schedules of dasatinib, there was no significant difference (2.7±1.5 vs. 2.2±0.9 fold rise, p=0.6, Fig 10B 
and Fig.10). In contrast, there were significantly more undivided cells in continuous IM group compared 
to pulsed group (3.31±1.66 vs.1.34±0.36; p=0.017, Fig 10C and Fig 11)  
 

6.5 Discussion 

Although CD34+CD38- cells represent the more primitive end of the CD34+ compartment (<5% of total 
CD34+ cells), CD34+ cells that remain quiescent in culture are most resistant to IM (<1% of total CD34+ 
cells) [265]. In the current study, CFSE staining allowed tracking of cell divisions. After three days of 
culture with cytokines most of the cells underwent three to four divisions, however almost 1% of cells did 
not divide despite maximum cytokine stimulation. These undivided cells were previously described as 
quiescent cells by Holyoake and colleagues. These primitive non dividing CML cells were demonstrated 
to be Ph+ and to express BCR-ABL1. These cells were thought to be responsible for persistence of the 
disease. In the presence of either TKI very few cells underwent a third or fourth division and most of the 
cells were arrested either in the 1st or 2nd division. Culture with either drug allowed an increase in 
quiescent cells or undivided cells. In our study, IM and dasatinib induced cell death in only 20 to 25% of 
CD34+ cells. These data suggest that dasatinib and IM predominantly have antiproliferative effects on 
CML progenitors and trigger cell death in 15 to 20% of cells cultured in the presence of cytokines. In 

vitro studies by other groups also demonstrated that IM suppresses CML progenitor growth primarily 
through suppression of abnormally increased proliferation, but results in only modest increase in 
apoptosis. Holyoake and colleagues demonstrated that IM induced cell death in dividing CML-CD34+ 
cells, however, the response was quite variable. The proliferating fraction in some samples was 
completely eradicated by a high concentrations of IM (10 µM), while in other samples significant cell 
survival was seen even in cells in the 4th division [265]. Dasatinib, potent second generation TKI also 
has an antiproliferative effect on CML progenitors and in vitro culture with dasatinib increases quiescent 
cells compared to control [267, 268]. Nilotinib, another potent second generation TKI also increases the 
proportion of undivided progenitors compared with untreated controls [269, 270]. Nilotinib also suppress 
ess CML primitive and committed progenitors by inhibition of proliferation, and to a lesser extent by 
inducing apoptosis [269, 270]. Together our findings and findings from other studies suggest that all 



Fig.11: Comparison of cell proliferation following pulsed and continuous 
dasatinib CML-CD34+CFSEmax sorted cells were cultured with pulsed or continuous 
dasatinib or imatinib. In the pulsed group, cells were cultured with dasatinib (200 nM) or 
imatinib (2 µM) for 8 hrs and following thorough drug was washout, cells were cultured 
for next 16 hrs without any drugs. This 24 hrs cycles was repeated three times and 
analysis was performed after 72 hrs of culture. In the continuous group, cells were 
cultured with dasatinib continuously for 72 hrs, however cells were washed as above to 
control for the washing step. (A-C) Pulse and continuous dasatinib reduced CML- 
progenitor proliferation equivalently. (D-F) However, the antiproliferative effect of IM 
was increased following continuous culture as compared to pulse IM.
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three TKIs, IM, nilotinib and dasatinib have an antiproliferative effect on CML progenitors and induce 
modest cell death in these cells. Mathematical modeling of BCR-ABL1 RQ-PCR data also suggest that 
IM inhibits the production of differentiated leukaemia cells, but does not deplete leukaemia stem cells. 
Given the demonstrated insensitivity of these cells to TKI in vitro, it is plausible that they would become 
the dominant persisting population of CML cells remaining after TKI treatment. The rapid relapses 
observed in some patients who have discontinued IM after a period of PCR negativity would support this 
[262]. 
 
The inability to eradicate CML progenitors was thought to be due to inadequate Bcr-Abl kinase inhibition 
in CML progenitors [267]. Incomplete inhibition of kinase activity in BCR-ABL1+ progenitors by IM could 
be related to high BCR-ABL1 expression levels, impaired drug influx, increased efflux, or the presence 
of kinase mutations that result in IM resistance. In vitro studies demonstrated that dasatinib is ~325 
times more potent than IM. These results are based on the cellular proliferation and kinase inhibition 
assay performed on transfected cell lines such as Baf3-BCR-ABL1+ cells [301]. However, there are 
limited studies comparing the effect of dasatinib and IM on dividing and quiescent CML-progenitors. 
Although 100 nM dasatinib inhibits Bcr-Abl kinase activity more effectively (>95%) compared to only 
partial (50 to 60%) Bcr-Abl kinase inhibition by 2 µM IM, there was no significant difference in cell death 
induced by these two TKIs at these doses. Data presented in this study suggest that both dasatinib and 
IM induce cell death in only 20 to 25% of these progenitors and that there is no significant difference in 
cell death induced by 200 nM dasatinib or 2 µM IM. Moreover, neither 200 nM dasatinib nor 2 µM IM 
eradicated the quiescent cells. In contrast, absolute numbers of quiescent cells were increased 
compared to no drug control. Thiese data support the idea that although dasatinib is much more potent 
than IM in blocking Bcr-Abl kinase activity, it does not necessarily result in significantly higher cell death 
in CML-progenitors. 
 
In vitro studies also demonstrated that adequate intracellular levels of nilotinib can be achieved to 
effectively suppress Bcr-Abl kinase activity in CML CD34+ and CD34+CD38- cells [269]. Nilotinib is also 
more potent in inhibiting Bcr-Abl kinase activity in CML progenitor cells than IM. However, increased TK 
inhibitory activity did not translate into increased progenitor cell kill in vitro; Bhatia and colleagues 
reported that nilotinib has similar activity in inhibiting CML LTC-ICs and CFCs, compared with IM, but 
did not completely eliminate malignant CFCs or LTC-ICs [269]. Jorgensen et al. also reported 
equipotent antiproliferative and apoptosis-inducing activity of nilotinib and IM in CML progenitor cells 
[270]. Copland et al. reported that dasatinib is more effective than IM in inhibiting Bcr-Abl kinase activity, 
but is not more effective in targeting primitive quiescent CML cells [267]. This supports the notion that 
inhibition of Bcr-Abl kinase activity alone may not be sufficient to eliminate CML progenitors. Other 
factors that are not targeted by TKIs may be responsible for the observed refractoriness of CML early 
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progenitors. In vivo, these progenitors live in a cytokine rich microenvironment and survival signals 
activated by cytokines are not blocked by the TKIs. To mimic in vivo culture conditions, in vitro assays 
used in this study and in other studies [265, 267-270] were conducted in the presence of cytokines 
which might be providing survival signals and inducing refractoriness to TKI. Hence further studies were 
conducted in the absence of cytokines. Preliminary data suggest that cell proliferation and viability were 
significantly higher in the presence of cytokines compared to in the absence of cytokines. This may 
suggest that cytokine might be mediating TKI resistance and further studies are presented in the next 
chapter addressing this issue. 
 
The in vivo dasatinib plasma half life is 4 to 5 hours and pharmacodynamic studies demonstrated 
complete reactivation of Bcr-Abl kinase activity within 8 hours of the dose [229, 337]. Hence the patient 
treated with once a day dose of dasatinib has active Bcr-Abl kinase for almost 16 hours per day. 
Despite this, patients treated with a daily dose of dasatinib achieved similar cytogenetic response as 
patients treated with a twice a day schedule. To mimic the in vivo drug exposure, cells were cultured in 

vitro either with a pulse or continuous exposure to dasatinib in the presence of cytokines. In the current 
in vitro study, the effect of pulse and continuous dasatinib and IM were compared in CML progenitors. 
There was no significant difference in cell proliferation and cell death of CML progenitors following pulse 
or continuous dasatinib schedules. Similarly, there was no significant difference in the undivided cells 
following culture with pulse or continuous dasatinib. In contrast, continuous kinase inhibition with 2 µM 
IM induced significantly more cell death compared to pulsed 2 µM IM. Significantly more undivided cells 
(cell numbers) accumulated following a continuous schedule of IM compared to pulsed schedule of IM. 
These data suggest that pulse and continuous 200 nM dasatinib have a similar effect on CML 
progenitors in contrast to pulse and continuous schedule of a therapeutically achievable concentration 
of IM (2 µM). This differential effect of pulsed schedules of 200 nM dasatinib and 2 µM IM might be 
related to the depth of Bcr-Abl kinase inhibition achieved in CML-progenitors following culture these two 
TKI. 100 nM dasatinib inhibited >95% Bcr-Abl kinase activity compared to 50 to 60% with 2 µM IM. 
These results concur with data in BCR-ABL1+ cell lines which was presented in the previous chapter. 
Sustained partial Bcr-Abl kinase inhibition induces similar cell death as does short-term intense Bcr-Abl 
kinase inhibition. Le Coutre et al reported that 20-21 h in vitro exposure to 1 µM IM was required to 
induce cell death and inhibit proliferation of BCR-ABL1+ KU812 and MC3 cell lines. As shorter duration 
of in vitro exposure (6-7 h) was not adequate to trigger cell death or inhibit cell proliferation. In a murine 
model, mice treated with a three times a day schedule of IM had significant reduction in tumor and 
longer survival compared to mice treated with a once or twice a day schedule of IM. Together these 
data suggest that the depth of Bcr-Abl kinase inhibition is much more important following pulsed or 
intermittent dosing schedule, compared to continuous dosing schedules. Another possible explanation 
for the differential effect of pulsed dasatinib and pulsed IM could be the difference in the reactivation 
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kinetics of Bcr-Abl kinase following washout of the drug. Following daily washout of the 200 nM 
dasatinib, Bcr-Abl kinase might require a longer period to reactivate compared to reactivation following 2 
µM IM. Studies addressing this issue will be addressed in the next chapter.  
 
Another possible mechanism for the similar effect of pulsed and continuous dasatinib on CML-CD34+ 
cells could be related to their effect on undivided cells. In vitro studies presented in this chapter and 
studies by others demonstrated that there is increase in accumulation of undivided cells (absolute 
numbers) following culture with TKI compared to no drug control. This suggests that some cells 
temporarily transit from the G1/G2 phase to G0 phase. When the TKI is washed out, reactivated Bcr-Abl 
kinase and cytokines might drive these cells into cycling phase which can then undergo apoptosis with 
the next pulse of TKI. However, the differential effect of pulsed dasatinib and IM might suggest that this 
might not be the major factor. Another possibility is that although following a pulsed dose of 200 nM 
dasatinib Bcr-Abl kinase reactivates, several downstream target proteins such as p-STAT5, P-ERK and 
p-AKT might not reactivate and hence cells commit to cell death despite reactivation of Bcr-Abl kinase. 
Some of these issues were addressed in the previous chapter while others will be addressed in the next 
chapter. 
 
In summary the data presented in this chapter demonstrate that although dasatinib is more effective 
than IM in targeting Bcr-Abl kinase activity in CML progenitors, this does not translate into a significant 
increase in progenitor cell death or elimination. Hence Bcr-Abl kinase-independent mechanisms of TKI 
resistance in CML progenitors warrants further studies. Another important finding of this study is that 
pulsed and continuous dasatinib induces similar effects on CML progenitors, despite active Bcr-Abl 
kinase for 16 hours following pulse dasatinib. The clinical significance of this study is that the 
achievement of maximal Bcr-Abl kinase inhibition may alleviate the requirements for continuous kinase 
inhibition. This might mean that the peak blood level may be more clinically relevant than the trough 
level in the case of dasatinib therapy. 
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7 CHAPTER 7: Blocking Cytokine Signaling Along With Intense 
Bcr-Abl Kinase Inhibition Induces Apoptosis In Primary CML 
Progenitors 

 

7.1  Introduction 

Although 87% of newly diagnosed CML-CP patients achieve complete cytogenetic response (CCR) 
after 5 years of IM treatment, only a minority of patients achieve complete molecular response (CMR) 
[170]. Moreover, 50% of patients who were in CMR for 2 years relapsed within 6 months of 
discontinuing IM treatment [262], indicating that the majority of the CML-CP patients are not cured by IM 
treatment. Recent studies demonstrated persistence of leukaemic progenitor cells in patients who have 
achieved CCR with IM treatment [259-261]. In agreement with this, in vitro data demonstrated that IM, 
nilotinib and dasatinib have antiproliferative effects on CD34+ leukaemic progenitor cells, but are not 
able to eradicate quiescent leukaemic progenitors [265-267, 270, 377]. Thus, clinical studies as well as 
in vitro studies show that leukaemic early progenitors are refractory to TKI and may be responsible for 
long-term persistence and resistance of these cells during IM treatment. Refractoriness of leukaemic 
progenitor cells to TKIs has been postulated to be due to inadequate Bcr-Abl kinase inhibition [267] . 
But more potent second generation TKIs which inhibit Bcr-Abl kinase more effectively [267-269], do not 
result in increased efficacy in reducing non-dividing CML progenitors [267, 269]. Hence it is necessary 
to understand Bcr-Abl-independent mechanisms of TKI resistance.  
 
We and others have recently demonstrated that short-term intense Bcr-Abl kinase inhibition is sufficient 
to induce cell death in BCR-ABL1+ cell lines [337, 378, 379]. However, most of the CML cell lines are 
derived from blast crisis patients and do not reflect the biology of chronic phase CML. As leukaemic 
progenitor live in a cytokine-enriched microenvironment, these leukaemic cells might be receiving 
survival signals from cytokines. In this chapter we assessed the effect of intense Bcr-Abl kinase 
inhibition with and without additional cytokines on cell death induced in primary CML-CD34+ progenitors. 
Given the pro-survival signaling provided by cytokines we also assessed the effect of concomitant Bcr-
Abl and Janus kinase (JAK) inhibition on survival of primary CML-CD34+ progenitors. 
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7.2 Summary of the research, publication and conference presentation 

The research detailed in this chapter, the attached manuscript and conference proceedings have 
contributed significantly to understanding of cytokine mediated TKI resistance. This study also 
demonstrated that combination of JAK inhibitor and TKI can circumvent cytokine mediated TKI 
resistance.  

7.2.1 Publication and contribution of co-authors 

DK Hiwase, DL White, JA Powell, VA Saunders, SA Zrim, AK Frede, MA Guthridge, AF Lopez, RJ 
D’Andrea, LB To, JV Melo, S Kumar and TP Hughes. Blocking cytokine signaling along with intense 
Bcr-Abl kinase inhibition induces apoptosis in primary CML progenitors. Leukemia. 2010 Apr; 24(4):771-
8.  
 
Devendra Hiwase: Planned, performed, analysed the experimental data and wrote the manuscript, 
Jason Powell, MA Guthridge, AF Lopez, RJ D’Andrea, LB To, JV Melo and S.Kumar critically edited the 
manuscript and provided suggestions. Tim Hughes, Deb White helped in experimental designing, 
analysing the data and critically editing the manuscript. Verity Saunders, Amity Frede and Stephanie 
Zrim helped me with the experimental work. 
 

7.2.2 Conference presentation 

DK Hiwase, DL White, JA Powell, VA Saunders, SA Zrim, AK Frede, MA Guthridge, AF Lopez, RJ 
D’Andrea, LB To, JV Melo, S Kumar and TP Hughes. Blocking of Cytokine Survival Signals along with 
Intense Bcr-Abl Kinase Inhibition May Eradicate CML Progenitor Cells (ASH annual meeting 2009, New 
Orleans, USA) 

7.3 Patients, material and methods 

7.3.1 Patient samples 

Blood was collected from CML-CP patients at presentation to the Royal Adelaide Hospital Haematology 
clinic. All samples were collected with informed consent, prior to IM therapy. Mononuclear cells (MNCs) 
were isolated using Lymphoprep (Axis-Shield PoC As, Oslo, Norway) density gradient centrifugation. 
CD34+ progenitor cells were isolated by magnetic assisted cell sorting (MACS; Miltenyi Biotech, 
Germany) and the purity was checked by staining cells with anti-CD34-PE (BD Biosciences, San Jose, 
CA, USA). 
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CD34+ cells were cultured in serum deprived medium (SDM) containing Iscove Modification of Dulbecco 
Medium (IMDM, Sigma Aldrich) supplemented with 1% bovine serum albumin (BSA, Sigma Aldrich), 1 
U/mL insulin (Actrapid, Novo Nordisk Pharmaceuticals Pty. Ltd. NSW, Australia), 200 µg/mL transferrin 
(StemCell Technologies, Vancouver, BC, Canada), 10 µg/mL low-density lipoproteins (Sigma 
chemicals) and 0.1 µM 2-mercaptoethanol (Sigma Chemicals). In some experiments SDM was further 
supplemented with six growth factors (6-GFs) including 10 ng/mL each of Flt3-ligand (Immune, Seattle, 
WA), stem cell factor (SCF), IL-3, IL-6, granulocyte-colony stimulating factor (G-CSF) and 
thrombopoietin (TPO). All growth factors except Flt-3 ligand were purchased from PeproTech (Rocky 
Hill, USA). 

7.3.2 Tyrosine kinase inhibitors 

Dasatinib was kindly provided by Bristol-Myers Squibb (New Brunswick, USA). IM (Glivec) was kindly 
provided by Novartis Pharmaceuticals (Basel, Switzerland). The Janus protein tyrosine kinase inhibitor 
(JAK inhibitor-I) and Src inhibitors SU6656 and PP1 were purchased from Calbiochem (EMD chemicals, 
Germany). 
 

7.3.3 Signaling analysis 

Western blot analysis for p-Crkl, a surrogate marker of Bcr-Abl kinase activity, was performed as 
described earlier (23).  
 

7.3.4 P-STAT5 analysis 

Cells were harvested in labelled tubes, 1.5% paraformaldehyde (PFA) was added and were incubated 
for 15 min at RT. Following incubation cells were centrifuged and washed once with PBS. After 
removing supernatant, 1 ml of 100% cold methanol was added drop by drop while vortexing the sample. 
Sample was incubated at 40C for at least 20 minutes (cells can be left -200C for a longer period). Cells 
were washed three times with PBS (1600 rpm for 5 min). After removing supernatant, 50 µl of diluted p-
STAT5 (BD Biosciences, USA) antibody was added to each tube, sample was vortexed and incubated 
at RT for 30 minutes in dark. After incubation sample was washed and then resuspended in 500 µl of 
FACS-Fix. The samples were run on a FCS500 flowcytometer and data was collected in FL-1 and 
analysed by using CXP software. 

7.3.5 Cell death assessment 

CD34+ cells were cultured in SDM with 0, 10 or 100 nM dasatinib for short-term or long-term in the 
presence or absence of 6-GF, GM-CSF or G-CSF for 72 h. To assess the effect of IM, CML-CD34+ cells 
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were cultured with 0, 2, or 30 µM IM for short-term or long-term in the presence or absence of 6-GFs for 
72 h. On day 4, cell viability was assessed by trypan blue exclusion. 

7.3.6 CFU-GM assay 

To assess the effect of concomitant cytokines and short-term or long-term dasatinib or IM on colony 
forming cells (CFC), CML-CD34+ cells were cultured in SDM with or without dasatinib/IM and JAK 
inhibitor I in the presence or absence of cytokines (6-GF, GM-CSF or G-CSF). After 72 h of culture, 
viable CD34+ cells were plated for CFU-GM assay in MethoCult-H4230 (StemCell Technologies, 
Vancouver, BC, Canada) along with 5 growth factors (20 ng/mL of GM-CSF, IL-3, IL-6, FLT-3 ligand and 
50 ng/mL of SCF) in all culture conditions, but without dasatinib or IM. CFU-GM colonies were counted 
after 14 days.  
To assess the effect of cytokine rescue, CML-CD34+ cells were cultured with dasatinib for 30 min 
without cytokines, and following thorough drug washout, cells were recultured in dasatinib free media 
along with cytokines (GM-CSF or 6-GF) for 72 h. After 72 h, live cells were plated for CFU-GM assay. 
 

7.4 Results 

7.5 CD34+ cells of CML-CP patients 

7.5.1 Short-term culture with 100 nM dasatinib inhibits ≥95% Bcr-Abl kinase in primary CML-
CD34+ progenitor cells 

The effect of dasatinib or IM on Bcr-Abl kinase activity was assessed by measuring the decrease in 
phospho-Crkl (p-Crkl; a surrogate marker of Bcr-Abl kinase activity). In the previous chapter we have 
demonstrated that in CML cell lines 30 minutes of culture with 100 nM dasatinib inhibited ≥90% Crkl 
phosphorylation. To assess the effect of dasatinib, IM and nilotinib on Bcr-Abl kinase activity of CML-
CD34+ progenitors, CD34+ cells from CML-CP patients were cultured with dasatinib, IM or nilotinib for 
30 min and Crkl phosphorylation was assessed. In primary CML-CD34+ progenitor cells, 30 min of 
culture with 100 nM dasatinib (n=13), 30 µM IM (n=7) or 1 µM nilotinib (n=5) resulted in 97±3%, 96±4% 
or 88±10% reduction in Crkl phosphorylation respectively (Fig. 1A-D). Although a plasma concentration 
of 100 nM dasatinib can be achieved therapeutically [308, 337], 30 µM IM (equipotent to 100 nM 
dasatinib) is 15 to 20 times higher than the therapeutically achievable concentration of IM. Lower 
concentrations of dasatinib (10 nM; n=11), nilotinib (100 nM; n=5) or a therapeutically achievable 
concentration of IM (1 to 2 µM, n=7) inhibited Crkl phosphorylation by 64±12%,11±8.3% or 24±13% in 
CD34+ cells, respectively (Table 1, Fig. 1A-D). These results demonstrate that the Bcr-Abl kinase 
activity of primary CML-CD34+ progenitor cells can be inhibited by ≥90% at therapeutically achievable 
concentrations of dasatinib and nilotinib, but not of IM.  



Table 1: Bcr-Abl kinase inhibition in primary CML-CD34+ progenitor cells 

following short-term culture with dasatinib or IM, as determined by depletion of 

p-Crkl 

 

 Dasatinib 10 nM Dasatinib 100 nM IM 2 µM 

CML1 65.07 93.25 47.82 

CML2 69.69 99.72 54.09 

CML3 50.4 96.17 - 

CML4 58.15 92.66 - 

CML5 60.84 98.3 - 

CML6 45.83 99.13  

CML7 77.41 100 - 

CML8 65.4 92.76 56.99- 

CML9 - 97.17 - 

CML10 62.54 100 - 

CML11 - 96.58 - 

CML12 87.96 100 - 

CML13 - 94.95 - 

Mean 64.329 96.97  

SD 12.24 2.83  

 

Note: % p-Crkl was normalized to no drug control in each patient. 

- indicates that assay was not done 
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Fig 1: Short-term culture with 100 nM dasatinib inhibits ≥95% Bcr-Abl kinase in 
primary CML-CD34+

 

progenitor cells: (A) CML-CD34+ cells were cultured with 
dasatinib (10, 100 nM), IM (1, 2 or 30 µM) or nilotinib (0.1 and 1 µM) for 30 min and 
phosphorylation of Crkl was assessed by Western blot analysis. (B) Densitometry 
analysis of blots in panel A demonstrate that, thirty min culture of CML-CD34+ cells with 
10 nM dasatinib (n=11), 100 nM dasatinib (n=13), 1-2 µM IM (n=7) or 30 µM IM (n=7) 
inhibited p-Crkl by 67±12%, 97±3%, 57±9% and 96±4% respectively. (D) Densitometry 
analysis of Western blot in panel C demonstrate that 1 µM nilotinib (n=5) inhibited 
88±10% p-Crkl within 30 min of culture (data are mean ± SD). % p-Crkl was 
normalised to no drug control. 
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Data shown in the previous chapter demonstrate that in K562 and Meg01 cells, Bcr-Abl kinase inhibition 
is maximal within the first 30 min of culture with dasatinib or IM, and that longer duration of culture did 
not increase Bcr-Abl kinase activity inhibition significantly. In the current study the kinetics of Bcr-Abl 
kinase activity inhibition was assessed in CML-CD34+ cells. In CD34+ cells of CML-CP patients (n=2) 
inhibition of Crkl phosphorylation was not significantly different following 30 min and 2 h of culture with 
dasatinib or IM (Fig.2A-B). However, when CD34+ cells (n=3) were cultured with nilotinib, more inhibition  
of Crkl phosphorylation was achieved after 2 h compared to 30 min of culture (Fig.2C-D). Studies on 
more patient samples will be required to compare Bcr-Abl inhibition after 30 min and 2 h of nilotinib 
exposure. 
 
As shown in the previous chapter, ≥90% Crkl phosphorylation was restored within 4 h of dasatinib or IM 
washout in a CML cell line. In the current study, kinetics of Bcr-Abl kinase reactivation was assessed. 
CD34+ cells of CML-CP patients were cultured with 10 or 100 nM dasatinib for 30 min, and following 
thorough drug washout, cells were recultured in drug-free media for 30 min. Within 30 min of drug 
washout, Crkl phosphorylation was restored to 67±10% (n=5) of control (Fig. 3A-B). Bcr-Abl reactivation 
was studied over a longer period in a single patient with adequate cell numbers. Although the kinetics of 
Bcr-Abl reactivation was slower in CD34+ cells of this patient compared to CD34+ cells of other patients, 
p-Crkl levels returned to 100% of control within 8 h of dasatinib wash out (Fig.3C-D).  
 
The data presented in this section demonstrate that in vitro, >90% Bcr-Abl kinase inhibition can be 
achieved with therapeutic concentrations of dasatinib and nilotinib but not with IM. In CD34+ cells of 
majority of patients ≥80% Bcr-Abl kinase reactivates within 30 min of drug washout. 

7.5.2 In the absence of cytokines, short-term intense Bcr-Abl kinase inhibition triggers cell 
death in CML-CD34+ progenitor cells 

Our studies and those of others demonstrated that short-term intense Bcr-Abl kinase inhibition with 100 
nM dasatinib or 1 to 2 µM nilotinib triggers cell death in BCR-ABL1+ cells but not in BCR-ABL1 negative 
cell lines. In the current study, the effects of short-term and long-term intense Bcr-Abl kinase inhibition 
on CML-CD34+ colony forming cells (CFC) were studied. In the absence of growth factors (No GFs), 
short-term culture of CML-CD34+ cells with 100 nM dasatinib or 30 µM IM was sufficient to trigger cell 
death (Fig. 4C-D) and reduce CFC by 70 to 80% (Fig 4A-B). Similarly, long-term partial (10 nM dasatinib 
or 2 µM IM) or intense (100 nM dasatinib or 30 µM IM) Bcr-Abl kinase inhibition in the absence of 
cytokines also triggered cell death (Fig 4C and D) and reduced CFC by 70% of control (Fig. 4A-B). 
Thus, in primary CML-CD34+ progenitor cells, in the absence of growth factors, short-term intense 
kinase inhibition is sufficient to trigger cell death.  
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Fig 2: In CML-CD34+

 

cells, depth of Bcr-Abl kinase inhibition following 30 min and 
2h of culture with dasatinib is similar: CD34+ cells of CML-CP patients were cultured 
with dasatinib (10 or 100 nM; n=2), IM (1 or 30 µM; n=2) or nilotinib (100 or 1000 nM; 
n=3) for 30 min or 2h. Crkl phosphorylation inhibition was assessed by Western blot 
analysis. (A-B) Densitometry analysis of blots in panel AI and AII  demonstrate that Bcr- 
Abl kinase was not significantly different following 30 min and 2h of culture with 
dasatinib or imatinib (C-D) Densitometry analysis of blots in panel C demonstrate that 
depth of Bcr-Abl kinase inhibition following culture with 100 nM nilotinib increased after 
2h of culture as compared to 30 min (n=3). 
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Fig. 3: In CD34+

 

cells of CML-CP patients >80% Bcr-Abl kinase activity was 
restored within 30 minutes of dasatinib washout:

 

(A and B) CML-CD34+ cells were 
cultured with 10 or 100 nM dasatinib for 30 min. Following thorough drug washout (W), 
cells were recultured in drug free media for 30 min (10 W or 100W). Densitometry 
analysis of blots in panel A demonstrate that, within 30 min of culture in dasatinib-free 
media, 75.3 ± 4% (n=3; 10W) and 67 ± 10% (n=5; 100W) of Crkl phosphorylation was 
restored. (C-D) Densitometry analysis of blots in panel C demonstrate that, although p- 
Crkl recovery was slower in this patient compared to patients presented in panel A, 
there was almost 100% recovery within 8h of dasatinib washout. (Data presented in 
panel B are mean ± SD). p-Crkl levels were normalised to no drug control. 
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Fig. 4: Hematopoietic cytokines abrogate the ability of dasatinib and IM to induce 
cell death in CML-CD34+

 

progenitor cells: CML-CD34+ cells were cultured in short- 
term (ST; 30 min) assays with 100 nM dasatinib (D100ST) or 30 µM IM (IM30ST) or in 
long-term (LT; for 72 h) with 10 nM dasatinib (D10LT), 100 nM dasatinib (D100LT), 2 
µM IM (IM2LT) or 30 µM IM (IM30LT) in the presence or absence of cytokines. (A) In 
the absence of cytokines (No GF, n=11) D100ST reduced CFCs by 67% of control, 
however in the presence of 6-GFs (n=10), GM-CSF (n=10) or G-CSF (n=4) it could 
reduce CFCs by only 24%, 32% or 5% of control respectively. Similarly in the absence 
of cytokines, D100LT reduced CFC by 82%, however in the presence of 6-GF (n=10), 
GM-CSF (n=11) and G-CSF (n=4) it reduced CFC by 76%, 63% and 59% respectively. 
(B) In the absence of 6-GFs, short-term culture with 30 µM IM (IM30ST), IM2LT and 
IM30LT reduced CFCs by more than 90% of control (n=3). While in the presence of 6- 
GFs, IM30ST, IM2LT and IM30LT reduced CFCs by 37±19%, 89±11% and 97±16% of 
control (n=3) respectively. In each patient colonies were normalised to no drug control 
for each culture condition and data are presented as mean ± SEM. ND, No data. (C) 
D100ST reduced cell viability in the absence of cytokines (No GF) but not in the 
presence of 6-GF, GM-CSF or G-CSF. However, cell viability was higher in the 
presence of 6-GF compared to GM-CSF or G-CSF (D) IM30ST reduced cell viability in 
the absence of cytokines but not in the presence 6-GF.
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CML progenitor cells live in a cytokine-enriched microenvironment that has potent survival-promoting 
activities. Such a cytokine-enriched milieu may abrogate the ability of dasatinib or IM to eradicate CML 
progenitors leading to persistence of minimal residual disease. We therefore tested the effects of 
haematopoietic cytokines on cell death induced by IM and dasatinib on CML-CD34+ progenitor cells. In 
the presence of 6-GFs (n=10), GM-CSF (n=11) or G-CSF (n=4), short-term culture with 100 nM 
dasatinib reduced CFC by only 24%, 32% or 5% (Fig. 4A) respectively, despite ≥90% of Bcr-Abl kinase 
inhibition. This is in contrast to 70 to 80% reduction in CFC with short-term culture with 100 nM dasatinib 
in the absence of cytokines. In the presence of 6-GF (n=10), GM-CSF (n=11) and G-CSF (n=4), long-
term culture with 100 nM dasatinib reduced CFC by 76%, 63% and 59% of no drug control respectively 
(Fig. 4A). Consistent with the results seen with dasatinib, short-term culture with 30 µM IM (n=3) in the 
presence of 6-GFs reduced CFC by only 38%, in contrast to 97% reduction in CFC in the absence of 
cytokines (Fig. 4B). Together, these results suggest that in the presence of cytokines intense Bcr-Abl 
kinase inhibition is not sufficient to eradicate CML progenitors, and that cytokines provide Bcr-Abl 
independent pathways for resistance. 
 

7.5.3 JAK kinase inhibition abrogates the rescuing effect of cytokines on cell death induced 
by Bcr-Abl kinase inhibition 

The above results raise the possibility that the presence of GM-CSF, G-CSF or a combination of 
cytokines (6-GF) promote CML cell survival via signaling pathways that are not targeted by dasatinib. 
GM-CSF, G-CSF and other haematopoietic cytokines bind to their receptors and transduce 
survival/proliferation signals by activating downstream pathways. Binding of GM-CSF or IL-3 to the 
extracellular region of the alpha chain of their receptors leads to recruitment of JAK2 to the cytoplasmic 
domain of the common beta chain, and activates STAT5 [380, 381]. Similarly TPO [382] and SCF [380] 
also activate the JAK2-STAT5 pathway. G-CSF activates STAT1, STAT3 and STAT5 through JAK1 and 
JAK2 [383]. We hypothesize that haematopoietic cytokines could rescue CD34+ progenitors from 
cytocidal effect of Bcr-Abl kinase inhibition by activating the JAK2-STAT5 pathway.  
 
We assessed the effect of short-term 100 nM dasatinib on p-STAT5 signaling in CML-CD34+ cells, in 
the presence and absence of GM-CSF, G-CSF or 6-GF (n=4). STAT5 was constitutively phosphorylated 
in CML-CD34+ cells, and in the absence of cytokines, short-term culture with 100 nM dasatinib 
significantly (p=0.003) reduced STAT5 phosphorylation (Fig. 5-8). However, in the presence of 6-GF 
(p=0.9) or GM-CSF (p=0.6), short-term culture with 100 nM dasatinib did not inhibit STAT5 
phosphorylation (Fig.5-8). To inhibit the effect of cytokines that transduce their signals through JAK 
kinases associated with their receptors, JAK inhibitor I (Calbiochem) was used. The combination of 100 
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Fig. 5: In primary CML-CD34+

 

progenitor cells, cytokines induce dasatinib 
resistance by activating Jak2-STAT5 pathway which can be blocked by Jak 
inhibition: CML-CD34+ cells were cultured with 100 nM dasatinib ± JAK inhibitor I 
(JAKI) for 30 min in the presence or absence of cytokines and phosphorylation status 
of STAT5 was assessed. Thirty min culture with 100 nM dasatinib inhibited p-STAT5 
in the (A) absence of cytokines but not in the presence of (B) 6-GF or (C) GM-CSF. 
However, combination of JAKI and dasatinib blocked the cytokine mediated resistance 
by inhibiting p-STAT5 (B-C). (D) Short-term culture with 100 nM dasatinib inhibited p- 
STAT5 even in the presence of G-CSF.
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Fig. 6: In primary CD34+

 

progenitor cells of CML-CP patient (CML-17), cytokines 
induce dasatinib resistance by activating Jak2-STAT5 pathway which can be 
blocked by Jak inhibition:

 

CML-CD34+ cells were cultured with 100 nM dasatinib ± 
JAK inhibitor I (JAKI) for 30 min in the presence or absence of cytokines and 
phosphorylation status of STAT5 was assessed. (A) Thirty min culture with 100 nM 
dasatinib inhibited p-STAT5 in the absence of cytokines but not in the presence of (B) 
6-GF or (C) GM-CSF (D) IL-3. However, combination of JAKI and dasatinib blocked the 
cytokine mediated resistance by inhibiting p-STAT5 (B-D).
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Fig. 7: In primary CD34+

 

progenitor cells of CML-CP patient (CML-18), 
cytokines induce dasatinib resistance by activating Jak2-STAT5 pathway 
which can be blocked by Jak inhibition:

 

CML-CD34+ cells were cultured with 100 
nM dasatinib ± JAK inhibitor I (JAKI) for 30 min in the presence or absence of 
cytokines and phosphorylation status of STAT5 was assessed. (A) Thirty min culture 
with 100 nM dasatinib inhibited p-STAT5 in the absence of cytokines but not in the 
presence of (B) 6-GF or (C) GM-CSF (D) G-CSF. However, combination of JAKI and 
dasatinib blocked the cytokine mediated resistance by inhibiting p-STAT5 (B-D).
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Fig. 8: In primary CD34+

 

progenitor cells of CML-CP patients, cytokines (6-GF 
and GM-CSF) increases STAT5 phosphorylation. In the presence of 6-GF and 
GM-CSF dasatinib alone can not reduce p-STAT5, however combination of 
dasatinib and JAK inhibitor I reduce p-STAT5 effectively.

 

In CML-CD34+ cells 
(n=4), dasatinib significantly (p=0.003) reduced p-STAT5 mean fluorescence 
intensity (MFI) in the absence of cytokines (No GF) but not in the presence of GM- 
CSF (p=0.6) or 6-GF (p=0.9). Combination of dasatinib and JAK inhibitor I 
significantly reduced p-STAT5 MFI in the presence of GM-CSF (p=0.008) and 6-GF 
(0.03). G-CSF did not increase p-STAT5 compared to control (NO GF). Dasatinib 
inhibited p-STAT5 even in the presence of G-CSF and the combination of dasatinib 
and JAKI did not reduce p-STAT5 further, suggesting that G-CSF induced dasatinib 
resistance is not mediated through the JAK2-STAT5 pathway. NB: In each patient, p- 
STAT5 MFI was normalized to control (no drug, no cytokine) and the data are 
presented as mean ± SEM.
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nM dasatinib and JAK inhibitor-I significantly reduced p-STAT5 even in the presence of 6-GFs (p=0.02) 
or GM-CSF (p=0.008; Fig. 5-8).  
 
In addition to the JAK/STAT pathways, haematopoietic cytokines (GM-CSF, IL-3, G-CSF) also activate 
other pathways such as the PI3K/Akt and Ras/Raf/MAPK pathways [383]. Phosphorylation of Erk and 
Akt was studied in CD34+ cells from two patients (CML-CP=1, CML-MBC=1) with adequate cell 
numbers. In the CML-CP patient’s CD34+ cells, 6-GF and GM-CSF increased phosphorylation of Erk 
and Akt which was not inhibited by dasatinib alone. However the combination of dasatinib and JAKI 
inhibited phosphorylation of Erk and Akt even in the presence of 6-GF and GM-CSF (Fig.9).  
 
The results shown in Figs. 4 to 9 raised the possibility that simultaneous inhibition of Bcr-Abl kinase and 
cytokine signaling may be more effective in inducing apoptosis in primary CML progenitor cells 
refractory to dasatinib-mediated cell death, due to the presence of survival-promoting cytokines. To test 
this possibility further, primary CML-CD34+ progenitor cells were cultured with 100 nM dasatinib (short-
term or long-term) alone or together with JAK inhibitor I, and survival of CML progenitors was assessed.  
 
Compared to D100ST alone, the combination of JAKI and D100ST induced more cell death (Fig 10C) 
and reduced CFC (Fig 10A), even in the presence of GM-CSF (68.33 ± 14.9 vs. 32.35 ± 5.16; n= 4) or 
G-CSF (94.68 ± 21.12 vs. 58.13 ± 13; n=4). Similarly compared to D100LT alone, combination of 
D100LT and JAKI induced more cell death (Fig 10D) and reduced CFC, in the presence of GM-CSF 
(37.49 ± 7.64 vs.5.76 ± 1.20; n= 4) or G-CSF (41.60 ± 4.4 vs. 16.56 ± 6.6; n=4; Fig.10B). However, in 
the absence of haematopoietic cytokines, JAK inhibitor-I did not enhance the effect of 100 nM dasatinib 
either in short-term (32.45 ± 7.91 vs. 41.20 ± 6.70, n=4; Fig 10A) or in long-term culture (18.19 ± 4.61 
vs. 12.90 ± 3.58; n=4; Fig 10B). These results demonstrate that haematopoietic cytokines can render 
primary CML-CD34+ progenitor cells refractory to TKI-mediated cell death. Importantly the combination 
of dasatinib and JAK inhibition is able to overcome this cytokine-mediated resistance. 

7.6 CD34+ cells of CML-Blast crisis patients 

7.6.1 Short-term culture with 100 nM dasatinib causes ≥90% inhibition of Bcr-Abl kinase 
activity in primary CD34+ progenitor cells of CML-BC patients 

TKI naïve, de novo CML-BC and CML-CP patients progressed to blast crisis without prior IM therapy 
were selected for this part of the study. As these patients are rare, specifically in the IM era, samples of 
only three patients (2 de novo myeloid blast crisis and one patient transformed from CP to BC) were 
available. Due to limitation of patient material, all assays could not be done in all patients. 
 



Fig.9: Combination of dasatinib and JAKI inhibited p-Erk and p-Akt even in the 
presence of 6-GF and GM-CSF: CD34+ cells of a CML-CP patient were cultured with 
dasatinib (100 nM) or the combination of dasatinib and JAK I in the presence of 6-GF, 
GM-CSF, G-CSF or in the absence of cytokines. 6-GF and GM-CSF increased 
phosphorylation of Erk and p-STAT5 (compared to baseline) which was not inhibited by 
dasatinib. However the combination of dasatinib and JAKI reduced the p-Erk and p- 
STAT5 even in the presence of 6-GF,GM-CSF and G-CSF. G-CSF did not increase p- 
Erk, p-STAT5 and p-Akt in this patient (compared to baseline). 
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Fig.10: In primary CML-CD34+

 

progenitor cells, Jak kinase inhibition abrogates 
the rescuing effect of cytokines on cell death induced by Bcr-Abl blockade: In the 
presence of cytokines (GM-CSF or G-CSF), CML-CD34+ cells were cultured with short- 
term or long-term 100 nM dasatinib (D100ST or D100LT) with or without Jak kinase 
inhibitor I (JAKI). After 72 h of culture the effect on colony forming cells (CFC) was 
assessed. (A) Compared to D100ST alone, combination of JAKI and D100ST reduced 
more CFC, even in the presence of GM-CSF (n= 4) or G-CSF (n=4). (B) Similarly 
compared to D100LT alone, the combination of D100LT and JAKI reduced more CFC, 
even in the presence of GM-CSF (n= 4) or G-CSF (n=4). In the absence of cytokines, 
JAKI did not reduce CFC further compared to D100ST alone (n=4) or D100LT (n=4). 
(C-D) Similarly in the presence of cytokines, the combination of JAKI and dasatinib (ST 
or LT) induced more cell death compared to dasatinib alone. ND: no data.
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The depth of Bcr-Abl kinase inhibition in CD34+ cells of CML-BC samples (n=2) was assessed. There 
was >90% inhibition of Crkl phosphorylation within 30 min of culture with 100 nM dasatinib or 30 µM IM. 
While 10 nM dasatinib and 1 µM IM inhibited Crkl phosphorylation by 60% and 50% respectively (Fig.11 
and 13). In CD34+ cells of CML-MBC1 (n=1), Bcr-Abl kinase activity inhibition was similar following 30 
min and 2 h of culture with dasatinib or IM (Fig 11), suggesting that, significant Bcr-Abl kinase inhibition 
can be achieved within 30 min of culture with dasatinib or IM. 
 
In CD34+ cells of two CML-BC patients tested, >90% of Bcr-Abl kinase activity reactivated within 3 h of 
dasatinib or IM washout (Fig. 12 and 13). Collectively these data suggest that 100 nM dasatinib can 
inhibit Bcr-Abl kinase activity by >90% in CD34+ cells of TKI naïve CML-Blast crisis patients. Similar to 
CD34+ cells of CML-CP patients, in CD34+ cells of CML-BC patients (n=2) >90% Bcr-Abl kinase 
reactivates within 3 h of dasatinib washout.  

7.6.2 JAK kinase inhibition can circumvent the cytokine mediated dasatinib resistance in CML-
BC CD34+ cells 

In contrast to CD34+ cells of CML-CP patients, cytokine responsiveness was variable in CD34+ cells of 
CML-blast crisis (BC) patients. Signaling data indicate that the 6-GF increased STAT5 (Fig. 14, 15, and 
17), and Erk (Fig. 15) phosphorylation in CD34+ cells of CML-BC1 and BC3. This was further 
substantiated in cell viability assays where 6GF increased cell count by ~4 fold within 7 days of culture, 
compared to culture in the absence of cytokines (890x103 vs. 240x103). In the absence of cytokines 
short-term culture with dasatinib reduced p-STAT5 by 5 fold and cell survival by 16 fold (240x103 to 
15x103cells; Fig.16A). However, in the presence of 6GF, dasatinib could reduce p-STAT5 only partially 
and reduce cell viability by only 2 fold (890x103 to 455x103). Together these findings demonstrate that 
the 6-GF induce cell proliferation in CD34+ cells of blast crisis patients and mediate dasatinib resistance 
by activating JAK2-STAT5 and p-Erk (Fig.14 to 16). In the presence of 6-GF, the combination of 
dasatinib and JAK I inhibited STAT5 and Erk phosphorylation more effectively than dasatinib alone.  
 
Similarly, GM-CSF also increased STAT5 phosphorylation in CD34+ cells of CML-BC1 (Fig.14C) and 
CML-BC3 (Fig.17C) patients. In the presence of GM-CSF, the combination of dasatinib and JAK-I 
reduced p-STAT5 more effectively (Fig. 14C and E) and induced more cell death compared to dasatinib 
alone (Fig.16B and Fig.18). Together these data suggest that GM-CSF also mediate dasatinib 
resistance in CD34+ cells of CML-BC patients.  
 
In CD34+ cells of the CML-BC1 and BC3 patients, G-CSF did not increase STAT5 or Erk 
phosphorylation compared to no GF. Short-term culture with dasatinib inhibited p-STAT5 even in the 
presence of G-CSF (Fig.14D, 15B and 17D). However, G-CSF-mediated dasatinib resistance was 
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Fig.11: In CD34+

 

cells of a CML-myeloid blast crisis patient, the kinetics of Bcr-Abl 
kinase inhibition following 30 min and 2h of culture with dasatinib is similar: CD34+ 

cells of CML-blast crisis patient were cultured with dasatinib (10 or 100 nM; n=1) or IM (1 or 
30 µM; n=2) for 30 min or 2h. p-Crkl level were assessed by Western blot analysis. (B) 
Densitometry analysis of blots in panel AI and AII  demonstrate that Bcr-Abl kinase was not 
significantly different following 30 min and 2h of culture with 100 nM dasatinib, 1 µM and 30 
µM IM. However, p-Crkl level were 40% and 20% after 30 min and 2h of culture with 10 nM 
dasatinib respectively.
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Fig. 12:

 

In CD34+

 

cells of CML-

 

myeloid blast crisis (MBC) patient, 100% Bcr-Abl 
reactivates within 3h of dasatinib or imatinib washout:

 

CD34+ cells of CML-BC1 
were cultured with dasatinib (10 or 100 nM) or IM (6 or 30 µM) for 30 min. Following 
thorough drug washout, cells were recultured in drug free media for 30 min to 4h and 
Bcr-Abl reactivation was assessed by Western blots. (C) Densitometry analysis of blots 
in panel A demonstrate that 100% Bcr-Abl reactivates within 3h of dasatinib washout.  
(D) Similarly, 100% Bcr-Abl reactivates within 3h of imatinib washout. % p-Crkl was 
normalised to no drug control. 
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Fig. 13:

 

In CD34+

 

cells of a CML-blast crisis (BC) patient, 85% of Bcr-Abl 
reactivates within 2h of dasatinib washout:

 

CD34+ cells of CML-BC2 were 
cultured with dasatinib (10 or 100 nM) or IM (6 or 30 µM) for 30 min. Following 
thorough drug washout, cells were recultured in drug free media for ½ h or 2 h and 
Bcr-Abl reactivation was assessed by Western blots. (C) Densitometry analysis of 
blots in panel A demonstrate that 85 and 100% Bcr-Abl reactivates within 2 h of 
100 and 10 nM dasatinib washout.  (B-D) Similarly 75% and 100% Bcr-Abl 
reactivates within 2h of 30 µM and 2 µM imatinib washout. % p-Crkl was 
normalised to no drug control. 
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Fig. 14: In CD34+

 

cells of CML-myeloid blast crisis (MBC) patients, cytokine 
mediated dasatinib resistance: In CD34+ cells of CML-BC1, 6-GF (B) increased 
STAT5 phosphorylation more than GM-CSF (C ). G-CSF (D) did not increase p- 
STAT5 compared to baseline (A). In contrast to CD34+ cells of CML-CP patients, 
short-term culture of CML-MBC1 CD34+ cells with dasatinib inhibited the p-STAT5 
even in the presence of 6-GF, GM-CSF or G-CSF. (B-D) Combination of dasatinib 
and JAK I reduced the p-STAT5 further in the presence of GM-CSF and 6-GF, but 
not in the presence of G-CSF. 
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Fig. 15: In CD34+ cells of a CML-myeloid blast crisis (MBC1) patient (n=1), 
combination of dasatinib and Jak I inhibited phosphorylation of Erk

 

and 
STAT5. Despite Bcr-Abl kinase inhibition (panel A) , 100 nM dasatinib did not 
inhibit p-Erk when CD34+ cells were cultured in the presence of 6-GF. However 
the combination of dasatinib and JAK I inhibited even in the presence of 6-GF. 
GM-CSF and G-CSF did not increase p-Erk significantly compared to baseline 
and dasatinib inhibited p-Erk even in the presence of GM-CSF and G-CSF.
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Fig.16: 6GF mediate dasatinib resistance in CD34+

 

cells of CML-BC patient: 
CD34+ cells of a TKI naïve de novo CML BC patient were cultured with dasatinib ± 
JAK I in the presence or absence of cytokines, and cell death was assessed on 
day 3 and day 7 (A) Supplementation of 6GF significantly increased CD34+ cell 
proliferation compared to cells cultured without cytokines. Short-term culture with 
dasatinib reduced cell viability in the absence of cytokines but not in the presence 
of 6GF. (B) In the presence of GM-CSF or G-CSF, combination of dasatinib and 
JAKI induced more cell death compared to dasatinib alone.
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Fig. 17: In CD34+

 

cells of CML-myeloid blast crisis (MBC3) patients, cytokine 
mediated dasatinib resistance is quite variable:

 

In CD34+ cells of CML-MBC3, 
STAT5 phosphorylation was similar following stimulation with GM-CSF and 6-GF. G- 
CSF did not increase STAT5 phosphorylation as compared to baseline. Short-term 
culture with dasatinib inhibited p-STAT5 in the absence of cytokines and in the 
presence of G-CSF. In the presence of GM-CSF, although dasatinib reduced p-STAT5, 
it was minimal. In the presence of 6GF, dasatinib did not reduce p-STAT5. 
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Fig.18: GM-CSF mediates dasatinib resistance in CD34+ cells of a CML-BC 
patient: CD34+ cells of TKI naïve de novo CML-BC3 patient were cultured with 
dasatinib± JAK I in the presence or absence of GM-CSF and cell death was assessed 
on D3. In the presence of GM-CSF, short-term dasatinib did not induce cell death, 
however the combination of dasatinib and JAKI triggered cell death even in the 
presence of GM-CSF.
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evident on cell viability assay (Fig.16B). In the presence of G-CSF the combination of dasatinib and JAK 
I induced more cell death compared to dasatinib alone (Fig.16B).  
 
Despite significant interpatient variation, this work has uncovered a trend that cytokine-mediated TKI 
resistance exist in CD34+ cells of blast crisis patients. Further studies in more patient samples will 
provide more insight into cytokine-mediated TKI resistance in CML-blast crisis patients. Interpatient 
variability could be due to different type of blast crisis (lymphoid or myeloid blast crisis) and in 
expression of cytokine receptors on the cell surface.  
 

7.7 Commitment to cell death can be partially rescued with subsequent cytokine 
supplementation  

7.7.1 Commitment to cell death following short-term intense Bcr-Abl kinase inhibition can be 
rescued by subsequent GFs and kinase reactivation 

As shown in Fig 4, in the absence of cytokines short-term intense kinase inhibition triggered cell death 
and reduced CFC by 70-80%. This suggests that in the absence of cytokines, commitment to cell death 
may occur within 30 min of intense Bcr-Abl kinase inhibition. To examine if the cell death commitment of 
CML-CD34+ progenitors can be reversed by subsequent cytokine supplementation, CML-CD34+ cells 
(n=6) were first cultured with short-term 100 nM dasatinib in the absence of growth factors, following 
which 6-GF or GM-CSF were added to the culture for the remaining of 72 h. Under these conditions, 
48% and 65% of CFCs were rescued by subsequent supplement of 6-GFs or GM-CSF, respectively 
(compared to no drug control, Fig. 19A). These data suggest that cytokine supplementation following 
short-term intense kinase inhibition rescues 50 to 60% CML-CD34+ progenitors. The magnitude of the 
response varied between patients, as illustrated for CML1 and CML13 profiles (Fig. 19B). This variability 
suggests a level of heterogeneity across CML chronic phase patients with regard to cytokine 
responsiveness. Thiese data also suggest that irreversible commitment to cell death is achieved in 
some leukaemic cells in 30 minutes but not in all cells. 
 
As shown in the previous section the response to cytokine rescue was variable among patient samples. 
To eliminate interpatient variability, a CML cell line which may contain a more uniform cell population 
was used for further work. We have demonstrated that GM-CSF did not rescue KU812 cells from the 
cytotoxic effect of dasatinib in both short-term and long-term culture assay. Similarly, GM-CSF did not 
rescue K562 and Meg01 cells from cytotoxic effect of IM (Pongtep Viboonjuntra et al). This could be due 
to lower expression of cytokine receptors on these cell lines. Hence for further experiments BaF3 cells 
transfected with BCR-ABL1 were used. Parental BaF3 cells are murine-IL3 (mIL3) dependent; BCR-
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Fig.19: Commitment to cell death following short-term intense Bcr-Abl kinase 
inhibition can be rescued by subsequent GFs

 

and kinase reactivation: CML- 
CD34+ cells (n=6) were cultured with 100 nM dasatinib for 30 min (D100ST) in the 
presence of 6-GF or GM-CSF for 72 h (represented as 6-GF and GM-CSF column). 
CD34+ cells from the same patients were cultured with 100 nM dasatinib for 30 min in 
the absence of cytokines. Following thorough drug washout, cells were recultured in 
drug-free media but in the presence of 6-GFs (6-GF rescue; 6-GF-R) or GM-CSF (GM- 
CSF rescue; GM-CSF-R) for the remainder of 72 h. (A) 6-GF, or GM-CSF  
supplementation after 30 min of D100ST, rescued 48% and 65% of CML-CD34+ cells 
respectively (B) The magnitude of response varied between patients. CD34+ cells of 
same six patients were also cultured with 6GF during and after the short-term culture 
with 100 nM dasatinib. In each patient colonies were normalised to the no drug control 
(for each culture condition) and data are presented as mean ± SEM.
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ABL1 transfection renders these cells cytokine independent. As these cells express mIL-3 receptors, 
they could potentially be rescued by cytokines when Bcr-Abl kinase is completely blocked. To assess 
the concentration of dasatinib required to induce cell death, BaF3-BCR-ABL1 cells were cultured with 
100 to 1000 nM of dasatinib for short-term and cell death was assessed after 72 h. Although 100 nM 
dasatinib inhibited Crkl phosphorylation by 90%, short-term culture with 100 nM dasatinib did not trigger 
cell death in BaF3-BCR-ABL1 cells. Short-term culture with 800 to 1000 nM dasatinib and long-term 
culture with 10 nM dasatinib induced cell death (Fig.20C, 21A). To assess if cell death induced by 1000 
nM dasatinib is specifically mediated by Bcr-Abl kinase inhibition or due to nonspecific cytotxicity, BaF3-
parental cells were cultured with for short-term with 100 to 1000 nM dasatinib. Short-term culture with 
1000 nM dasatinib did not trigger cell death in these cells (Fig.21B). These data suggest that cell death 
mediated by 1000 nM dasatinib in BaF3-BCR-ABL1 is mediated by Bcr-Abl kinase inhibition rather than 
non-specific cytotxicity.  
 
STAT5 was constitutively phosphorylated in BaF3-BCR-ABL1 cells and 30 min culture with 1000 nM 
dasatinib inhibited the p-STAT5 (Fig. 20A). Similar to primary CML-CP CD34+ cells, dasatinib did not 
inhibit p-STAT5 in the presence of mIL-3. Importantly, the addition of mIL-3 abrogated the ability of 
D1000ST and D10LT to induce cell death in the BaF3 BCR-ABL1 cells (Fig 20B-D, 21C), consistent 
with redundant survival pathways being activated by mIL-3 signaling. The cytoprotective effect of murine 
IL-3 was concentration-dependent with maximum protection seen at 250 pg/ml (Fig.21C). Combination 
of dasatinib and the JAK inhibitor-I inhibited the phosphorylation of STAT5 almost to the level of isotype 
control, and triggered cell death even in the presence of mIL-3 (Fig.20C-D). Hence although a higher 
concentration of dasatinib was required to trigger cell death (in short-term culture), the data on cytokine 
rescue was similar to CML-CP CD34+ cells. Hence, due to lack of availability of another suitable cell line 
model, we continued further experiments in Baf3-BCR-ABL1 cells. 
 
To assess the timing of cell death commitment, mIL-3 was added at different point (0.5 to 48 h) after 
short-term culture of BaF3-BCR-ABL1 cells with 1000 nM dasatinib. Using the BaF3 BCR-ABL1 model 
system, we have further shown that D1000ST in the presence of mIL-3 results in significant rescue of 
cells from apoptosis whereas culturing cells with D1000ST followed by IL-3 supplementation was less 
effective. Within 4 h of short-term culture with dasatinib almost 80% cells could be rescued by mIL-3. 
However following 16, 24 and 48 h of short-term culture with dasatinib, 60%, 50%, and only <10% cells 
could be rescued, respectively.  
 
These data suggest that following short-term intense Bcr-Abl kinase inhibition, cells traverse through 
two phases of cell death commitment, with the 1st phase being reversible commitment during which cells 
can be rescued with cytokines, followed by a 2nd phase of irreversible commitment during which cells 
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Fig.20: mIL-3 rescues BaF3 BCR-ABL cells by activating the JAK-STAT5 
pathway: Baf3-BCR-ABL cells were cultured with dasatinib or combination of 
dasatinib and JAKI in short-term or long term assay. p-STAT5 was assessed within 
½ h of culture with dasatinib±mIL-3±JAKI, while cell death was assessed after 72 h 
of short-term and long term culture. (A) Short-term (ST) intense Bcr-Abl kinase 
inhibition with 1000 nM dasatinib (D1000ST), inhibited p-STAT5 and triggered cell 
death in BaF3 BCR-ABL cells. (B) However in the presence of mIL-3, D1000ST fail 
to inhibit p-STAT5 completely. However, combination of short-term intense Bcr-Abl 
kinase inhibition and JAK2 inhibition reduced p-STAT5 even in the presence of mIL- 
3. (C) m-IL-3 rescued cells from cytotoxic effect of dasatinib (short-term culture with 
1000 nM dasatinib) by activating JAK-STAT pathway. Combination of dasatinib and 
JAK inhibitor-I triggered cell death even in the presence of mIL-3. (D) m-IL3 also 
rescued cells from cytocidal effect of long term dasatinib. However, combination of 
JAKI and Bcr-Abl kinase inhibition could circumvent mIL-3 mediated dasatinib 
resistance in long term assay also (data presented as mean±SD)
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Fig. 21: Murine IL-3 (mIL-3) rescues up to 80% BaF3 BCR-ABL cells within 4h of 
short-term culture with dasatinib:

 

BaF3BCR-ABL and BaF3 parental cells were 
cultured with short-term dasatinib (100 to 1000 nM) and mIL-3 was added at different 
time point after short-term culture with dasatinib. (A) Short-term culture with 1000 nM 
dasatinib triggered cell death in BaF3 BCR-ABL cells but not in (B) parental cells. (C ) 
mIL-3 rescued cells from cytocidal effect of D1000ST in a concentration dependent 
manner with the maximum protective effect observed at 250 pg/ml. (D) Rescue 
following short-term culture with dasatinib is time dependent phenomenon. Almost 70- 
80%, 60%, 50% and none of the cells of cells could be rescued when mIL-3 was added 
within 4h, 16h, 24h and 48h of short-term culture with dasatinib, respectively. (The 
assays were done in triplicate and presented as mean±SD)
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can not be rescued despite a strong survival stimulus. Another rather intriguing observation is that a 
within single cell line there is intercellular variability in the phases of commitment. These data also 
suggest that commitment to irreversible cell death is a time-dependent phenomenon with a greater 
number of cells commiting to cell death with time after short-term culture with dasatinib. Thus, some 
CML CD34+ cells and BaF3 BCR-ABL1 cells can rapidly commit to cell death following ST intense Bcr-
Abl kinase inhibition and the commitment to cell death can be confounded by the presence of survival 
cytokines. 
 

7.8 Discussion 

Refractoriness of leukaemic progenitor cells to TKIs has been postulated to be due to inadequate Bcr-
Abl kinase inhibition [267], possibly due to increased expression of ABCB1 [136, 384] and ABCG2 [136, 
281] efflux proteins, or the quiescent state of leukaemic progenitors [265, 267, 270]. However, CML 
progenitors may utilize cell survival pathways that are independent of Bcr-Abl kinase activity [385]. Our 
results indicate that, despite intense Bcr-Abl kinase activity inhibition, cytokine enriched short-term 
culture with 100 nM dasatinib was unable to eradicate the majority of leukaemic progenitors, in contrast 
to cell culture in the absence of cytokines. This is clinically relevant, as the in vivo dasatinib half life is 3 
to 5h, and dasatinib is usually administered on a once a day dose schedule. Konig et al. demonstrated 
that nilotinib, in spite of its more potent Bcr-Abl kinase inhibition in CML-CD34+ cells as compared to IM, 
did not have increased efficacy in reducing non-dividing CML progenitors [269]. Thus, our results and 
those of others suggest that more potent TKIs by themselves may not be adequate to eliminate CML 
progenitors that reside within a cytokine-rich microenvironment. Hence, additional factors associated 
with the maintenance of CML progenitors need to be identified. We focused on assessing the 
contribution of cytokine signaling to protect CML progenitors in the presence of Bcr-Abl inhibitors. 
 
Data shown in the current study demonstrate that p-STAT5 was constitutively phosphorylated in BCR-

ABL1+ cell lines and more importantly in CD34+ progenitor cells of CML-CP and blast crisis patient 
samples. In the absence of cytokines dasatinib inhibited p-STAT5 phosphorylation demonstrating that it 
was driven by Bcr-Abl kinase. Dysregulated JAK-STAT pathway signaling in CML has been described 
previously; p-STAT5 was constitutively phosphorylated in BCR-ABL1+ cell lines and in CML patient 
primary cells but not in BCR-ABL1 negative cells [105, 106, 108, 109]. Although there is strong 
agreement between studies regarding the constitutive phosphorylation status of STAT5 in CML cells, 
the exact mechanism of STAT5 phosphorylation by Bcr-Abl is controversial. One group reported that 
Bcr-Abl activates STAT5 through the Src homogly 2 (SH2) and SH3 domain [113]. Another possibility is 
that Bcr-Abl activates JAK2 which in turn phosphorylates STAT5. Researchers from MD Anderson 
demonstrated direct interaction between Bcr-Abl and JAK2 [114, 118]. However, other studies failed to 
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demonstrate tyrosyl phosphorylation of JAK1 and JAK2 by Bcr-Abl+ and could not demonstrate direct 
interaction between Bcr-Abl and JAK2 [105, 106, 109, 113]. Understanding the interaction between Bcr-
Abl, JAK2 and STAT5 protein is more important and relevant now than ever before, as JAK2 inhibitors 
are in clinical trials.  
 
Although the role of cytokines in CML pathogenesis is controversial, there is increasing evidence that 
cytokines may be playing a role in TKI resistance. In a BCR-ABL1-transduced cell-line model, sensitivity 
to IM can be reduced in the presence of increasing growth factor stimulation [386]. A recent study 
demonstrated that TKI resistant cells over-expressed IL-3 and conditioned media from these cells 
induced TKI resistance in sensitive (non-mutated) cells by activation of STAT5 and MEK/ERK pathways 
[387]. Blocking JAK2 or MEK1/2 abolished the protective effect of conditioned media on TKI-induced 
apoptosis [387]. Jiang et al reported that autocrine secretion of IL-3 and G-CSF induces TKI resistance 
in CML CD34+/CD38- even in the absence of exogenous growth factors [136]. In contrast, in the 
absence of exogenous growth factors CML CD34+/CD38+ cells are more sensitive to IM. Thus primitive 
CML cells become detectably more sensitive to TKI as they differentiate and this increased sensitivity is 
greatly enhanced when the cells are maintained under reduced growth factor conditions [136]. This 
variation in TKI sensitivity can be explained on the basis of IL-3 and G-CSF expression. The levels of G-
CSF and IL-3 transcripts are both highest in the CML stem cells and then appear to be switched off 
when the cells begin to differentiate [136, 137]. 
 
Wang et al. demonstrated that adaptive autocrine and paracrine secretion of GM-CSF-mediated BCR-

ABL1-independent IM and nilotinib resistance via activation of the antiapoptotic JAK2/STAT5 pathway 
[220]. In the current study addition of GM-CSF or 6-GF increased the phosphorylation of STAT5. Short-
term dasatinib could inhibit STAT5 phosphorylation in CML-CD34+ cells in the absence but not in the 
presence of GM-CSF or 6-GF. This suggests that cytokines mediate phosphorylation of JAK2-STAT5 
which is refractory to dasatinib (TKI). The combination of JAK-I and dasatinib dramatically reduced the 
phosphorylation of STAT5 despite the cells being cultured in cytokine-enriched media. Konig et al. also 
reported that nilotinib [269] and dasatinib [268] inhibited MAPK, Akt and STAT5 phosphorylation in 
CML-CD34+ cells in the absence, but not in the presence, of growth factors.  
 
In the current study, the signaling data were consistent with the results observed in the CFU-GM assay. 
In the presence of GM-CSF or G-CSF, the combination of a JAK inhibitor and dasatinib reduced cell 
viability and CFC compared to no-drug control and dasatinib alone. The effect of combined JAK 
inhibition and dasatinib was more evident when cells were cultured with short-term dasatinib, but similar 
findings were also observed in long-term dasatinib culture. When cells were cultured in cytokine-free 
media, the combination of JAK inhibition and dasatinib did not provide additional benefit over short-term 
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or long-term culture with dasatinib alone. Wang et al. also reported that inhibition of JAK2 overcomes 
GM-CSF induced IM and nilotinib resistance in progenitor cells [220]. Chu et al. reported that 
suppression of primary CML progenitor growth by IM is associated with enhanced MAPK signaling 
which is growth factor dependent. Combined suppression of Bcr-Abl kinase activity and MAPK signaling 
inhibited CML progenitor growth [388]. In our study, the combination of 6-GF induced higher dasatinib 
resistance followed by GM-CSF and G-CSF. G-CSF did not increase STAT5 phsophorylation as 
compared to the control. Dasatinib inhibited STAT5 phosphorylation in the presence of G-CSF (Fig.5-8), 
however, G-CSF induced dasatinib resistance was still apparent in the CFU-GM assay (Fig 10). This 
suggests that other pathways can contribute to TKI resistance. G-CSF has been reported to act 
independently of p-STAT5 in CML cells [137] and is known to activate the JAK-STAT3 [389], 
Ras/raf/MEK/MAPK [390] and PI3 kinase/Akt pathway [391] which may play a role in TKI resistance. 
Taken together, our data and the recent findings from other groups [220, 392] suggest that CML 
leukaemic progenitors may not be completely dependent on the BCR-ABL1 oncogene for survival, and 
that activation of the cytokine-mediated (predominantly GM-CSF/IL-3) JAK2/STAT-5 pathway may 
circumvent the need for BCR-ABL1 signaling for maintenance of cell survival. Thus, signaling through 
growth factor receptors may not be critical in the presence of fully active Bcr-Abl kinase; however, under 
the effect of TKIs, progenitors may be rescued via such survival pathway either through autocrine [131, 
136, 137, 220] and/or paracrine [220, 387] mechanisms. A critical observation that distinguishes primary 
CML progenitors from CML cell lines is that short-term intense kinase inhibition commits CD34+ cells to 
death only in the absence of cytokines.  
 
In Baf3-BCR-ABL1 cells, there was significantly higher resistance to dasatinib-induced cell death on 
short-term culture assay compared to long-term assay, which is rather unexpected. Possible 
mechanisms include a Bcr-Abl kinase domain mutation or high expression of ABCB1/ABCG2 efflux 
pump which might efflux the dasatinib rapidly allowing rapid reactivation of Bcr-Abl kinase. However 
these seem to be less likely because of lower IC50dasatinib on kinase inhibition assay and 10 nM 
dasatinib-induced cell death in the long-term assay. As the BCR-ABL1 is retrovirally transfected (forced 
expression) in these cells, they may not be as addicted to the BCR-ABL1 as other CML cell lines such 
as KU812, K562 and Meg01. Hence, despite complete Bcr-Abl kinase inhibition, cell death was not 
triggered with 100 nM dasatinib. Another possibility is that autocrine secretion of mIL-3 could rescue 
cells from cytocidal effect of short-term dasatinib. Further studies will be conducted in our laboratory to 
elucidate the mechanism of dasatinib resistance. Although higher concentration of dasatinib was 
required to trigger cell death, short-term 1000 nM dasatinib did not trigger cell death in parental cells, 
suggesting that Bcr-Abl kinase inhibition-mediated death rather than a non-specific effect of high 
concentrations of dasatinib. At the time we did not have another suitable cell line model system to study 
cytokine mediated rescue in a more uniform cell population.  
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In the current study 50 to 60% of primary CML-CD34+ cells could be rescued when cytokines were 
added after ½ h of culture with dasatinib. However there was significant variation among patient 
samples. This could be due to interpatient variability in cytokine responsiveness. The intriguing fact was 
that similar variability in cell death was observed in the so-called homogenous cell line population 
(BaF3-BCR-ABL1 cells) following exactly the same cell death stimuli. Up to 80% BaF3-BCR-ABL1 cells 
could be rescued within 4 h of culture with short-term dasatinib. However, only 60%, 50% and none of 
the cells could be rescued when mIL-3 was added at 16, 24 and 48 h after the short-term culture with 
dasatinib. This suggests that 15-20% of the cells commit to cell death within 4 h of short-term culture 
with dasatinib and can not be rescued by subsequent cytokine supplementation (strong survival signal). 
Up to 50% of cells require more than 24 h for irreversible commitment to apoptosis and during the initial 
24 h they are in the stage of partial commitment “almost dead”. 
 
This “almost dead” stage may have potential clinical implications. As most of the chemotherapy is given 
in pulses, some of these “almost dead” cells can maintain themselves in that stage for 24 to 48 h 
following chemotherapy insult. If these cells are rescued by subsequent stronger survival signals such 
as cytokine, they might harbor partially damaged genetic material which can potentially drive the 
malignant process and mutations further. Our data demonstrate that, despite the similar genetic make-
up and same death trigger (sudden Bcr-Abl kinase inhibition), the fate of the cells varies. Some died 
earlier while others can be rescued up to 24 h after the death trigger. Recently Gascoigne and 
colleagues assessed the fate of over 10, 0000 cells following culture with antimitotic drugs. Cell fate was 
studied using a high-throughput automated time-lapse light microscopy approach. They demonstrated 
the significant variation in cell fate (same cell-line) after the same death inducing insult. In their study, 
cells were synchronized in early S phase and released for 4.5 h prior to the addition of antimitotic agent. 
Hence the variation in cell fate can not be explained on the basis of cell cycle status of individual cell at 
the time of insult, duration of mitotic arrest and differences in the status of spindle checkpoint. The 
authors of the study proposed that cell fate is dictated by two competing but independent networks, one 
involving activation of cell death pathways, the other protecting cyclin B1 from degradation [393]. 
 
Thus, our results suggest that a therapeutic strategy based on short-term intense kinase inhibition may 
have limited success unless critical redundant cytokine-induced survival pathways are also inhibited. 
We postulate that blocking of cytokine signaling along with short-term intense Bcr-Abl kinase inhibition 
may provide an effective strategy to deplete primitive CML cells.  
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8 CHAPTER 8: Summary 
Recent follow up of the IRIS study confirmed the long-term efficacy of IM in CML-CP patients. Estimated 
EFS, PFS and OS at 8 years were 81%, 92% and 85% respectively [171]. Despite the success of IM 
almost 30-40% patients fail IM therapy. The treatment options for these patients include the clinically 
available second-generation TKIs, dasatinib and nilotinib. Although dasatinib was clinically available at 
the start of this research study, there was no published literature addressing the dasatinib cellular 
transport pathways. Chapter 3 and 4 of this research project focuses on the dasatinib cellular influx and 
efflux pathways and potential combination therapies to overcome the resistance. Our group previously 
demonstrated that interpatient variation in intrinsic sensitivity to IM (IC50imatinib) is predominantly due to 
variation in intracellular IM uptake and retention (IUR) [174, 180]. Further studies demonstrated that IM 
is actively transported into cells by the human organic cation transporter (hOCT1) [180, 196] and 
patients with high OCT-1 activity have low IC50imatinib and vice a versa [180]. Long-term follow-up 
studies demonstrated that low OCT-1 activity is the major determinant of suboptimal response to IM: 
85% of patients with high OCT-1 activity achieved MMR by 24 months versus 45% with low OCT-1 
activity [179]. Clark and colleagues have recently reported that patients with high OCT-1 mRNA 
expression prior to treatment had higher response compared to patients with low OCT-1 mRNA 
expression [197]. Similarly, Crossman et al also demonstrated that OCT-1 expression determines the 
response to IM therapy [198]. Although there were emerging data about the role of OCT-1 proteins in IM 
cellular influx, there were no data available on cellular transport pathways of dasatinib. The research 
presented in chapter 3 demonstrated that in contrast to IM, dasatinib cellular transport is passive and 
predominantly independent of OCT-1, OCT-2 and OCT-3 proteins. Using ABCB1- and ABCG2-
overexpressing cell lines, studies presented in this chapter also demonstrated that dasatinib is an 
ABCB1 and ABCG2 substrate. 14C-Dasatinib IUR was significantly lower in ABCB1 and ABCG2 
overexpressing cells compared to their parental cell lines. ABCB1 and ABCG2 inhibitors increased the 
14C-dasatinib IUR in ABCB1 and ABCG2 overexpressing cell lines but not in parental cells. This was 
further confirmed by high IC50dasatinib in ABCB1 and ABCG2 overexpressing cells compared to their 
parental cells and ABCB1 and ABCG2 inhibitors reduced the IC50dasatinib in overexpressing cells. The 
findings of this study were published in a high impact factor peer reviewed journal (Hiwase et al; Clinical 
Cancer Research 2008) and were subsequently confirmed independently by two other groups. The 
clinical significance of this finding is that for patients with low OCT-1 activity, dasatinib may be a valid 
alternative to IM. Additionally ABCB1 and ABCG2 overexpression are potentially relevant mechanisms 
of resistance for dasatinib.  
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Davies et al reported that nilotinib is an ABCB1 inhibitor [275] and studies presented in chapter 4 
confirm these findings. Nilotinib inhibited the efflux of Rhodamie-123, a fluorescent ABCB1 substrate. As 
dasatinib is an ABCB1 substrate, we assessed the effect of nilotinib on 14C-dasatinib IUR in ABCB1 and 
parental cells. The studies demonstrated that nilotinib significantly increased 14C-dasatinib IUR in 
ABCB1-overexpressing cells but not in parental cells. Subsequent studies assessed the effect of this 
combination on Bcr-Abl kinase inhibition and cell death in ABCB1 overexpressing cells. In K562-Dox 
cells, combinations of dasatinib and nilotinib have additive to synergistic effect in inhibiting Bcr-Abl 
kinase activity and a synergistic effect in triggering cell death. In contrast to nilotinib, dasatinib and IM 
did not inhibit ABCB1-mediated efflux of Rhodamine-123, suggesting that dasatinib and IM are ABCB1 
substrates but not inhibitors. Based on the in vitro data, we speculate that the combinations of low-dose 
dasatinib and nilotinib may be useful in patients with advanced phase CML or IM-resistant CML who 
may have high ABCB1 expression. This combination might be more effective in triggering cell death in 
early progenitors and LSC which overexpress ABCB1. Another possible benefit of this combination 
could be targeting the sanctuary sites (brain and testes) which overexpress ABCB1. The findings of this 
study were published in peer reviewed journal (Hiwase et al Leukemia 2009) 
 
Dasatinib plasma half-life is 3.6 hours and there is complete reactivation of Bcr-Abl kinase activity within 
8 hours of the dose [229, 337]. Despite the short half-life, patients treated with a once a day and twice a 
day dose schedule of dasatinib achieved similar responses. These clinical observations led to the in 

vitro studies which are presented in chapter 5. In vitro studies demonstrated that, in contrast to IM (1 to 
2 µM), short-term (30 minutes) culture with therapeutically achievable concentrations of dasatinib (100 
nM) and nilotinib (1-2 µM) inhibited Bcr-Abl kinase activity almost completely. Higher concentrations of 
IM 20-30 µM (which are not achievable therapeutically) can also inhibit Bcr-Abl kinase activity 
completely. Despite almost complete reactivation of Bcr-Abl kinase activity within 2-3 hours of drug 
washout, short-term intense Bcr-Abl kinase inhibition triggers cells death in BCR-ABL1+ cell lines. This 
is not restricted to dasatinib as it can also be demonstrated with higher concentration of IM and nilotinib. 
These results are in contrast to the previously established paradigm that sustained Bcr-Abl kinase 
inhibition is required for optimal response. These findings can potentially change the way these drugs 
are administered and influence further drug development. Pharmacological agents with longer half-life 
are preferred over agents with shorter half life. Moreover in patients, dosing schedules are optimized to 
achieve sustained kinase or target inhibition, which might result in increased toxicity. Clinical studies 
and current in vitro studies suggest that intermittent near complete inhibition of target may be as 
effective as sustained partial inhibition. Further signaling studies presented in this chapter demonstrated 
that short-term intense Bcr-Abl kinase inhibition results in a state of “oncogenic shock” due to imbalance 
between survival and apoptotic proteins. Apoptotic proteins MAPK-p38 remain phosphorylated while 
pros-survival proteins p-STAT5 and p-Erk are degraded faster and rephosphorylated only after 6-8 
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hours following TKI washout. During this period cells commit irreversibly to cell death. This is 
demonstrated by the failure of reactivation of Bcr-Abl to rescue cells. These findings were published 
(Hiwase et al; Leukemia 2009).  
 
Subsequent studies compared the effect of pulsed and continuous dasatinib on CML-CD34+ cells. As 
the currently approved dasatinib schedule is a once daily dose, to mimic the in vivo condition CML-
CD34+ cells were stained with CFSE and cultured with either continuous or pulsed dasatinib (8 hours 
with and 16 hours without dasatinib or IM x 3 days). Results of these data were summarised in chapter 
6. Both pulsed and continuous dasatinib have similar antiproliferative effects on CML-CD34+ cells and 
both schedules triggered modest apoptosis. Moreover, neither schedule of dasatinib was able to 
eradicate the quiescent cells. Another important finding of these studies was that pulsed and continuous 
dasatinib induce similar effects on CML progenitors, despite active Bcr-Abl kinase for 16 hours following 
pulse-dasatinib. The clinical significance of this study is that the achievement of maximal Bcr-Abl kinase 
inhibition may alleviate the requirements for continuous kinase inhibition. This might mean that the peak 
blood level may be more clinically relevant than the trough level in the case of dasatinib therapy. Data 
presented in chapter 6 and 7 suggested that although 100 nM dasatinib is more effective than IM (1-2 
µM) in targeting Bcr-Abl kinase activity in CML progenitors this does not translate into a significant 
increase in progenitor cell death or elimination. As these experiments were performed in the presence of 
cytokines, cytokines might be contributing to Bcr-Abl independent TKI resistance. The findings were 
presented at the American Association Cancer Research Annual Conference 2007 (Los Angeles, USA). 
 
As shown in chapter 7, CML-CD34+ cells were cultured with short-term (100 nM dasatinib) or long-term 
dasatinib (10 nM) in the presence or absence of cytokines and the effect on colony forming (CFU-GM) 
progenitors cells (CFC) was assessed. Short-term intense Bcr-Abl kinase inhibition triggers cell death in 
CML-CD34+ cells in the absence of cytokines, but not in the presence of cytokines. Similarly cytokines 
also mediate dasatinib resistance during long-term culture although the effect was more pronounced 
during short-term culture. Cytokine mediated TKI resistance was demonstrated using three different 
dasatinib schedules (short-term, pulsed and continuous) and two independent assays (CFU-GM assay 
and CFSE staining to track quiescent cells). Hence further research was focused on the pathways 
activated by cytokines and possible combination therapy to circumvent cytokine mediated TKI 
resistance. Another lead was that targeting Bcr-Abl kinase alone may not be adequate to trigger cell 
death in LSC and early progenitors. Data presented in chapter 7 suggested that GM-CSF alone and the 
combination of 6-GF (IL-3, IL-6, G-CSF, TPO, Flt-3 ligand and SCF) mediate TKI resistance by 
activating JAK-STAT5 pathways. Dasatinib can block STAT5 phosphorylation in the absence of 
cytokines but not in the presence of GM-CSF or the combination of six growth factors. However, a 
combination of JAK2 inhibitor and dasatinib inhibited STAT5 phosphorylation even in the presence of 
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cytokines. These signaling data were further supported by the results of the CFU-GM assay. In the 
presence of cytokines the combination of JAK2 inhibitor and dasatinib eliminated more CML-CD34+ 
CFC as compared to dasatinib alone. These results suggest that cytokine-mediated TKI resistance can 
be circumvented by the combination of JAK2 inhibitor and TKI. These findings were published (Hiwase 
et al; Leukemia 2010).  
 
Future directions 
Dasatinib and nilotinib are effective in IM resistant CML-CP patients, however only 50% of patients 
achieve complete cytogenetic response by 24 months. Moreover 45-50% patients discontinued 
dasatinib or nilotinib therapies. With the exception of a few mutations, the response rate was similar in 
patients with and without mutations. At present there are not enough data to predict the patients and 
factors which influence the response to second generation TKIs. There is increasing clinical and in vitro 
evidence that CML-LSC are not eliminated by IM and more potent second generation TKIs. Although 
the current studies demonstrated the role of cytokines in TKI resistance, there is not much published 
literature assessing the expression of cytokine receptors on the surface of CML-progenitors. Further 
research will focus on assessing the cytokine receptor (GM-CSF, IL-3, G-CSF receptor) expression on 
CML-CD34+CD38+, CD34+/CD38- cells and their response to cytokines. Cytokine expression in IM 
sensitive and resistant patients (with or without mutations) will also be compared. Other mechanisms of 
TKI resistance will be assessed and the role of combination therapy in eliminating CML-LSC and early 
progenitors will be evaluated further in vitro and in murine studies.  
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Abstract: In the developed world, 85 to 90% of chronic myeloid leukemia patients are 

diagnosed in the chronic phase (CML-CP). With introduction of imatinib (IM), the treatment 

of chronic phase has significantly changed over the last decade. The majority of newly 

diagnosed CML-CP patients respond well to imatinib therapy with overall survival over 70% 

of long term recipients achieving complete cytogenetic response. However, ~30% of newly 

diagnosed CML-CP patients failed imatinib treatment during the first 5 years of therapy. 

Imatinib failure could be due to imatinib resistance and/or intolerance. Therapeutic options 

for patients with imatinib resistance include high dose imatinib, second generation tyrosine 

kinase inhibitors (TKIs) and stem cell transplantation (SCT). Selection of second generation 

TKIs (dasatinib or nilotinib) or high dose imatinib may be guided by the presence and type of 

mutation, disease phase at the time of IM resistance, and the patient’s tolerance to imatinib. 

Although the prognosis of CML-CP patients has improved significantly over last decade, 

there has not been much improvement in prognosis for advanced stage CML (accelerated 

phase and blast crisis) patients. Some patients with advanced phase CML will respond to 

imatinib and second generation TKIs. However, in most of the patients the risk of resistance 

is high and the response is short lived. Hence in many cases allogeneic stem cell 

transplantation should be the preferred approach once second chronic phase has been 

achieved.  

 

Key words: CML, Imatinib resistance, advanced phase CML, dasatinib, nilotinib 

 

 

 

 

Introduction:  
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Chronic myeloid leukemia (CML) is characterised by the t(9;22) which produces the  

constitutively active Bcr-Abl oncoprotein. Bcr-Abl chimeric oncoprotein leads to enhanced 

cellular proliferation, resistance to apoptosis and altered cell adhesion. Imatinib binds to the 

ATP binding pocket of the Bcr-Abl kinase domain, blocks phosphorylation of downstream 

proteins and induces apoptosis in CML cells. Five year follow up of the IRIS study 

(International Randomized Study of Interferon and STI-571) demonstrated the effectiveness 

of imatinib as front line therapy for CML-chronic phase (CP) patients. At 60 months 

estimated major cytogenetic response (MCyR) and complete cytogenetic response (CCyR) 

were achieved in 92% and 87% of patients respectively. Estimated overall (OS) and 

progression free survival (PFS, progression to accelerated and blast crisis phase) was 89% and 

93% respectively(1). 

 

The response to imatinib in newly diagnosed CML-CP patients varies considerably both in 

the speed and depth of response (degree of reduction of leukemic burden). Landmark analysis 

of the IRIS study demonstrated that patients who achieved major molecular response (MMR, 

≥3 log reduction in BCR-ABL transcripts from the standardised baseline) by 12 months have 

100% progression free survival at 60 months (disease progression was defined by any of the 

following events: death, accelerated-phase or blast-crisis CML, loss of complete 

haematological response or loss of major cytogenetic response). This compares favourably to 

patients who achieved CCyR or MCyR by 12 months(1). This demonstrates that the risk of 

developing progressive disease is related to the depth of early molecular response achieved. 

Hence it is important to closely monitor the patients on imatinib and identify patients who are 

not responding well. Recently an Expert panel on behalf of European Leukemia Net proposed 

guidelines for monitoring response(2) (Table 1).  

 

How to monitor newly diagnosed CML-CP patients receiving imatinib as a first 

line therapy? Patients who are on imatinib should be monitored with complete blood counts 



 4

(CBC) every 2 weeks until complete haematological response (CHR) is achieved and then 3 

monthly unless indicated otherwise. Real time quantitative polymerase chain reaction (RQ-

PCR) for BCR-ABL transcripts should be conducted every 3 months. Bone marrow 

cytogenetics should be undertaken at 6, 12 months and then every 12 months. Bone marrow 

cytogenetic examination should also be repeated if there is a progressive rise in BCR-ABL 

transcripts.  

 

Imatinib resistance:  

Imatinib failure could be due to imatinib resistance, poor compliance, toxicity leading to dose 

interruption, and drug interaction. Imatinib resistance can be divided into two broad 

categories, primary and secondary. Primary resistance to imatinib is defined as an inability to 

achieve a landmark response whereas secondary resistance is defined as loss of an established 

response(3). Imatinib resistance can be further subdivided into haematological, cytogenetic 

and molecular resistance. Failure to achieve CHR (normalization of peripheral blood counts, 

the differential leukocyte counts and spleen size) by 3 months despite therapeutic dose of 

imatinib is quite rare (2 to 4%) in newly diagnosed CML-CP patients(1).  A more commonly 

encountered problem is cytogenetic resistance (15 to 25% of patients) which includes failure 

to achieve any cytogenetic response after 6 months of treatment, MCyR (< 35% of Ph+ 

chromosome) at 12 months and CCyR at 18 months(1).  

 

Factors that can predict primary imatinib resistance: Data from correlative studies 

suggest that primary resistance is linked to the inability of the drug to effectively inhibit BCR-

ABL kinase. IC50imatinib is defined as the concentration of imatinib needed in vitro to inhibit 

phosphorylation of Crkl (a surrogate marker of Bcr-Abl kinase activity) by 50%. We  have 

demonstrated that 47% of patients with low in vitro IC50imatinib (<0.6 µM imatinib) achieved 

MMR by 12 months compared to 23% of patients with high IC50imatinib (4). This was further 

strengthened by in vivo kinase inhibition within the first 28 days, which predicted the 
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molecular response at 24 months. All patients who achieved ≥50% kinase inhibition within 

the first month achieved MMR by 24 months compared to only 50% patients who had <50% 

kinase inhibition(5). Patients treated with high dose of imatinib (600 to 800 mg daily) 

achieved earlier cytogenetic response compared to standard dose IM(6). Similarly some 

patients resistant to standard dose IM were rescued by high dose IM(7). Therefore primary 

imatinib resistance is most likely due to inadequate inhibition of Bcr-Abl kinase activity. 

 

Inadequate in vivo Bcr-Abl kinase inhibition can be multifactorial and early detection of these 

patients is crucial to optimise the therapy. Imatinib plasma concentration is determined by 

drug absorption and metabolism, as well as actual dose received. Subanalysis of IRIS study 

demonstrated that, at 12 months CCyR was achieved in 73%, 71% and 59% of patients with 

trough plasma imatinib of >1170 ng/ml, ≥647 to 1170 ng/ml and <647 ng/ml respectively(8). 

Moreover CCyR was more durable in patients with high plasma trough imatinib level (13% 

vs. 24% of patients lost CCyR) compared to patients with low plasma trough IM level(8).   

 

While plasma concentration of IM is important, the most relevant indication of kinase 

inhibition achieved may be the level of intracellular IM. For maximum Bcr-Abl kinase 

inhibition higher intracellular tyrosine kinase inhibitors (TKI) concentration is also crucial. 

We have demonstrated that the variation in in vitro  IC50imatinib is predominantly due to 

variation in intracellular imatinib cellular uptake and retention (IUR). Wang et al initially 

reported imatinib is actively transported into cells by human organic cation transporter 

(hOCT1)(9). Patients with high OCT-1 activity have low IC50imatinib  presumably because at a 

given imatinib concentration they achieve higher intracellular drug concentrations(10). Our 

group also demonstrated that low OCT-1 activity is the major determinant of suboptimal 

response to imatinib. In our study, 85% patients with high OCT-1 activity achieved MMR by 

24 months versus 45% with low OCT-1 activity(11). Clark and colleagues have recently 

reported that patients with high OCT-1 mRNA expression prior to treatment had higher 

response compared to patients with low OCT-1 mRNA expression(12). 
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Sokal score at diagnosis also predicts the response, 49%, 67% and 76% of patients with high, 

intermediate and low risk Sokal score achieved CCyR at 12 months(13). The probability of 

primary imatinib resistance also depends on the duration of disease prior to starting imatinib 

and response to previous treatment. MCyR and CCyR were achieved in 67% and 57% of late 

CP patients who failed interferon therapy (14), compared to 92% and 87% of newly 

diagnosed CML-CP patients(1). Imatinib failure is also more common in advanced phase 

patients, 76% of patients in accelerated phase (AP) and 84% of patients in blast crisis (BC) 

failed to achieve MCyR (15, 16). 

 

As multiple mechanisms may contribute to primary resistance, the best management will be to 

identify patients who may be susceptible to imatinib resistance and tailor the treatment 

accordingly. Patients with low OCT-1 activity and high IC50imatinib may benefit from higher 

dose imatinib or second generation tyrosine kinase inhibitors (dasatinib or nilotinib) which are 

not predominantly dependent on OCT-1 for their cellular transport (10, 17). However these 

predictive assays need to be prospectively validated before they can be applied clinically. 

 

Risk factors and mechanisms of secondary resistance: Secondary resistance 

frequently evolves out of primary resistance and hence primary resistance should be 

considered as an important risk factor for secondary resistance. Other risk factors for 

secondary resistance are disease phase and duration of chronic phase prior to imatinib. After 

60 months, 16% of patients with early CP-CML developed secondary resistance or disease 

progression(1). At 48 months, 26% of late CP patients previously treated with interferon –

alpha  developed secondary resistance or progressive disease. The secondary resistance rate 

was significantly higher in accelerated (73%) and blast crisis patients (95%) of CML(3).  
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Resistance to imatinib could theoretically either be due to a failure to maintain kinase 

inhibition or the capacity of resistant CML cells to propagate and survive despite kinase 

inhibition. In most cases there is reactivation of Bcr-Abl kinase activity within leukemic cells 

despite the presence of imatinib. Point mutation in the BCR-ABL kinase domain is the most 

common cause (50 to 60% of cases) of acquired imatinib resistance (18-23). Mutations that 

cause imatinib resistance are usually those that lead to a Bcr-Abl protein with a functional Abl 

tyrosine kinase domain, but impaired drug binding. More than 90 mutations have been 

identified in association with resistance and they are located throughout the kinase domain, 

including the ATP binding loop (P loop), imatinib binding sites, activation loop (A loop), 

catalytic domain and the carboxy terminal. However 15 common mutations account for >90% 

of all mutations (Fig.1). These common mutations include T315I, Y253F/H, E255D/K/R/V, 

M351T, G250A/E, F359C/L/V and H396P/R(24).  

 

Other proposed mechanisms of acquired imatinib resistance include overexpression and 

amplification of the BCR-ABL gene(18, 19), activation of BCR-ABL independent pathways 

such as members of the Src kinase family(25), binding of imatinib to serum alpha-1 acid 

glycoprotein(26) and increased drug efflux through the multidrug resistance protein(9, 27). 

 

Therapy for imatinib resistant CML-CP patients: Approximately 30% of CML 

patients receiving imatinib as a first line therapy will discontinue treatment by 5 years because 

of resistance or intolerance. As Bcr-Abl signalling is usually reactivated at the time of 

resistance, it remains the critical target for therapy. 

 

High dose imatinib for resistant patients: High dose imatinib (300 to 400 mg BID) 

achieved CHR, MCyR and CCyR in 45%, 56% and 18% of evaluable CML-CP who were 

resistant to lower doses of imatinib (300 to 400 mg daily)(7). These findings were supported 

by another study in which high dose imatinib induced CHR, MCyR, CCyR and MMR in 82%, 
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33%, 16% and 4% of patients resistant to standard dose imatinib(28). Thus some patients 

resistant to lower doses of imatinib can be rescued by high dose imatinib. 

 

Nilotinib trials in imatinib resistant/intolerant CML-CP patients: Nilotinib, a 

phenylaminopyrimidine derivative of imatinib is 30 times more potent than imatinib in vitro 

as an Abl inhibitor (IC50=25 nM), but is more selective, having activity similar to imatinib 

against c-kit (IC50=90 nM) and PDGFRβ (IC50=72 nM) receptor kinases(29). Like imatinib, 

nilotinib binds the inactive conformation of Abl. However unlike imatinib, it does not need to 

distort the kinase domain as much to achieve good binding. 

 

In a phase I study of nilotinib, 92%, 17% and 17% of imatinib resistant CML-CP patients 

achieved CHR, MCyR and CCyR respectively(30). These encouraging results were further 

confirmed in a phase II study of CML-CP patients (n=280) resistant (69%) or intolerant 

(31%) to imatinib(31). At 6 months CHR, MCyR and CCyR were achieved in 74%, 48% and 

31% of patients respectively. OS and PFS at 18 months were 91% and 64 %. The MCyR rates 

were similar (47% and 48% respectively) in imatinib intolerant and resistant patients. 

Responses were obtained across all mutations except T315I; although patients with mutations 

appeared to have lower rates of response(31). 

 

Dasatinib trials in imatinib resistant/intolerant CML-CP patients: Dasatinib 

(BMS-354825; Bristol-Myers Squibb) is a highly potent, orally active tyrosine kinase 

inhibitor. It inhibits Bcr-Abl, Src family, c-kit, PDGFR and ephrine receptor tyrosine kinases. 

It is >300 times more potent than imatinib in in vitro cell proliferation assays and active 

against most of the imatinib resistant mutants except T315I(32).  

 

In a phase I study of dasatinib, 92%, 45% and 35% of IM resistant/intolerant CML-CP 

patients achieved CHR, MCyR and CCyR respectively(33). These promising results were 
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further confirmed in a phase II study, 90%, 55% and 40% of imatinib resistant patients 

(n=288) achieved CHR, MCyR and CCyR respectively(33). The responses were higher in 

imatinib intolerant patients. CHR, MCyR and CCyR were achieved in 94%, 80% and 75% of 

imatinib intolerant patients respectively(33). The MCyR were similar in patients with and 

without baseline mutations (59% vs. 58%)(34). Estimated OS and PFS at 24 months was 94% 

and 80% respectively(33). In a phase III dose optimisation study, imatinib resistant/intolerant 

CML-CP (n=670) patients were treated with four different schedules of dasatinib including, 

100 mg daily, 50 mg BID, 140 mg daily and 70 mg BID. Comparable CHR (86% to 90%), 

MCyR (54% to 59%) and CCyR (41% to 45%) were achieved in all four groups. Time to and 

duration of cytogenetic response were similar in all 4 groups. Compared to 70 mg BID 

regimen, dasatinib 100 mg daily resulted in significantly lower rates of pleural effusions (16% 

vs. 7%) , grade 3 to 4 thrombocytopenia (37% vs. 22%) and fewer patients required dose 

interruption (68% vs. 51%), reduction (55% vs. 30%) or discontinuation (23% vs. 16%)(35).  

 

Bosutinib in imatinib resistant/intolerant CML-CP patients: Bosutinib (SKI-606) is 

an orally bioavailable dual Src/Abl inhibitor, 100 to 200-fold more potent ( in vitro) than 

imatinib(36). Unlike imatinib, bosutinib does not exhibit significant inhibition of c-kit or 

PDGFR  which may result in a relatively favourable safety profile(36). In a phase II study of 

imatinib resistant or intolerant CML-CP patients, 76% and 30% of patients achieved CHR, 

CCyR respectively(37). Responses were achieved in patients with and without P loop 

mutations. The drug was well tolerated with grade 3 to 4 non haematological and 

haematological toxicities occurring in 5 to 10% of patients(37). 

How to choose the TKI for imatinib failure CML-CP patients? 

Imatinib failure (primary resistance) is defined in the Leukemia Net recommendations as, 

failure to achieve CHR by 3 months, any cytogenetic response by 6 months, MCyR by 12 

months or CCyR by 18 months(2). These patients can be further subdivide into two groups. 

Patients who tolerated the standard dose of imatinib (400 mg daily) but failed to achieve 
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target responses and other group includes patients who could not tolerate full dose of 

imatinib, required multiple dose interruption or dose reduction and failed to achieve target 

response. Patients in the former group should be investigated further, including trough plasma 

imatinib level, compliance check, mutation analysis (less likely to be positive for mutation). 

Compliant patients with lower trough plasma imatinib level may be treated with high dose 

imatinib and observed closely, while patients with high trough plasma imatinib level may 

benefit from switching to a second line TKI. A second group of patients are those who could 

not tolerate full dose imatinib in spite of appropriate supportive care and failed to achieve 

target response. Second line TKI may be appropriate in some patients with recurrent ≥3 grade 

non-haematological toxicities as there is minimal cross-intolerance (defined as the occurrence 

of ≥3 grade toxicity with dasatinib or nilotinib which was previously reported in the same 

patient receiving imatinib) with dasatinib or nilotinib. However the haematological toxicities 

of second line TKI are similar or higher than standard dose imatinib hence it may be more 

difficult to maintain therapeutic doses of TKI’s in patients with significant haematological 

toxicities. 

 

Patients who lose a previously achieved response should initially have a repeat assay to 

confirm loss of response, and a careful check of compliance. If loss of response is confirmed 

then patient should be further investigated including mutation analysis, bone marrow  

aspiration to assess disease progression and cytogenetic analysis to detect additional 

chromosomal abnormality. Treatment options for patients who have lost previously achieved 

response (secondary resistance) but remained in CP include high dose imatinib, second line 

TKI  and allogeneic stem cell transplantation. In a randomised study of imatinib resistant 

patients, dasatinib resulted in significantly higher CHR (93% vs. 82%), CCyR (40% vs. 16%) 

and MMR (16% vs. 4%) compared to high dose imatinib. Significantly more patients 

discontinued high dose imatinib than dasatinib (82% vs. 28%, p<0.0001) and most of the 

discontinuations (61%) in high dose IM group were due to lack of response or disease 

progression(28). Moreover, high dose imatinib is not a viable choice for patients who are 
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intolerant to standard dose imatinib or in patients who have mutations that are highly resistant 

to imatinib. As there are several effective second generation TKI available it may be 

reasonable to switch patient on to another TKI in most cases of acquired resistance. The next 

question is rather more difficult, which second generation TKI to select, dasatinib or  

nilotinib. In phase I and II trials both dasatinib and nilotinib demonstrated similar efficacy. 

We highlight some features which may help in decision making.  

 

Although studies on dasatinib and nilotinib have demonstrated similar responses in patients 

with and without baseline mutations, a closer look at the data reveals that responses vary with 

sensitivity of mutations as determined by in vitro analysis. Patients harbouring native BCR-

ABL or dasatinib sensitive mutation (dasatinib IC50<3 nM; G250E, Y253F/H, M315T, 

E355G, F359V, V379I, L387M, H396P, H396R, M244V) had comparable response rates. 

Whereas patients with mutations conferring intermediate sensitivity to dasatinib in vitro 

(IC50: 3 to ≤60 nM; Q252H, E255K/V, V299L and F317L/V) exhibited lower rates of MCyR 

(15 to 20% compared to 50 to 55% in patients with native BCR-ABL). None of the patients 

with the highly resistant mutation T315I responded to dasatinib(38). Similarly, nilotinib 

responses also varied according to baseline mutations. In a phase II study of nilotinib, CHR 

(85% vs. 67%), MCyR (60% vs. 49%) and CCyR (45% vs. 29%) were higher in patients 

without baseline mutations compared to patients with baseline mutations. Among patients 

with baseline mutations, responses differed according to in vitro sensitivity of mutant clones 

against nilotinib. Patients with sensitive mutations (IC50<100 nM; M244V, E275K, D276G, 

F317L, M351T, E355A, E355G, L387M) had response rate comparable to patients without 

baseline mutations. The response rates were lower in patients with less sensitive mutation 

(IC50=201 to 800 nM; Y253H, E255K, E255V and F359C) and none of the patients with 

highly resistant T315I (IC50>10000 nM) mutations responded(31). In the same study, 

progression rates were higher among patients with baseline mutations compared to patients 

without baseline mutations (40% vs. 15%) and the majority of the patients (7/9) harbouring 
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F359V progressed during follow up(39). Hence baseline mutations in imatinib 

resistant/intolerant patients may guide further treatment selection.  

 

For patients harbouring mutations which are insensitive to nilotinib (e.g Y253F, E255K, 

F359C), dasatinib may be a valid alternative. Similarly for patients with intermediate 

sensitivity mutants to dasatinib ((F317L and V299L), nilotinib may be a more suitable  

alternative. Allogeneic stem cell transplantation (SCT) for eligible patients is the preferred 

treatment for patients with the T315I mutation. Thus in vitro mutation sensitivity data may be 

a useful guide. However there are limitations with these assays. In vitro sensitivity of mutant 

clones depends on the assay type and is based on a single mutant clone, however in some 

patients there are more than one mutant clone or clone(s) with multiple mutations. The ratio 

of mutant clones to native Bcr-Abl clone may vary within the same patient over a period of 

time. For such patients in vitro mutation analysis may not be so helpful. Moreover there is no 

IC50 data available for most patients mutations. Furthermore around 40% of imatinib 

resistant patients have no KD mutations to guide therapy selection. 

 

Another issue that needs to be considered is the toxicity profile of the second generation TKI 

drugs. Nilotinib is more potent than imatinib, but non-haematological toxicity is no more 

common than it is for imatinib. This may be due to the relative selectivity of nilotinib against Bcr-

Abl (relative to other targets, such as Src-family or c-Kit kinases). Toxicity profiles of nilotinib 

and imatinib are different with minimal cross intolerance (31). Most common adverse effects of 

nilotinib include skin rash (28%), nausea and pruritis (24% each), headache and fatigue (19% 

each)(31). While most common adverse effects of imatinib include, superficial oedema (55%), 

nausea (43%), musculoskeletal pain (36%), rash (34%), diarrhoea (33%), headache (31%) (40). 

Hence for patients with cardiac failure and/or imatinib induced significant fluid retention problem 

nilotinib may be preferred over high dose imatinib or dasatinib. 
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There are no randomised studies comparing dasatinib and nilotinib, however data from different 

studies suggest that non haematological toxicities of dasatinib are different to nilotinib. Frequency 

of grade 3 to 4 neutropenia (33% vs. 29%) and thrombocytopenia (22% vs. 29%) were not 

significantly different between dasatinib (100 mg daily) and nilotinib treated patients. However 

the non haematological toxicities (all grades) such as pleural effusion (7% vs. 1 %), peripheral 

oedema (14% vs.<1 %), diarrhoea (23% vs. 11%), headache (30% vs. 19%) were more frequent 

in dasatinib treated patients (100 mg daily) compared to nilotinib treated patients(31, 35).  

 

The selection of appropriate second line TKI for patients with imatinib failure can be based on the 

type of mutation(s), patient’s tolerance to imatinib and type of toxicities. Other features such as 

patient specific IC50 of dasatinib or nilotinib may be helpful. However these tests need to be 

proven in prospective studies. Treatment options for patients who failed imatinib treatment and 

progressed to accelerated phase (AP) or blast crisis (BC) are discussed in the next section.  

 

Therapeutic options against T315I mutations:  The T315I mutation occurs in ~15% of 

imatinib resistant patients with a mutation and may be more frequently detected in patients 

with advanced CML and Ph+ ALL(24). Survival of patients with the T315I mutation mostly 

depends on the stage of the disease. At 2 years, 87% of  chronic phase patients with T315I 

mutation were alive and many patients had an indolent course(41). Patients with the T315I 

mutation are resistant to imatinib, dasatinib, nilotinib and bosutinib. Allogeneic stem cell  

transplantation is a potentially curative treatment for these patients. PHA-739358(42), KW-

2449(43) and homoharringtonine(44, 45) are in early clinical testing for patients with T315I 

mutations. New classes of molecules including non-ATP-competitive inhibitors(46), 

inhibitors of BCR-ABL T315I kinase downstream effectors are currently under preclinical 

evaluation.  
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How to monitor patients on second generation TKI (2TKI): Approximately 50% of 

imatinib resistant patients treated with dasatinib or nilotinib will not achieve CCyR. Patients 

who were treated with 2TKI for imatinib failure and achieved MCyR at 12 months had a 

higher projected survival (97% vs. 84%, p=0.02) for the next 12 months than patients who did 

not achieve MCyR. Similarly more patients on 2TKI who did not achieve MCyR at 12 

months progressed compared to patients who did achieve MCyR at 12 months (17% vs. 3 %, 

p=0.003)(47). Hence patients who did not achieve MCyR at 12 months could be considered 

for alternative therapy. The decision to switch will depend on the available options. Response 

at earlier time point can predict the response to 2TKI at 12 months. Only 7% and 3% of 

patients who did not achieve minor cytogenetic response (MiCR) at 3 and 6 months achieved 

MCyR at 12 months. In contrast 67% and 50% of patients who achieved MiCR at 3 and 6 

months respectively achieved MCyR at 12 months(47).  

 

Monitoring of patients on 2TKI  is guided by the phase of disease and the reason for starting 

2TKI (imatinib intolerance or resistance). Imatinib intolerant or slow responders CML-CP 

patients (patients who have demonstrated progressive drop in Ph+ve chromosomes and/or 

BCR-ABL transcript but failed to achieve target response) who were switched to 2TKI can be 

monitored with CBC every two weeks, RQ-PCR for BCR-ABL every 3 months, bone marrow 

cytogenetic analysis at 6 months, 12 months and then 12 monthly. While patients who lose 

previously achieved response (but maintained CP) and/or had rapidly rising BCR-ABL level 

or Ph chromosome metaphases should be monitored very closely by RQ-PCR for BCR-ABL 

monthly until progressive fall in BCR-ABL is demonstrated and then 3 monthly. These 

patients may need bone marrow aspiration and cytogenetic at 3, 6 and 12 months. Frequency 

of mutation analysis will be depend on the baseline mutation status. Patients with baseline 

mutations probably need mutation analysis every 3 months or when there is a confirmed rise 

in BCR-ABL transcripts or Ph+ve chromosomes. Patients without baseline mutations may not 

require regular mutation analysis unless the BCR-ABL value at 3 months is >10% IS. 
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However these suggestions are still tentative and may change with increasing experience in 

managing these patients.  

 

Advanced stage CML:  

Advanced stage CML includes patients with accelerated phase and blast crisis. Progression to 

advanced phase is associated with a marked worsening of prognosis with median survival of 

1–2 years in AP and 3 to 6 months in BC.  

Accelerated phase: World Health Organization (WHO)(48), International Bone Marrow 

Transplant Registry (IBMTR) and MD Anderson Cancer Center (MDACC)(49) criteria for 

diagnosing AP differ and are summarized in Table 2. Clonal evolution (CE), defined as the 

appearance of additional chromosomal abnormality in the leukemic clone, is one of the 

criteria to define AP. CE occurs in 20 to 40% of AP patients(49-51) and common 

chromosomal abnormalities include trisomy 8 (30 to 40%), isochromosome 17i (17q, 15-

20%), additional Philadelphia chromosome (20-30%)(49). Patients who were diagnosed as 

AP on the basis of CE have much better outcome compared to patients who have other criteria 

of AP(52).  

Treatment for patients with accelerated phase CML: Accelerated phase patients 

steadily progress to blast crisis if untreated. Median survival of patients treated with only 

hydroxyurea were 1 to 2 years(49). Kantarjian et al reported CHR in 25% of AP patients 

treated with daunorubicin and high dose cytarabine, however the responses were transient and 

median survival was 8 months(53). The response to interferon was also poor in AP patients, 

only 20 to 30% patients achieved some haematological response and cytogenetic response 

was rare(54, 55). Combination of cytarabine and interferon resulted in 50% and 5% of CHR 

and MCyR respectively(55). 
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In a phase II study of imatinib in AP patients, higher CHR (37% vs. 27%) , MCyR (28% vs. 

16%) and CCyR (19% vs. 11%) were achieved with 600 mg daily compared to 400 mg 

daily(16). Imatinib 600 mg daily also resulted in higher OS at 12 months (78% vs. 65%) 

compared to 400 mg daily. Although imatinib responses were superior to historical controls 

(e.g. interferon, hydroxyurea), 50 % of imatinib treated AP patients progressed and 38% of 

patients died within 4 years of treatment(56). Hence it is crucial to monitor these patients 

closely and identify poor responders early, particularly if transplant options are available. AP 

patients who achieved MCyR at 3 months had significantly better 3 year survival compared to 

patients who did not achieve MCyR at 3 months (85% vs. 52%, P<0.001)(57).  

 

In a phase I study of nilotinib, 46%, 27% and 14% of imatinib resistant CML-AP patients 

achieved CHR, MCyR and CCyR respectively(30). A phase II study of CML-AP patients 

(n=136) resistant (81%) or intolerant (19%) to imatinib also demonstrated the efficacy of 

nilotinib. CHR, MCyR and CCyR were achieved in 26%, 29% and 16% of patients and the 

median duration of response was 15 months (Table 2). The estimated OS at 12 months was 

79% . The rate of MCyR at 6 months was not significantly different in patients with and 

without baseline mutations (21% and 36% respectively)(58). Nilotinib was well tolerated and 

median dose intensity was 99% of intended dose. Grade 3 to 4 neutropenia and 

thrombocytopenia occurred in 21% and 35% of patients respectively.  

 

Dasatinib studies have also demonstrated efficacy in imatinib resistant or intolerant AP 

patients. In a phase I study of dasatinib 45%, 27% and 18% IM resistant/intolerant CML-AP 

patients achieved CHR, MCyR and CCyR(59). This was further confirmed in a phase II study 

of 161 CML-AP patients (60). CHR, MCyR and CCyR were achieved in 39%, 33% and 24% 

patients respectively. At 12 months PFS and OS were 66% and 82% respectively. Responses 

were  achieved in all patients irrespective of their baseline mutation status (except T315I). 

Grade 3–4 neutropenia and thrombocytopenia were reported in 76% and 82% of patients(60). 
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In an ongoing Phase I trial of bosutinib, CHR and MCyR were achieved in  4/14 (29%) and 

3/9 (33%) of evaluable patients with CML-AP (61). 

INNO-404 is a dual Abl/Lyn kinase inhibitor, is 55 times more potent than imatinib in vitro 

and active against most of the imatinib resistant mutants except T315I.. Unlike other second 

generation TKIs,  INNO-406 demonstrates specific Lyn kinase activity with no or limited 

activity against other Src-family member kinases. Phase I studies are ongoing and early 

results show some activity in heavily pre-treated CML-AP and BC patients. Other drugs 

which have demonstrated some activity in AP patients include homoharrington(62), 

decitabine(63) and farnesyl transferase inhibitors(64). 

Allogeneic stem cell transplantation can be curative in approximately 30 to 40% of 

these patients and therefore should be considered in CML-AP patients(65-67). At 

present, front line therapy with imatinib (600 mg daily) probably is appropriate for all 

AP patients who have not received prior imatinib therapy. CML-CP patients who 

progressed to AP while on imatinib therapy should be treated with second generation 

TKI (dasatinib or nilotinib) as a bridge to allogeneic stem cell transplantation if donor 

is available. Phase II studies of dasatinib and nilotinib demonstrated similar efficacy 

in imatinib resistant AP patients. Hence sensitivity of kinase domain mutations and 

adverse effects may guide the selection of second generation of TKIs. However these 

suggestions are still tentative. 

Blast crisis (BC): BC is characterized by the presence of ≥30% blasts in the peripheral 

blood or bone marrow or by the presence of extramedullary disease(68). However WHO 

diagnostic criteria for BC are different and are summarised in Table 3. The overall prognosis 

for BC patients is poor, with median survival of 3 to 12 months. With effective front line 

therapy for CP, fewer patients will progress to AP or BC. In the IRIS study, 1.5, 2.8, 1.6, 0.9 

and 0.6% of patients progressed to AP or BC during 1st, 2nd, 3rd ,4th and 5th year of follow up 
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respectively(1). This suggests that the risk of transformation is maximal during the first 2 

years of imatinib therapy and progressively decreases after that. Moreover patients who have 

achieved MMR by 12 months, have 100% progression free survival by 60 months(1). These 

data indicate that depth of response during first year of treatment determines their long term 

outcome, hence with availability of newer and more potent second generation TKIs for IM 

resistant patients the risk of disease progression may be further reduced. As BC remains 

incurable, a concern during treating CP patients is the risk of sudden blast crisis (sudden onset 

BC within three months of documented CHR), which may not allow time for alternative 

therapies. Sudden blast crisis has been reported in 0.5 to 2.5% of patients treated with 

interferon. Kantarjian et al reported 0.7% of sudden blast crisis in cohort of 541 CML-CP 

patients treated with imatinib(69).  

Approximately 50% of BC patients have myeloid phenotype (MBC), 25% have lymphoid 

phenotype (LBC) and 25% have an undifferentiated phenotype(70). Patients who have LBC 

tend to be younger than patients with MBC. The median survival of LBC patients is 12 

months, which is somewhat longer than MBC (3 to 6 months) patients(71, 72). Other features 

that are associated with adverse prognosis include CE, bone marrow blast >50%, and platelet 

count <50x109/L(72).  

Nearly two-thirds of patients in BC have CE and common chromosomal abnormalities 

include trisomy 8 (33%), isochromosome 17i(17q, 20%), trisomy 19 (12%) additional 

Philadelphia chromosome (30%), trisomy 21(7%), and monosomy 7 (5%)(73). The 

mechanism of transformation to BC is not entirely understood. Differentiation arrest, genomic 

instability, telomere shortening and loss of tumour-suppressor functions are involved in 

transformation. The differentiation arrest is by suppression of translation of the transcription 

factor CEBPα. BCR-ABL suppress translation of CEBPα by increasing stability of the 

transcriptional regulator, heterogeneous nuclear ribonuceloprotein E2 (HNRNPE2)(74). The 

increased genomic instability in CML cells is the result of their reduced capacity to survey the 

genome for DNA damage and to correctly repair the DNA lesions, which leads to 
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accumulation of deleterious mutations in genes that are essential for maintaining normal cell 

physiology. Mismatch repair is responsible for detecting misincorporated nucleotides, 

resulting in excision repair before point mutations occur and/or induction of apoptosis to 

avoid propagation of cells carrying excessive DNA lesions. Bcr-Abl kinase abrogates 

mismatch repair activity to inhibit apoptosis and induce mutated phenotype(75).  Impairment 

of tumor suppressor genes such as TP53, retinoblastoma 1, CDKN2A and others(76-82) have 

been reported. Protein phosphatase 2a (PP2A) acts as tumor suppressor in CML by 

antagonizing BCR-ABL. The inactivation of PP2A is associated with disease progression. 

BCR-ABL inhibits PP2A by post-transcriptional upregulation of SET, a phosphoprotein that 

functions as a physiological inhibitor of PP2A(83).  

Treatment for CML blast crisis patients: Before TKI, BC patients were treated 

with intensive chemotherapy, allogeneic stem cell transplantation or palliated. AML-

induction regimens (usually a combination of cytarabine and anthracyclines) were 

used to treat myeloid, undifferentiated, and mixed-lineage BC patients. These 

regimens were associated with response rate of 20 to 30%, however most responses 

were transient, with median survival of 4 to 10 months(72, 84, 85). In a single 

institute study of non lymphoid blast crisis patients, response rate (26% vs. 28%) and 

survival (7 vs. 5 months) were similar with decitabine and intensive 

chemotherapy(84). In another phase II study, low dose decitabine induced 

haematological response in 84%, 41% and 34% of imatinib resistant CML-CP, AP 

and BC patients respectively, although median duration of response was 3.5 months 

only(86).  

In a phase II study of imatinib in CML-BC patients (n=260) CHR, MCyR and CCyR 

were achieved in 8%, 16% and 7% of patients respectively (Table 4). The median 

survival was 7 months and estimated OS at 18 months was 20%. Patients with MCyR 
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had longer median OS compared to patients without MCyR (12 vs. 6 months) (15). At 

the recommended dose of 600 mg, an estimated 7% patients remained progression-

free and 14% patients were alive at 36 months after initiation of imatinib(57). Poor 

survival in imatinib treated BC patients was also confirmed in another study, median 

OS and PFS were 7 and 3 months respectively(87). Combination of imatinib with low 

dose cytarabine and idarubicin resulted in 47% of CHR with median survival of 5 

months in myeloid blast crisis (MBC) patients(88). In a phase II study of combination 

of imatinib and decitabine, haematological response rates were higher (53% vs. 14%) 

in CML-MBC patients without kinase domain mutations compared to patients with 

kinase domain mutations. However median duration of haematological response was 

only 18 weeks and myelosuppression was the major adverse effect(89). Combination 

of imatinib with HyperCVAD was used to treat CML-lymphoid blast crisis (LBC) and 

Ph+ALL patients. Complete response was achieved in 5/7 CML-LBC patients. The 

addition of imatinib did not result in significant additional myelosuppression or 

nonhaematological toxicities(90). These data suggest that imatinib as a single agent 

and in combination is not adequate to treat patients with BC. 

In a phase I study of nilotinib, 42% and 21% of imatinib resistant BC patients 

achieved haematological response and MCyR respectively(30). In a phase II study of 

nilotinib, CHR were achieved in 13% of MBC (n=87) and 26% of LBC (n=27) 

patients respectively. However, 88% of patients discontinued treatment and most 

(53%) of the discontinuation were due to disease progression(91).  

 

In a phase I study of dasatinib, CCyR were achieved in 29% of MBC patients(59) and 

these results were subsequently confirmed. In a phase II study major haematological 

response (MHR), MCyR and CCyR were achieved in 34%, 33% and 26% of MBC 
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patients (n=109) and 31%, 52% and 46% of LBC patients (n=48)(92). In MBC group, 

CCyR were similar in patients with P loop mutations (21%), with other mutations 

(25%) and without baseline mutations (22%). However in LBC the CCyR were lower 

in patients with P loop mutations (27%) compared to patients with other mutations 

(43%) and no baseline mutations (50%). In spite of good cytogenetic response, 

duration of response was short. Median PFS and OS were 6.7 and 11.8 months in 

MBC,  3 and 5.3 months in LBC respectively. During follow up of this study 59% of 

MBC and 77% of LBC patients progressed and >50% patients were dead(92). 

 

In an ongoing Phase I trial of bosutinib, 25% and 33% of evaluable BC patients achieved 

CHR and MCyR (61). However there were fewer patients and median follow up was 2.3 

months only. 

The pursuit of novel approach to effectively treat BC is continuing. There is 

increasing appreciation that an excess of proangiogenic factors including vascular 

endothelial growth factor (VEGF), platelet derived growth factors and basic fibroblast 

growth factor are involved in the pathogenesis of leukemias(93-95). Clinical trials 

with anti-VEGF monoclonal antibodies (bevacizumab) and receptor tyrosine kinase 

inhibitors directed at VEGF receptor family are currently being conducted. Other 

drugs which are in the early clinical phase are mTOR inhibitors, farnesyl transferase 

inhibitors, histone deacetylase inhibitors, homoharrington, arsenic trioxide, 

bortezomib. 
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Allogeneic stem cell transplantation for advanced phase patients: Allogeneic stem 

cell transplantation is the only potentially curative treatment for advanced phase CML 

patients, although results are significantly inferior than in CP. Survival following SCT is 

determined by various factors. Gratwohl et al developed a risk assessment score for the 

outcome of transplantation that involves five prognostic factors including recipient age and 

disease stage at transplantation, donor type, donor/recipient gender combination and the 

interval from diagnosis to transplantation(96). Disease phase at the time of transplantation 

remains the main determinant of transplant outcome. In the pre-imatinib era, five year 

survival of patients transplanted in 1st CP, AP and BC were 50-80% , 30-40% and 10-20% 

respectively(66, 67). BC patients transplanted in second chronic phase (CP2) had survival 

similar to AP patients (66, 67, 97). Visani et al also reported that achieving CP2 by induction 

chemotherapy prior to allogeneic SCT improves OS and DFS following transplant (98). 

However some argue that achieving CP2 by chemotherapy might be selecting the best 

biological group for allograft. Transplant related mortality (TRM) was significantly higher 

among patients transplanted in AP and BC (20% and 60% at 1 and 3 years) compared to 

patients transplanted in CP1 or CP2 (12% and 20% at 1 and 3 years)(99).  

 

Studies presented in the previous section demonstrated that imatinib, dasatinib and nilotinib 

treatment can induce CHR and MCyR  and even CCyR in some advanced phase patients, 

however these responses were short lasting and relapses were very likely, particularly in BC 

patients. Hence, TKI as monotherapy are not adequate to treat advanced phase patients, 

especially BC patients. The next question is, can we use these TKI as a bridge to SCT? Does 

IM prior to SCT increase post SCT complications? As TKI induce CP2 in some advanced 

disease patients (~50% of patients)(100, 101) and there is evidence that transplanting in CP2 

may lead to improved survival(98) compared to transplanting in BC, does TKI prior to SCT 

improve the survival of these patients? 
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Recently, survival and post transplant complications of advanced disease patients treated with 

IM prior to transplant were compared with patients who did not receive IM prior to SCT. IM 

treatment prior to SCT did not increase post transplant toxicity, transplant related mortality or  

non relapse mortality(97, 100, 102-104). There was no increase in hepatotoxicity and 

engraftment was not delayed(97). The effect of IM on acute graft versus host disease (GVHD) 

and chronic GVHD is debatable. Most of the studies reported no difference in acute GVHD 

(97, 100, 102, 104-106) while another group reported that there may be an increased acute 

GVHD(107) in IM treated patients compared to historical control. Chronic GVHD in IM pre 

treated patients were reported to be less common in some studies(97, 100) while more 

common in another study (102) compared to historical control. Thus current evidence would 

suggest that imatinib treatment prior to SCT does not increase post SCT complications and 

hence can be used while searching for a suitable donor. 

 

Most of the reported studies demonstrated that IM prior to SCT induces CP2 in ~40 to 50% of 

AP and BC patients(97, 100, 103) and there is increasing evidence that patients transplanted 

in CP2 have less transplant related complication and non relapse mortality(98, 100, 102). 

However, all these studies failed to demonstrate survival advantage following SCT in IM pre-

treated patients compared to historical control(97, 100, 102). Post SCT, median PFS and OS 

of IM pre-treated advanced phase patients were 6 and 9 months respectively(100) and 3 years 

OS ranged from 34% to 48%(97, 102). Oehler et al reported similar post SCT survival in 

patients who progressed from CP to advanced phase prior to SCT, advanced phase patients 

returned back to CP or AP and those who did not respond to IM(97). The possible explanation 

for lack of survival benefit in patients who received IM prior to SCT, may be that in recent 

studies more patients were transplanted with unrelated donor compared to matched related 

donor which increases the non relapse mortality. Secondly imatinib allowed more patients to 

be transplanted who otherwise would not have had SCT.  

 



 24

Thus there is no evidence that TKI therapy prior to SCT improved survival in advanced phase 

patients. Clearly the best management is to prevent disease progression to advanced phase. 

Patients who progress to advanced phase CML or present with de-novo advanced phase 

disease can be treated with TKI until a suitable donor is available and should progress to SCT 

as early as possible. There are no randomised studies comparing effectiveness of imatinib, 

dasatinib and nilotinib in advanced phase CML. Comparing different phase II studies, 

responses to dasatinib were higher compared to imatinib and nilotinib, however responses to 

all TKIs were short lived. 

 

Recommendations for patients with de-novo AP and BC: Patients presenting with 

de-novo AP should be treated with imatinib (600 mg daily) and monitored closely 

with RQ-PCR and mutation analysis 3 monthly(21). Donor search should be started at 

diagnosis and patients with suitable donors should be considered for allogeneic stem 

cell transplantation. Patients who subsequently develop imatinib resistance can be 

treated with second generation TKIs (dasatinib or nilotinib) as a bridge to 

transplantation. Second generation TKIs are more potent and have demonstrated 

activity in IM resistant patients, however at present there is no clinical data to support 

their use as front line therapy. 

 

Patients presenting with de-novo BC should be treated with imatinib (600 mg daily) 

and proceed to allogeneic stem cell transplantation if a suitable donor is available. 

CML-MBC patients who do not have suitable matched donor can be treated with 

AML like chemotherapy along with imatinib and monitored closely by RQ-PCR, 

mutation analysis and bone marrow examination. Patients with BC who subsequently 

develop IM resistance should be treated with second generation TKI (dasatinib or 
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nilotinib). The selection between dasatinib or nilotinib can be guided by mutation 

status of patient and toxicity profile. 

 

Concluding remarks: The majority of newly diagnosed CML-CP patients respond to 

imatinib therapy however ~30% patients fail imatinib treatment during the first 5 years of 

therapy. Hence patients on imatinib treatment should be monitored closely. The majority of 

patients (~60%) with secondary resistance to IM have kinase domain mutations and hence all 

patients with imatinib resistance should have kinase domain mutation studies. The selection 

of second generation TKI depends upon underlying mutation sensitivity, disease phase of 

patients and the patient’s toxicity profile. 50% of IM resistant patients will not achieve CCyR 

with second generation of TKI, hence it is imperative to monitor these patients closely by RQ-

PCR, bone marrow cytogenetics and mutation analysis. At present, for patients with T315I 

mutation SCT is the only proven effective treatment option, although there are new drugs 

being currently evaluated. 

 

Treatment of advanced phase CML patients is rather disappointing. Although some patients 

would respond to imatinib or second generation TKI, most of the responses are short lived 

and allogeneic stem cell transplantation is the only curative treatment available for these 

patients. Hence TKI may be used as bridge to SCT rather than monotherapy. Understanding 

the biology of advanced phase CML will open new avenues for effective management. 
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Table I: Operational definition of suboptimal response, failure of response and 
warning signs in previously untreated CML-CP patients(2) 

 

Failure: Means that continuing imatinib treatment at the current dose is no longer appropriate 
for these patients, who should likely benefit more from other treatment.  
Suboptimal response: Means that patients may still achieve a substantial benefit from 
continuing imatinib, but that the long term outcome of the treatment would not likely be as 
favourable as switching to another treatment.  
Warning signs: factors which are considered as strong cautionary indicators that standard-
dose imatinib treatment may not be the best choice in these patients. 
*NA: not applicable 
∞ ACA: additional chromosomal abnormalities 
╩HR: Haematological response 
¥ PCyR: partial cytogenetic response , <35% of Ph+ chromosome 
βCHR: complete haematological response. 
€No CyR: >95% Ph+ ve chromosomes 
#CCyR: complete cytogenetic response, no Ph+ chromosome 
$MMR: major molecular response (<0.1% on International Scale (IS). 
♪ OCA: other chromosomal abnormalities in Ph-ve cells 
(Adapted from Blood 2006, Sep 15,108 (6): 1809-20) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a1001984
Text Box
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Text Box
                        NOTE:     This figure is included in the print copy of the thesis held in the University of Adelaide Library.
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Table 2: Comparison of WHO, IBMTR and MDACC diagnostic criteria for 
accelerated phase. 

 
 
 

 
Criteria 

 
WHO€ 

 
IBMTR¥ 

 
MDACC∞ 

 
 

BM or PB blasts (%) 
 

 
10 to 19% 

 
≥10% 

 
15  to 29% 

 
Blasts + promyelocytes (%) 

 
NA 

 
>20% 

 
>30% 

 
 

PB or BM Basophils (%) 
 

≥20% 
 

≥20% 
 

≥20% 
 

 
 
 

Platelets (x109/L) 

 

Persistent platelets <100 

x 109/L unrelated to 

therapy or  ≥1000x109/L 

unresponsive to therapy 

 

 

Persistent platelets 

<100 x 109/L unrelated 

to therapy or  

≥1000x109/L 

unresponsive to therapy 

 

 
Persistent platelets 

<100 x 109/L 
unrelated to 
therapy or 

 
Cytogenetic 

 

 
Clonal evolution 

occurring after the initial 
diagnostic karyotype  

 
Clonal evolution 

 
Clonal evolution 

WBC Increasing WBC 

unresponsive  to 

therapy 

 

WBC difficult to 
control or doubling <5 

days 

NA 

 
Splenomegaly 

 
 

 
Increasing spleen size 

 
Increasing spleen size 

 
NA 

 

According to WHO: Megakaryocytic proliferation that occurs in sizeable sheets and 
clusters, associated with marked reticulin or collagen fibrosis, and or severe 
granulocytic dysplasia, should be considered as suggestive of CML-AP only in 
association with other findings 
€WHO: World health Organisation 
¥IBMTR: International Bone marrow Transplant Registry 
∞MDACC: M.D. Anderson Cancer Center 
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Table 3: Comparison of diagnostic criteria for blast crisis 
 

 
CML-Blast crisis (one or more of the following) 

 
 

WHO€ criteria 

 

MDACC∞ and IBMTR¥ criteria 

 

• Bone marrow and/or PB# Blast ≥20% 

• Extramedullary blast proliferation or 

• Large foci or clusters of blast in the bone 

marrow biopsy 

 

• Bone marrow and/or PB# Blast ≥30% 

• Extramedullary infiltrates of leukemic cells 

outside liver or spleen 

 
# PB: peripheral blood 
€WHO: World health Organisation 
¥IBMTR: International Bone marrow Transplant Registry 
∞MDACC: M.D. Anderson Cancer Center 
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Table 4:  Response to TKI therapy in AP and BC patients 
 
 CHR∗ (%) MCyR# 

(%) 
CCyR∋ (%) OSΨ at 12 

months 
PFSΩ at 12 

months 
Ref. 

Accelerated phase patients 
Imatinib 600 mg daily (n=119) 37 28 19 78 

 
67 16 

Nilotinib (n=119) 26 29 16 79 NAΘ 58 
Dasatinib (n=174) 45 39 32 82 66 60 

Blast crisis 
 CHR (%) MCyR (%) CCyR (%) Median OS Median PFS Ref. 

Imatinib (n=260) 8 16 7 7 months NA 15 
Nilotinib in MBC (n=119) 13 NA NA NA NA 91 
Nilotinib in LBC (n=29) 26 NA NA NA NA 91 

Dasatinib in MBC( n=109) 27 33 26 12 months 6.7 months 92 
Dasatinib in LBC (n=48) 29 52 46 5 months 3 months 92 

 
∗CHR: Complete haematological response 
#MCyR: Major cytogenetic response 
∋CCyR: complete cytogenetic response 
ΨOS : overall survival 
ΩPFS: progression free survival 
ΘNA: not available 
Note: The data is pulled from different studies. Dasatinib and nilotinib study were conducted 

on imatinib failure patients. 
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Fig 1: Incidence of mutations in order of frequency: The 15 most common mutations which account for >90% of mutations are 
shown in gray back ground (Adapted by Dr. Junia V. Melo from data published by J.F. Apperley(24) 
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